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1.0 INTRODUCTION 

The purpose of this document is to provide infomation 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 28651, 
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. 
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2. o 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. 
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. 

The unit 

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, 

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

c 
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2.1.1 Reactors 
The heart of many batch production cycles is the reaction 

step. 
operating conditiwis and allowed to react to form a product. 
Catalysts may be used to initiate or accelerate the reaction or 
to optimize the generation of the desired product. 
often used to provide a reaction medium for solid reactants or to 
ensure that the product remains in solution. 
reaction step, the catalysts, solvents, byproducts, and excess 
reactants are usually separated from the desired product. The 
purpose of this section is to describe (1) the design and 
operation of the equipment used to accomplish the reaction step 
and (2) the emissions and factors affecting emissions from this 
equipment. 

reactors are used often in batch production processes. 
Figure 2-1 shows a schematic of this type of reactor. 
reactors may range from 10 gallons to thousands of gallons in 
volume. As can be seen from Figure 2-1, the reactors are 
equipped to provide a range of capabilities that may be required 
during the batch reaction step. This equipment includes: a 
jacket for heating and cooling, hookups for charging raw 
materials and for discharging the contents of the reactor, 
agitator and recycle line for mixing, control systems for 
temperature and pressure, a condenser system for controlling vent 
losses, a return line for refluxing condensables, a steam ejector 
for vacuum operation, a nitrogen supply for padding and purging 
the reactor, and a manway for taking samples and adding solid 
catalysts, reactants, and other solid materials to the reactor. 

A typical reaction cycle consists of the following steps: 
(1) charging solvents, catalysts, and reactant(s) to the reactor: 
(2) operating the reactor: and ( 3 )  discharging the contents of 
the reactor and preparing for the next reaction cycle. There are 
many variations to this typical reaction cycle. This description 
is not intended to address these many variations; instead, it is 

In this step, feedstocks are combined under the proper 

Solvents are 

Following the 

2.1.1.1 Reactors: Desian and ODeration. Kettle-type 

These 

an 

2-2 



. 

N 

W 
I 

Pressure 
Relief Valve 

Condensed 
Steam and 

Organics 

Solvent, Raw Material 
and Reactant Addition 

I I 

Steam - 
Cooling Water + 

or Coolar,t 

I 

cb I 

I 
Reactor I I I Jacket 

Coolingwater -&! f , or Coolant a3 
Steam 
Trap 

Condensed 
Steam 

Drain Valve m 

Recycle 
Line 

Reactor __Do__c Discharge 

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



intended to provide a more general description of the operations 
involved in this stage of the process. 

2.1.1.1.1 Reactor charainq. The reaction cycle is normally 
initiated by charging solvents, catalysts, and raw materials into 
the reactor. For the purpose of this description, Itraw 
materials" refers to compounds that are combined with other 
reactants to produce the desired product or intermediate. 
initial charging step may be accomplished in many ways. If the 
reactor is tied into a vacuum system, the materials can be 
llpulledtl into the reactor by reducing the pressure in the reactor 
below atmospheric. Steam jet ejectors, as shown in Figure 2-1, 
or vacuum pumps may be used for this purpose. The hookup 
connection for material addition is then used to introduce 
materials into the reactor. Drums containing solvents, 
catalysts, and raw materials can be hooked up to the reactor 
using flexible (i.e., flex) hoses. A dip-leg is inserted into 
the drum and connected to one end of the flex hose. The other 
end of the flex hose is connected to the reactor hookup 
connection. When the valve located at the reactor (in the hookup 
line shown in Figure 2-1) is opened, material in the drum flows 
through the flex hose and into the reactor due to the pressure 
differential. 

Solvents, catalysts, and raw materials can also be pumped 

The 

into the reactor through the hookup connection. Portable pumps 
are often used for this purpose. During the charging process, 
the valves in the vent line (the manual block valve and the 
control valve) are normally opened to prevent reactor pressure 
from increasing. 
material losses through the vent line when volatile compounds are 
present in the reactor. 

The condenser is usually operated to reduce 

The manway may also be used to introduce materials into the 
reactor. Solid materials are usually added to the reactor in this 
manner. The manway normally contains bolts that can be removed 
to open it, but some manways have latches to allow for quick 
opening and closing. Solids are usually poured through the 
manway opening into the reactor. Once the transfer is complete, 
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the manway is closed and bolted so that the reactor can be 
operated under pressure. 
manway is constructed of heavy glass or plexiglass 80 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. 

. The 2.1.1.1.2 Reactant addition and reactor weration 
most complex step in a typical batch reaction cycle is often the 
reactant 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 MY be reacted with each subsequent 
intermediate. 

step is affected primarily by two factors: 
the specific reaction and ( 2 )  the capabilities of the reactor 
design. 
conditions. However, limits on the conditions that can be 
obtained during operation are often defined by the reactor 
design. 

In some cases, the middle part of the 

. I  

The operation of the reactor during the reactant addition 
(1) the kinetics of 

The reaction kinetics define the desired operating 

Four important operating variables that are monitored 
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and controlled during the reactant addition step are: 
addition rate of the reactant, the resctor temperature, the 
reactor pressure, and the degree of mixing. 
closely tied to the reactant concentration, which optimizes the 
generation of the desired product. 
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. In 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. 
metering pump is sometimes used. 
the reactant feed rate can be adjusted using the pump to maintain 
a proper concentration of the reactant. 
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. 
monitoring and control of operating variables other than the 
reactant addition rate are discussed in more detail below. 

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. 
thermocouple ia 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. 

pressure. A sensor located on top of the reactor measures 

the 

The addition rate is 

If undesirable by-products 

When the reactant feed rate must be tightly controlled, a 
If the reaction rate is known, 

In other cases, 

The 

The reactor shown in Figure 2-1 is equipped with a typical 

A 

Figure 2-1 also shows the scheme used to control the reactor 
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pressure in the reactor headspace. 
transmitted to controllers that operate flow valves on the vent 
line (during atmospheric pressure operation) or the ejector inlet 
line (during vacuum operation). 
condensers to minimize losses of volatile materials when they are 
purged from the reactor. 
back to the reactor through the return line. 
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. 

This pressure reading is 

Both lines may be fitted with 

The condensed materials are refluxed 
Aa discussed 

The degree of mixing is another operating variable that must 
be controlled during many reaction processes. 
in Figure 2-1 is equipped with an agitator for mixing. 

The reactor shown 
In some 

designs, a variable speed motor is installed so that the mixing 
rate can be adjusted. 
accomplished using the recycle line and the reactor transfer 
pump. 
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 

In addition to the agitator, mixing can be 

The contents of the reactor are mixed by pumping material 

agitator running, depending on the mixing needs of the specific 
reaction. 

2.1.1.1.3 2. 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. 
sections. 

These unit operations will be discussed in subsequent 
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 

Flex 
by using a transfer pump 
pressure or air pressure may be used to transfer material. 
hoses can be used to connect the transfer line to the next 
equipment piece, such as a batch distillation column. 
end, the flex hose would be attached to the connection shown on 
the discharge side of the pump. 
would be attached to a similar connection on the distillation 
columri. 
still by opening valves in the transfer line at the reactor and 
distillation column and starting the transfer pump, 

After the contents have been transferred, it is often 
necessary to thoroughly clean the reactor. 
essential if a different product is to be produced in the next 
batch. 
reactor, cleanup may not be required. 
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. 
waste streams. 
often discharged to onsite wastewater treatment facilities; in 
some cases, it may be sent to the public sewer. 
reactor rinse step is usually collected and stored in waste 
solvent containers for disposal. 
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. 
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. 
condenser is operated and the condensed solvent is reclaimed for 
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If a pump is not available, nitrogen 

At one 

On the other end, the flex hose 

The contents of the reactor would be transferred to the 

if necessary. 

This cleanup is 

If another batch of the same product is planned for the 
In cases where the reactor 

Both of these steps generate 
Wastewater generated during water washing is 

Solvent from the 

The waste solvent may be 

Steam is used to heat the reactor jacket 

If a solvent rinse is used, normally the 

, 



disposal. 
with noncondensables flowing out the vent line. 
is clean and dry, it can be ~ 1 3 ~ ~ 5  222 ;,-spared for the next 
reactor charge. 

mctorg. 
steps of the reaction cycle that were discussed above. 
are discussed below in order according to the chronology of the 
steps presented above. 

compounds may be lost through the vacuum system, the vent line, 
or the manway. 

If materials are being 
charged into the reactor using a vacuum system, volatile 
compounds may be pulled into tne 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 purnp seal water, or are vented from 
the vacuum system with noncondensables. 
lost through the vacuum syetem depends on the volatility of the 
compounds in the reactor and the duration of vacuum system 
operation. 
combined with other waste streams and treated onsite, or it may 
be discharged into a public sewer. 
the collection and treatment of these wastewater streams and are 
referred to as secondary emissions. 
emissions is diecussed in this document. 

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. 
material is pumped into the reactor, the rising liquid surface 
causes the displacement of the vapor occupying the shrinking 
headspace. 

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

In this case, some solvent may escape through the vent 
Once the reactor 

2.1.1.2 Facuec-ns . I  From 
The potential for VOC emissions exists during all 

Emissions 

2.1.1.2.1 -. During the charging process, volatile 

Vacuum OD- d u n q  c- . 

The amount of materials 

The steam condensate or pump seal liquid may be 

Emissions may occur during 

A description of these 

v w a  durina C b X S h S .  If the reactor vent 

Aa the 

Way e m i ~ s i ~ n s  Emissions can also occur 
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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. 
flow from the reactor once the manway is opened due to the 
buoyancy effect. 
liquid in the reactor is warmer than room temperature. 
longer the manway is left open, the greater the emissions will be 
during this step. 

u -. When toxic or ignitable . 

material is contained in the reactor or is being charged into the 
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. 
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. 

t a-. 

If these vapors are less dense than air, they will 

This buoyancy effect will be increased if the 
The 

The purge reduces high concentrations of 

* ,  . .  2.1.1.2.2 m s s r o n s  durinu reactant a d u o n  m d  reaction. 
The reactant addition step essentially 

is a charging step, except that 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 volatilization 
of material in the reactor headspace. Emissions from reactant 
addition steps are normally emitted through the reactor vent 

. *  

1 ine . 

reactor may begin to heat up, if the reaction is exothermic. 
External heating may also be applied to the reaction. 
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. 

reactor is purged with nitrogen during reaction. 
routed through the vent line so that condensables in the purge 
gas can be refluxed back to the reactor. 

-or h m .  During the reaction, the contents of the 

Emissions 

Additional load is placed on the condenser system if the 
The nitrogen is 

Since the nitrogen 
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purge reduces the concentration of volatile organics 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. 

Pressurerelief. Volatile organic compounds may also be 
emitted through the pressure relief valve during the reaction. 
This safety device 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. 

* I  2.1.1.2.3 missions from Droduct - D w c a t i o w  t-fey. 
Vacuum distillation . 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. 

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. 
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 system 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. 

product transfer. Following reaction, the contents of the 

The transfer step can create 
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2.1.1.2.4 Reactor w a w  . 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. 
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/IAgStid SeDaratiw 

solid/liquid mixture--settling and filtration. 
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. 

pressure drop must be applied. 
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 . The two types of batch 
filtration systems most widely used are pressure and vacuum 
filters. 
filters when filtering fine particles, because pressure 
filtration provides the driving force needed to achieve 
economical filtering rates. Batch pressure filters have the 
following advantages: 

would otherwise be filtered at an uneconomically low rate; 

of plant space occupied; and 

During 

l t ro general methods arc s-::ilaS1c for the separation of a 
Whereas settling 

In order to force a liquid through a filter medium, a 
This pressure drop may be 

B a w h  pressure filters are used more often than vacuum 

1. They allow for rapid filtration of fine slurries, which 

2. They are compact and offer high filtering area per unit 

2-12 



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 

There are several types of batch pressure filters. Two 
highly combustible atmospheres. 1 

common types are plate-and-frame and nutsche filters. 

plate-and-frame filter press, which consists of alternating solid 
plates and hollow frames. . 

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. In closed discharge filters, drain 
ports are located in the corners of each plate. 
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 
f u l l .  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. In 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 

resg. Figure 2 - 2  is a simple diagram of a 

Plates and frames are separated by 

This drainage 

liquid may be applied. 
cake washing. In aimple 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 

There are two different methods used for 
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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 G + A A ~ A A Y  aULi 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 filter, can either compress a slurry or apply vacuum to 
it in order to create a filter cake. 
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 iiitered into cake form. 

The filter works by pressurizing the slurry with nitrogen to 
force the liquid through the filtering medium. 
needed to help maintain this process 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 atmospheres . 2  

irregular in shape and generally amorphous, the type of cake 
formation expected will determice the optimal pressure or vacuum 
needed to complete filtration. 
filtration pressures generally range from 20 to 35  psig. Filters 
range in size from 1,000 to 2,000 gallons. 
occurs at pressures ranging from 3 to 20 psi. These filters also 
range in size from 1,000 to 2.000 gallons. 

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. 

and may be converted into a filtex/dryer by only limited 
modifications. The actual drying process carried out in the 

rJutsae filteg. Another type of pressure filter, the 

A typical agitated nutsche 

The pressure 

Because particles are spherical to 

Experience has shown that 

Vacuum filtration 

Upon completion of filtration, the filter may or may not go 

The nutsche filter is also capable of drying the filter cake 
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Figure 2-3. Agitated pressure Nutsche filter. 
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modified filter is usually convective. 
filter/dryer through a hot gaseous medium (usually Nz) 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. 

Heat is introduced to the 

2.1.2.1.1 Factors Affectinu m n s  from R a t c h  
ltratiqn. 

a-e filters. miSSiOnS from the plate-and-frme 
filter press can occur during filtration, washing, and discharge 
steps. The potential exists for VOC emissione during filtration 
and solvent washing from the trough 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. 
increase the rate of emissions. 
depend primarily on the vapor pressures and mole fractions of 
each VOC, the operating temperature of the filter, and air 
circulation rate. 
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 filterg . 
filter shown in Figure 2-3 normally do not emit VOC's during 
actual filtration since they are fully enclosed. 
s l u r r y  charging or vessel depressurizing, emissions of VOC can 
occur. 

compressed gas is used to purge the filter or dry the cake. 
gas will entrain evaporated solvent and carry it to a vent. 
Emission rates will depend on the factors cited above and 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. 

Section 2.1.2, filtration is used to separate a solid from a 

Vibration and air blowing to detach the solids can also 
The range of emissions will 

Because plate-and-frame filter presses offer 

Pressure filters such as the nutsche 

However, during 

' *  Emissions also can occur from all batch process filters if a 
The 

2.1.2.2 Centrifuaal SeDaratign . As mentioned in 
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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 soi ias  against the walls to fonn a 
cake. In a solid-bowl centrifuge the liquid is separated from 
the solid by centrifugal 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 Centrif uaal Filters: D g g i s n d  ODe.x3tion. 
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 ccctr i f -+c.  The basket may be 0.8 to 
1.2 m in diameter and 0.5 to 0.8 m deep. Its 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. 
carefully operated to avoid air infiltration by vortex 
entrainment. Therefore, they usually are operated under nitrogen 
blanket and kept sealed during operation. 

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. 
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. 
in order to remove any residual liquid. 

Centrifuges must be 

3 

The solid particles form a filtarcake 

The basket continues to spin 
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Figure 2-4. Top-suspended centrifugal filter. 
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At this point the motor speed is reduced, slowing the 
An adjustable knife is rotation to between 30 and 50  rpm. 

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. 

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

Another type o€ basket centrifuge is the Heinkel centrifuge. 
The main feature that distinguishes the Heinkel centrifuge from 
other basket centrifuges is the inverting filter cloth the 
Heinkel employs. 
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 Affectincr E missions from Centrifuqal 
-. 
vessel purging prior to the addition of slurry, and during 
discharge. 
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 

metal contact and static electricity discharge are likely 
ignition sources. 

The potential for an explosion depends on the type of 
centrifuge, the characteristics of the solvent vapor, and how the 
centrifuge is ~perated.~ 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. 

The inverting filter cloth allows top unloading’ 

4 

Emissions from centrifuges may occur during initial 

A potential source of emissions from centrifuges is 

. the walls. The mechanical friction associated with metal-to- 

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 h i 9 h e r  f l n w  rqtes associated with 
inert gas purges will obviously indiuce greater emissions. 
are used during bottom-discharge and prior to opening a top- 
unload centrifuge for sampling or unloading. 

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 c a n  cnrough a closed chute and the 
receiving cart is covered dnrfcz t r r=zspxt .  
filters, the emission rate from centrifugal filters will be 
influenced by operating temperature, VOC vapor: pressures and mole 
fractions, inert purge gas L ~ V W  L a L C , *  auti the use of mitigating 
factors such as closed chutes and carts. 
2.1.3 

Purges 

The solids removed from the centrifuge may still be "wet" 

As with other 

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. 
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. 
their boiling points, dryers remove the vapor into a gas stream 
at temperatures below its boiling point. 
usually used to remove large amounts of liquid. 

industry today. 
spray dryers are available. 
primarily on characteristics of the solid. 
that are commonly used in batch processes are tray, rotary, and 

Solvent evaporation is accelerated by application of 

Whereas evaporators remove liquids as vapors at 

Also evaporators are 

There are several different types of dryers being used by 
For example, tray, tunnel, rotary, drum and 

Selection of dryer type depends 
Three dryer types 
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double-cone dryers. 
nutsche filter/dryer is also considered relevant to this 
discussion. 

a tray dryer. 
although 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. mically, tray dryers contain 15 to 
20 trays. 

important type of dryer is the rotary dryer. 
Figure 2-6, this dryer consists of a revolving cylinder that is 
slightly inclined to the horizontal. 
cylinder may range from 0.3 to 3 m, and the length may vary from 
1 to 30 m. 

dryer by the rotation and slope of the cylinder. 
rotary dryers, the solids are dried by direct contact with a 
heated gas stream. 
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. 
*currently, with countercurrent flow having a greater heat- 
transfer efficiency. 

rotary dryers must be free-flowing and granular. 
materials m y  be dried if some of the granular product is 
recycled and mixed with the feed. 

A batch double-cone dryer is shown in Figure 2-7. 
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 

The previous discussion on the converted 

2.1.3.1 Tray Drverg Figure 2-5 is a simplified diagram of 
Tray dryers are among the simplest type of dryer, 

6 
2.1.3.2 Potarv DrverR: Desjun and ODeraLbXl . Another 

As shown in 

The diameter of the 

Feed enters at the elevated end and is carried through the 
In direct-heat 

This stream may consist of air or flue gas 

The solids and gas may flow cocurrently or counter- 

Due to the nature of the equipment, the outlet stream for 
Sticky feed 

2.1.3.3 -le (Double-Cone) D-8: D e s i u  -. 
Material to be 

2-22 



I 

i 
g g l  E I \  s 

'I1 

\ \ &  

0 

6 0  \v f 

k 
al 

a e 
x 
E 
L) 

2-23 



Figure 2-6. (a) Countercurrent air-heated rotary dryer. 
(b) Cross-sectional view. 
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small flow rate of air is allowed to leak in or occasionally may 
be used to dry rrizLaria1 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 Factors Affectbu m n s  from D m e a  . Volatiles 

may be emitted at the feed inlet and product discharge areas of 
the dryers, as well as from the dryer exhausts. 
filter/dryers, and rotary dryers typically use a moving stream of 
heated air to dry the feed material. 
termed "convective". 
will have large volumes of noncondensable gases throughout the 

Tunnel, nutsche 

This mode of drying is 
Emission streams from convective dryers 

drying cycle. 
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, 
convective exhaust, and increases throughout the drying cycle. 

compared to 

Dryers are potentially large emission sources. Emissions 

Emission 
vary according to dryer type, dryer size, number of drying cycles 
per year, and amount and type of solvent evaporated. 
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 is used to separate a mixture of liquids. 
basis for this separation is the relative volatility (i.e., 
vapor-pressure and boiling point) of the components. 
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. 
volatile component(8) concentrates in the vapor phase while the 

The 

Within 

The more 
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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. 
separation. Fractional distillation involves repeated 
vaporization and condensation and results in a eharper 
separation. 

batch fractidnator in Figure 2 - 0  curis i scs  of a reboiler and a 
sieve-plate column. 
reboiler and heated until it begins to boil. 
that forms is richer in the more volatile component (A) than the 
liquid is. However, the V ~ ~ W L  J L A ; ~  LUAALains a significant 
amount of both components. In order to increase the 
concentration of A in the vapore, the vapor stream enters the 
column where it is brought into contact with boiling liquid. 

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. 
liquid contacts the vapors that are moving upward. 
between the two phases occurs in a stagewise manner in a column 
which holds horizontal-stacked sieve trays. 
through the perforations. Liquid flows down through pipes called 

The downcomers are located on alternating sides of each 

This ususlly does not yield a clean 

2.1.4.1 Batch=: D- OD- . The 

The feed m?.xt!’r? is charged into the 
The initial vapor 

The vapor that exits the top of the column goes to a 

As it flows down the column, the 
Contact 

Vapor flows up 

. downcomers. 

tray. 
downcomer acts a weir, maintaining a minimum depth of liquid on 
the tray. 
This contact causes some of the more volatile component 
diffuse from the liquid, thus enriching the vapor. 

of the condensate is returned to the column as reflux and the 
remainder is drawn off as product liquid, or distillate. This 

Thus the liquid must flow across the tray. The top of the 

The vapor bubbles up throilgh the layer of liquid. 
(A) to 

The vapor leaving the top of the column is condensed; part 
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Figure 2-8. (a) Batch fractionator with (b) vacuum 
generating equipment. 
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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 maxi” 
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. 
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. 

Whereas the vapor is enriched as it 

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.e., 
azeotropic), other compounds may be added to aid in distillation. 

Fractionators. The gases and vapors entering the condenser can 
contain VOC, water vapor, and noncondeneablee such as oxygen 
(02), nitrogen (NZ) and carbon dioxide ( C 0 2 ) .  These vapors and 
gases originate from: 

1. Vaporization of liquid feeds; 
2. Dissolved gases in liquid feeds; 
3. Inert carrier gases added to assist in distillation 

2 . 1 . 4 . 2  m s  Affectincr -ion6 f r m  

(only for inert carrier distillation); and 
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4. Air leaking into the column (in vacuum distillation). 
The condenser cools most cf t h e  vzpors enough that they can 

be collected as a liquid phase. The noncondensables (02, N2, 

C02, 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 scnbbers, 
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. In the case of oil-sealed vzcuum 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, e] ectors, 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 1 ,  accumulators (losses are typical of vapor 
displacement, discussed in Chapter 3 1 ,  steam jet ejectors 
(discussed in Chapters 3 and 4 1 ,  vacuum pumps (discussed in 
Chapter 3 and 4 1 ,  and pressure relief valves (discussed in 
Chapter 3). The total volume of gases emitted from a 
distillation operation depends upon: 

(especially vapor pressure at the reflux drum temperature); 

and other recovery equipment; 

1. The physical properties of the organic components 

2. The efficiency and operating conditions of the condenser 

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 = a c t a  

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. 
extraction operation, a mixture of two liquids (A t B) is brought. 
into contact with a third liquid called the solvent (SI. The 
solvent preferentially combines with one of the components of the 
original mixture. 

In the 

The two resulting s t r e w  are: 
1. Extract - mostly solvent and the liquid with which it 

preferentially combined (S + A ) ;  and 
2. 

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

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

However, the raffinate will be 

There are three general types of equipment used for liquid- 
liquid extraction, although most batch extractions occur in 
mixer-settlers. 
the feed solution and solvent. 
phases to separate by gravity. 
as both mixer and settler. 

In mixer-settlers, a mixer is used to contact 
A settling tank allows the two 
Stirred-tank reactors often sene 

2.1.5.1 Factnrw Affectinq U f l i o a n s  from n c t o r g .  
Emissions from mixer-settler extractors are similar to those 
reactors (discussed in Section 3.1.1) in that they stem main1 
from vapor displacement during purging, filling and cleaning 
the vessel. Some VOC may also be emitted while the liquids a 

being agitated. 

fr 
SY 
Of 

.re 

-om 

As discussed for reactors, the rate of VOC emissions will 
.depend primarily on VOC vapor pressures at operating 
temperaturee, liquid pumping rate during column filling, rate of 
sweep gas (if used) during purging, and equipment cleaning 
procedures. 
2.1.6 

Crystallization is a means of separating an intermediate or 
final product from a liquid solution. 
crystals) are formed from the homogenous liquid phase. 
formation is accomplished by creating a supersaturated solution, 
in which the desired compound will form crystals. 

Solid particles (i.e., 
This 

If performed 
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properly and in the absence of competing crystals, 
crystallization Gail produce a highly pure product. 

solubility of the solute increases strongly with temperature, a 
saturated solution becomes supersaturated by simple cooling. If 

Four methods may be used to produce supersaturation. 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 
coolixig and evaporation is used. 

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) 
Figure 2-9 is a diagram of a batch vacuum crystallizer. 

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. 

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 supersaturation, which initiates crystal formation. The 
mixture of mother liquor and crystals is referred to as "magma." 

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 

;f neither cooling nor evaporation is desirable, 

from mixing a hot solution with a cool mother liquor. 7 

2.1.6.1 Vacuum Crwtall - izers: Desicrn . In 

The feed solution is saturated and heated to a temperature 

As crystals form and grow, they are drawn off by a discharge 
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Figure 2-9. Vacuum crystallizer. 
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crystallization is usually performed with small amounts of 
material. Cycle times range from 2 to 8 hours. 

v 2.1.6.2 Egctors A f f e c t w  
crvstallizu. If crystallization is done mainly through cooling 
of a solution, there will be little VOC emission. In fact, the 
equipment may be completely enclosed. 

in a vacuum environment, there is a greater potential for 
emissions. 
Emissions will be significant if this evaporated solvent is 
vented directly to the atmosphere. The condenser and vacuum jet 
shown in Figure 2-9 reduce the amount of volatiles that actually 
leave the system. 
VOC emissions will depend primarily on the VOC vapor pressure at *. 

the crystallizer or condenser temperature, the absolute pressure 
of the system, and the air leak rate. 

* .  

However, when crystallization is done by solvent evaporation 

The vapor over the magma is rich in solvent. 

As with other vacuum operations, the rate of 

2.1.7 Storaae 
2.1.7.1 J a n  and ODeratiw . There 

are three major types of vessels used to store volatile organic 
liquids (VOL's) : 

1. Fixed roof tanks; 
2. External floating roof tanks; and 
3. Internal floating roof tanks. 

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

Of currently used tank designs, the fixed-roof tank is the 
least expensive to construct and is generally considered as the 
minimum acceptable equipment for the storage of VOL's. A typical 
fixed roof tank consists of a cylindrical steel shell with a 
cone- or dome-shaped roof that is permanently affixed to the tank 
shell. A breather valve (pressure-vacuum valve), which is 
commonly installed on many fixed-roof tanks, allows the tank to 
operate at a slight internal pressure or vacuum. However, this 
valve prevents the release of vapors only during very small 
changes 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. 

Dctors Affectinq Emissions from Storaae T U .  
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. 
emissions occur in the absence of any liquid level change in the 
tank. The rate of VOC emissions from breathing losaes is a 
function primarily of VOC vapor pressure (at the bulk liquid 
conditions), tank diameter, average vapor space height, and 
ambient temperature and pressure changes from day to night. 

Working losses are associated with an increase in the liquid 
level in the tank. 
expelled from the tank when, as a result of filling, the pressure 
inside the tank exceeds the relief pressure. 
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.Ii 
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 
-Emission Factors. 
2.1.8 -fer O P t  ions 

emissions. 

receiving vessels; and 

vessels. 

chemicals from drums to process vessels ia sometimes done through 

I ,  

2.1.7.2 

The 

The vapors in the space above the liquid are 

Emptying losses 

The rate of VOC emissions 

Chemical transfer operations also contribute to plant VOC 

1. 

2. 

Common aources of transfer emissions arc: 
Manual transfer of chemicals from 55 gallon drums to 

Transfer of final product from processes to receiving 

Some chemicals are stored in 55-gallon drums. Transfer of 
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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 r-datively small one on a 
"per drum" basis. 

Emissions from transfer of final product from processes to 
receiving vessels occur frequently in batch processing. 
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 -t Tleab 

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 also plays a role 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 m t e w -  

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, scmbber 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 

These 

Pump seals, flanges, valve seals, agitator seals, and hose 
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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. 

. The 2.1.10.2 from Wastewatw 
amount of VOC contained in the wastewater and the method of 
treatment of wastewater will affect the amount of VOC emissions. 

. I  

Treatment options include activated sludge without aeration and . - 
simple decantation and settling with the aid of flocculating 
asents. 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 methodologies for estimation of emissions. 
tanks, the emission estimation discussion presented in Appendix B 

For open 

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. 
the following five industries have been selected as examples of 

Instead, 

the unit operation configurations, equipment operating 
conditions, and emission sources typically encountered in batch 
chemical processing: resin manufacturing, pharmaceuticals - 

manufacturing, pesticides, and SOCMI. 
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 . 

provided of the associated chemistry, equipment, and stream 
flows, including a process flow diagram. Each of the 

These processes were 

For each of these batch processes, a detailed description is 

~ 

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 -tic Resin mufact- 

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 
manufazture 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. 
batch processes currently found in industry. 

diagram of a wet-strength resin production process. 
process originates with the storage vessels. 
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. 
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 feu 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. 

The manufacture of synthetic resins is often accomplished 

This process typifies the 

2.2.1.1 Procenw Flo w. Figure 2-10 is a simplified flow 
The batch 

Material used as 

At the beginning of the batch cycle, a quantity of 

. 

Wet strength resins are formed by 
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reacting epichlorohydrin (EPI) with water and an inert amine- 
based polymer mixture. 
manufactured onsite in much the same manner as is the cross- 
linked reaction production described below. m i c a 1  reactor 
sizes are on the order of 2,000 gallons. Reactors may also be 
charged by pumping the material from the 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, althougn some facilities report charging rates of greater 
than 200 gallons per minute. 

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. 
temperature. 
rise to as high as 70OC. 

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 N2 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 1 5 O  to 25OC 

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 

The amine polyer is in some cases 

Reactors are generally equipped with a temperature control 

Charging is usually conducted at ambient 
Temperatures during the reaction increase and may 
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condensing out such dilute concentrations of volatiles amid a 
significantly higher N2 gas flow rate is questionable. 

the crude product may be purified further by air sparging. 
sparging is the subsurface introduction of a gas intended to 
remove a more volatile minor component from a liquid. 
case, residual EPI may be removed to conform to product 
specifications. 
recover solvent. 

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 Storase tank wor)una breathina losses. 
Storage tank working and breathing losses are typically no 
different for this industry than they are for any other industry. 
Working 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 expansion 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. 
from drums typically are small enough so that the impact to the 
ambient concentration of VOC’s/air toxics outside the plant 

After the reactor stage of the manufacturing process ends, 
Air 

In this 

Condensers may be employed at this stage to 

* .  2.2.1.2 m n  S- . Emission sources from the 

Emissions 
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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. 

characteristics from the emission events described for this 
process. 
calculating emissions from such events. 

are cornxnon types of emission events in this industry, since bulk 
material transfer from vessel to vessel occurs frequently. 
displacement losaes from the general process described above 
would include weigh tank filling emissions and reactor filling 
emissions. 
of the vessel. 
volatile material. 
abated by providing vapor return lines from the vessels being 
filled back to the vessels being emptied. 

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 atream is saturated to some degree with volatile 
material throughout the purge duration. 
detailed methodologies for estimating emissions from reactor 
heatup and purging events. 
reactor may create displacement emissions in the receiving 
vessel, as is shown in Figure 2-10. 

. 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 

Table 2-1 presents some typical mission stream 

Chapter 3 presents the methodologies used in 

2.2.1.2.2 v m  . Vapor displacement losses 

Vapor 

Incoming material forces an equal volume of gas out 
This displaced 9as contains a certain amount of 

Vapor displacement losses can usually be 

2.2.1.2.3 Beactor e- . Reactors will have emissions 

Chapter 3 presents more 

The discharging of material from the 

. *  2.2.1.2.4 -31oIlfl 

2-42 



TABLE 2-1. SIMPLIFYING ASSUMPTIONS AND EMISSION STREAM 
CHARACTERISTICS FOR ESTIMATING EMISSIONS 

Emission type Flow nter, rcfm Percent srtuntion Temperanvt 
Stonge unk 

Bruthiog losses NA. 100 Ambicllt 
working l o w  10-20b 100 Ambicot 

Vapor displacement b 1 0 0  Ambimt 
Reactor heuup 

With reflux condenser 0.1 - 5  100 COadeDIsr 

~ Duntion of emiuionr 

Filling time 

&=P-tu= 
Without reflux 0.1 - 5  100 ElevrtbdC Ructian timc 
condenaer 

Reactor heating with 
purging 

With reflux condenser 10 - 200 e 100 Condenser w e  duruion 

Without reflux 10 - 200 25 d h g c  duntion 
condenser 

tempentun 

d lAir rpuoe d u d o n  

.Not applicable. 
%e flow rate of displaced gas will e q d  the filling mte of liquid into the vessel. 
CDepends on the reaction temperature, (typidly 60" to 200'~). 
dDetermined by I h u t  bdrnce around the entire contents of the emission stream, including the inert gaa used as 
I purge or spuge. For dilute VOC 
strerms. the exhaust tempemtun will closely approximate the purge gas tempemure. 
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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 W-tube" having 
unequal legs. 
the perforated pipe. 
governed 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 EmissiQas from e-mt - l e u  . Leaking process 
components such as pumps, valves, flanges, sampling corrections, 
open lines, etc. are sources of emissions. 
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. 

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. 
emissions is presented in Chapter 3. 
2.2.2 - e u w a  in dust^ D- 

processes to manufacture synthetic organic chemicals and to 
formulate finished pharmaceutical products. 
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'S and air toxics emissions 
particularly challenging. 

The air lift system is used less frequently than 
E3nissions from this type of operation are 

Emissions may be 

2.2.1.2.6 Waste water ern bfiim. Wastewater may be created 

Further discussion of wastewater 

* I  

The pharmaceuticals industry uses predominantly batch 

Most of the batch 
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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 ot emission streams 
emanating from such equipment va.q according to product, the 
devices used to control such streams must either be easily 
detached and moved or be capable of controlling streama that vary 
widely in solvent content, temperature, and pressure. 

Such variation in emission stream characteristics also 
presents some difficulty to a5~iicks rssgonsible for issuing 
permits, since the actual emiwsion 1 w e ! 3  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 manufacztzrzd i.-, ::is quipment. 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 unite, 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. 
as an illustration of the type of equipment typically used in 
this industry and a typical processing route for a comon 
pharmaceutical product. Due to the proprietary nature of 

A typical simplified process flow diagram is included 
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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. 
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 

The 

. 

equipment. 
characteristics of batch equipment used in this industry. 

Table 2-2 presents a summary of typical operating 
This 

summary can be used to characterize uncontrolled emission streams 
from various equipment. 
in reactors, purification in crystallizers and filters, and 

Process steps include product synthesis 

product finishing in dryers. 
2.2.2.1 Process Descrbtiw . 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 fom, 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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TABLE 2-2. TYPICAL EQUIPMENT OPERATING CHARACTERISTICS 

?Residence time in equipment, if no purge or exhaust. 
b3-20 acfm during reaction; 200 for solids addition (2-3 mia duration). 
'High flow rate (20 wfm) used prior to addition of material and during filter &e "ping rad d i r h g e .  
Lower flow (3 acfm) during actual centrifugation. 
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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. 

description was originally described in the June, 1953, issue of 

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

acetic anhydride, mother liquor (containing appreciable amounts 
of acetic acid), and salicylic acid powder. The reaction 
occurred at temperatures of up to 9 0 ° 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 3OC over a 
period of about 16 hours. The slurry from the crystallizer was 
then transferred by gravity to a nutschc-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. 
granulation, and tableting, which were not described in the 
article. 

. .  . This process 2.2.2.2 u l n  Process D- . *  

acal w e e r - .  Although the actual process is outdated, 

A process flow 
The discussion 

According to the 1953 report, feedstocks to the reactor were 

The remaining finishirg steps included sifting, 
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Figure 2-11. Aspirin Manufacturing 
(Reprinted from Stern, A i r  Pollution, Volume VII, 1986). 
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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 u s i o n  S o w .  

2.2.2.3.1 v. 
m o r  -lac-. Many emissions from process vents in 

the pharmaceuticals industry come from vapor displacement events 
that zre 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 
shoyn 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 &sBiou . 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 instalied to control 
condensables usually were nuL a l t 4  LU abate the volume of gas 
that passes through as a resulc ot' the purge. 
facilities do not route the existing purge stream from reactor 
kettles through condensers because they are largely ineffective 
at controlling the relatively small k-ount of volatile8 contained 
in the streams. 
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 purqes arc 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 e e s .  F u e r R .  and. 
Centrifuges, filters, and dryers function by separating solvent 
from solid product. 
emissions will occur during unloading of the solid product from 
the process equipment. Older-style centrifuges, for example, 
must be unloaded manually by opening up the cover over the basket 
and scooping out product. 
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. 

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 

Consequently, many 

Purge volunes are determined by the lower 

* .  

For some types of equipment, the majority of 

Newer centrifuge designs use bottom 

Filters also separate solvent from solid product. Emissions 
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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. 
presents a detailed description of this particular system. 

(double-cone) dryers, rotary dryers, and fluid bed dryers, occur 
wheq 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 solvent, 
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. 
could operate at a vacuum of 4 to 5 pounds per square inch 
(gauge). 
liquid seal vacuum pump. 
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 coatera. A typical 
rotating pan tablet coater has a spray which coats tablets that 
are sitting in rotating open-ended pans while a stream of wann 
air (100OF) 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 

Chapter 4 

Emissions from other types of dryers, such as tumble 

A typical rotary dryer with a capacity of 20 ft3 

The vacuum in this situation could be created with a 
Note that dryer emissions would be 
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fluidized bed in which the tablets are suspended in a vertical 
column while the spray solution 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 of methylene chloride 
could be emitted over the 2-3 hour drying span. lo 
calculations of VOC emissions from dryers is contained in 
Chapter 3. 

Example 

- 2.2.2.3.4 -ions from m c t o r s .  distillation col- 

equipment generally are less significant sources of VOCs and air 
toxics. 
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. 

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. 

crvflt-. Emission streams from these pieces of 

Distillation columns and crystallizer8 are usually 

. Storage vessels in the 2.2.2.3.5 Sf9ra-sflioag * *  

Breathing and 
working losmes may be calculated from the information contained 
in Chapter 3. 

2.2.2.3.6 from e- F'ugitive 
emissions from leaking pumps, valves, flanges, and other process 
components may be calculated using the AP-42 SOCMI equipment leak 
factors. 

2.2.2.3.7 -si- fr pm wgat ewat . Wastewater may be 
generated from vacuum pump seal water, scrubber discharge, or 
from condensation or feedstocks in the processes 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. CildpLeT 3 presents further 
discussion. 
2.2.3 Pesucide 

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 chat many pesticides have 
high "alian 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. 

categories: low 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 soluble), 
which are potential sources of VOC emissions. 
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 

a .  

The manufacture of pesticides, the broad tenn for 

The active ingredients of pesticides typically fall into two 

Due to the low 
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ingredients will vaporize over time and are a source of 
significant VOC emissions. 

have significant water solubility. 
"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. 
pesticide manufacturing industry, no particular commercial 
compound is being described, but this description provides a 
discysion 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. 
attained by admitting tempered water to the external heating 
jacket of the reactor. P r i o r  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 rolvent 
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 outn where the final fraction o f  the 
reaction takes place. 
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 exture is pumped to a solvent removal system. 

some herbicides are salts of organic compounds and as such 
This makes the component 

Due to the proprietary nature of the 

Initial reaction temperature is 

The crude product is then pumped through 
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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. 

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 
vola'tile 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. 

drums or other bulk shipping containers f o r  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. 

reactor which has already been filled with aqueous 
crystallization mother liquor from a previous batch. 

I i  only a small amount of solvent was used in the synthesis, 

The final liquid "technical" product may be packed out in 

Raw material A is charged to a 5,000 gal stirred tank 

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 to a packed column 

0 
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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. 
using a bank of reactors, the cectrifzga feed tank can be kept 
filled, and the rest of the process will operate nearly 
continuously. 

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 dikharged to wastewater treatment and the majority is 
returned to fill a reactor. 

into the blender is nearly c o ~ i s t a r ~ .  
product is fed to the blender for wet cake conditioning. 
cake is then fed to a recirculating gas dryer. 

bottom of the dryer. 
and carries moisture from the product. 
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 pmduct storage. 

drums, tote bags, or other solids handling containers for 
shipping to the formulation plants. 

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, 

By 

-An automatic-dump, basket-type centrifuge is used to 

A bank of centrifuges is used so that the flow of wet cake 
A portion of dried final 

The wet 

The drying gas, heated nitrogen, is introduced into the 
The drying gas conveys the product upward 

The hot, moist gas is 

The "technical" solid will eventually be packed out into 

The formulation of the pasricicie active ingredient8 into a 

mixing, coating, and drying steps all have the potential 
produce VOC emissions. The following is a brief summary 
major types of pesticide formulations with a description 
unit operations that could be used to manufacture them. 

to 
of the 
of the 
In 
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general, they fall into the categories of sprays, dusts, and 
granules. 

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. 

2.2.3.1 -. A very common spray formulation type is 

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. 

vessels, the filling of tanks and mix vessels, and from the hoods 
and vents provided for worker safety over the packaging lines. 

Wettable powders ( W P ) ,  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, 

Potential VOC emissions arise from the purging of mix 

and a wetting agent. In use, the active ingredient gets 
suspended in the water in a well-agitated mix tank. 
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 du8t exposure 
associated with the manufacture of WP's but limited opportunities 
for VOC emission. 

active ingredients which are water soluble solids. Ae with 
wettable powders, fine grinding or dry milling and dry blending 

The 

. Water soluble powders are simple formulations for those 
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would be required, with dust hazards but little VOC emission 
potential. 

ingredients in permanent suspension with liquid carriers and 
emulsifiers. 
pesticide without the use of organic solvents. There is, by 
definition, little potential for VOC emissions associated with 
flowable formulations. 

granules, are small granules of a solid active ingredient and 
emulsifier. 
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. 

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. 
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. 
end product from a liquid active ingredient, or by trapping the 
pesticide in the clay pellet, to produce an end product which is 
less hazardous to the user. 

th'e solution 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. 

Flowable formulations are very finely ground solid active 

The result is a "liquid" form of a water-insoluble 

D r y  flowable formulations, also known as water dispersible 

The manufacture of these granules may involve 

Water soluble concentrates are true solutions of pesticides 

Primarily intended for soil 

Granular formulations are a way to produce a eolid 

With typically low solubilities in water, the preparation of 
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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. 
continuously whereas the preparation of the solutions and the 
substrates may be batchwise. Alternatively, a vacuum dryer may 
operate batchwise or continuously. 

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 prcccza description is presented 
below. 
air toxics follows the process description. 

2.2.3.3.1 m c e n s  descrintiqn . 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. l1 

2.2.3.3.2 BOW. 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 uae 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 on in the other 

The dryer itself may be operated 

2.2.3.3 -. Figure 2-12 is a simplified process 

A discussion of potential emission points of VOC's and 
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Figure 2-12. Process schematic for Heptachlor. 
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(receiving) process. Emissions from the catalyst drying step are 
also expected. 
2.2.4 -tic 0 r W . s  Ch-act- 
0 

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. 
below. A discussion of potential emission points of VOC's and 

A simplified process description is presented 

air toxics follows the process description. 
2.2.4.1 process DescriDtioa . 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 reactor is routed to a crystallizer, where the addition of 
excess heptane and toluene produces chlorendenic anhydride 
crystals. The slurry from the crystallizer is then pumped to an 

The chlorendenic anhydride exiting 

agitated centrifuge head tank, which discharges the slurry by 
gravity to a centrifuge. The centrifuged liquid containing 
appreciable amounts of heptane and toluene solvent is recovered 
for further use. The chlorendsiic 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 v. The potential for emissions of 
VOCfs and air toxic8 exists for all process vessels shown in 
Figure 2-13. 
VOC concentrations in the process vessels, emissions are also 
expected from equipment openings, in which case the blanketing 
becomes a purge. 
from the various material transfer steps shown in the diagram. 

Because inert gas blanketing may be used to lower 

Vapor displacement emissions would be expected 
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The conveyer used to move material from the centrifuge to the 
dryer may also be a source of emissions. 
exhaust stream also would be a source of VOC and air toxics 
emissions. 

The dryer vacuum 
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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. 
constants and chemical data are presented in Appendix A. 

Necessary 
~- 

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. 
presented in order of importance relative to the potential 
magnitude of their VOC emissions. 
occur in batch processing result from drying, tank and reactor 
inert gas purging, vapor displacement losses from material 

Methodologies for various emission events are 

Comon process vents that 

and reactor heating, gas evolution, gas sparging, 
filtration, and vacuum generation. The discussion 
the principles and methodology for estimating 
these events. 

transfer, tank 
batch pressure 
below presents 
emissions from 
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3.1.1 
W o  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. 
drying may occur under vacuum conditions or at atmospheric 
presswe and in several types of dryers, including tray dryers, 

Conductive 

tumble (double-cone) dryers, pan dryers, and rotary 
Convective drying occurs at atmospheric conditions. 
dryers include rotary dryers, fluid bed dryers, and 

The methodology for calculating emissions from 
dryers described above is essentially the same. In 

dryers. 
Convective 
spray dryers. 
the types of 
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. 

drying rate to moisture content of the solida. 
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 a180 zero. 

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 

Studies on the theory of drying of solids usually relate 
Three distinct 

1 

aIn dryer nomenclature moisture can also refer to organic 
solvent content, not just water content. 
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correct dryer size, operating temperaturs, gas flow rate, cycle 
time, etc. After a dryer is icstalled 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 s o l i d s  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 f i l tw rakes and centrifuged 
solids which must be dried often appear dry and free-flowing. 
fact, they may contain as much as 50 percent solvent by weight. 
At the end of the drying cycle che soivenr 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. 

dryers, however, one must know the instantaneous emission stream 
characteristics throughout the cycle. 
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. 
balance on solvent removed, the average drying rate can be 
calculated knowing the length of the cycle. 
geometry it is apparent that w i L h  

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. 
drying gas flow rate and conditions. 

small amount o f  air due to leakage into the vacuum system, as 
well as any inert gas intentionally purged in. 

I n  

In order to properly size emission control equipment for 

Although the precise 

From the material 

From simple analytic 
8r;rsright line relationship, 

The total emission stream can be calculated knowing the 

. In the case of vacuum dryers, the emission stream contains a 

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 V Drver . Tray dryers, double-cone dryers, 
pan dryers, and rotary dryers may be operated under vacuum 
conditions. 
of air that will aid in carrying the VOC's and air toxics that 
have evaporated off the product out of the dryers. Vacuum 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. 
from.10 to 30 scfm depending on system design and vacuum level 
desired. 
presented in Appendix C. 

may operate at atmospheric conditions, convective dryers operate 
at atmospheric pressure or above. 
dryers and fluid bed dryers. 
discussed in the previous section, tray dryers, double-cone 
dryers, pan dryers and rotary dryers also may be operated at 
atmospheric conditions. 
move the volatilized material from the dryer vessel in conductive 
drying. 
convective drying. In 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 maxi" dryer emission rate, which is used for sizing of 
equipment, is also analogous to the method presented for vacuum 
drying. 
exhaust gas rate. 

Such vacuum dryers will have an inward leakage rate 

For a single dryer, the air leakage may range 

An example calculation of vacuum dryer emissions is 

3.1.1.2 -c D n W  . While conductive dryers also 

Convective dryers include tray 
The four types of conductive dryers 

A stream of air or inert gas ie used to 

The gas stream is actually the heating mechanism in 

The flow rate of gas through the system is the dryer 
An example calculation of atmospheric dryer 

emissions is presented in Appendix C. 
3.1.2 Tank and Reactor Pur- 

to use a gas stream to purge VOC vapors from either an empty tank 
Consistent with batch processing there is frequently a need 
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or reactor vessel, or from the vapor space of a partially filled 
tank or reactor. 
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). 

intermittently (e.g., at startup and shutdown, or between 
batches) using a displacement purge to remove accumulated vapors. 
The estimation of VOC emissions in this case is fairly 
straightforward. 
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. 

Typical reasons for purging are to maintain 

3.1.2.1 m t v  T U  pur;sin9 . Empty vessels may be purged 

Before the purge, the vapor space of an empty 

This can be expressed as a power law when 

Lf n 
'i 
- = X  (3 - 1) 

where : 
n = the number of volumes of purge gas used; 
x = the fractional dilution per volume change; 

initial concentration in vessel. 
Cf = final concentration in vessel; and 

Ci = 

The fractional dilution per volume change assuming perfect 
mixing has been shown to be 37 percent. 
becomes : 

Thus, equation 3-12 

' .  
cf 
ci 
- - (0.37)" (3-2) 

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

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

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

By integrating and setting the following boundary limits: 

t = O  Ca = Ci 
t - 1  Ca = Cf, then equation ( 3 - 4 )  reduces to 

In (Cf/Ci) = -1 
Therefore, Cf = 0.37 Ci 

( 3 - 5 )  

See Example 4 in Appendix C. 

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. 
flow rate may be quite low for storage tanks, but may be much 
higher for a reactor where removal of water vapor or excess 

3.1.2.2 m l e d  Vessels . Filled or partially filled vessels 

The 
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solvent vapor is required. 
referred to as purges or sweeps. 

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. 
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 quieecent 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 factor of 25 percent is 
recommended. 

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 higher flows have also been 

Due to the lack of test data a traditional approach to 

Thie assuption is thought to be 

Another assumption that must be made is that the displaced 

The total rate of 
gas exiting a vessel is therefore: 
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where : 
Vr2 = rate of gas displaced from the vessel, scfm 
Vrl = rate of purge gas, scfm 
PT - vessel pressure, rmHg 
E(Pixi) = the sum of the products of the vapor pressures and 

mole fractions for each VOC, “Hg (see next 
section). 

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

where : 
ER - mass emission rate; 
yi = 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, Vr2) 
R = ideal gas law constant; 
T = temperature of the vessel vapor space, absolute; 
PT = pressure of the vessel vapor apace; and 
MW = molecular weight of the VOC or air toxic. 

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

Appendix C. 

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 



the receiving vessel. 
volume also are displaced. 
vented directly to the atmosphere. 
during such an event is limited by the partial pressure of the 
components in the gas stream aae t5e vessel pressure. 
vessel vapor spaces are filled with air (21 percent oxygen, 
79 percent nitrogen) or almost pure inert gas, such as nitrogen. 

be assumed or known before any calculations are done. 
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 "Lie i-alatile compounds that are 
entering the vessel. 
calculating emissions from vapor displacement events: 

The VOC's that may be contained in this 
In m a ~ y  cases, the displaced gas is 

The amount of VOC's emitted 

Usually, 

The degree of saturation of the vent gas with the VOC's must 
As is 

The following step8 are involved in 

Define the conditions of the displaced gas: SteD 1. 
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. 
s. Calculate the ==le E Z a c t i G i I  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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( 3 - 8 )  In Pi* = A- [B/(T+C) 1 
where : 

P! = vapor pressure of component i (xrunHg); 

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

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. 
physical property handbooks contain the Antoine equation and the 
appropriate constants. 
presented in Table A - 1 .  

equafions for 120 compounds that use five constants. 

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. 
is presented below: 

Most 

Vapor pressures for some compounds are 
Table A-2 contains vapor pressure 

If more than one compound is present in the liquid, the 

The general equation for Raoult's Law 

P x Pf 
i i i  

I Y =  
i P P 

T T 

( 3 - 9 )  

where : 

yi = 
Pi = 

xi - 
. PT - 

mole fraction of i in the vapor; 
partial pressure of component i; 
mole fraction of component i in the liquid; 

the total pressure in the vessel vapor space. 
Pi - vapor pressure of component i at temperature T; and 

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. 
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 ia used to describe 
the relationship between the mole fraction of the compound in the 
liquid and the vapor phase mole fraction. 
presented below: 

At or above the solubility limit, each compound 

Henry's L a w  is 

Pi, Xi Hi 
y = - =  
i PT PT 

where : 
xi = mole fraction of component i in the liquid; 

. Hi - Henry's Law constant for i (at temperature TI; 
yi = mole fraction of component i in vapor; and 
PT = 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 25OC are presented in 
Table A - 3 .  Also, a method of correcting the constants for 
different temperatures follows Table A - 3  in Appendix A. 

SteD 3. Calculate the emission rate: 
Once yi, 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 yi by the vessel fill rate 
(which equals the gas displacement rate) and converting this 
volumetric rate to a mass emission using equation 3-7. 
of vapor displacement emission calculations are presented in 
Appendix C. 
3.1.4 -1 H W  

material containing a VOC is heated, the gas and vapors in the 
headspace expand and are discharged from the vent. 
of the emissions in the uncontrolled vent stream from such an 

Examples 

When a process vessel partially filled with a VOC or a 

An estimate 
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event can be calculated based on application of the Ideal Gas Law 
and on vapor-liquid equilibrium principles. 

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 “Hg and (2) the displaced 
gas is always saturated with VOC vapor in equilibrium with the 
liquid mixture. 

vessel is given by: 

The basis of the calculation is tbat the moles of gas 

The initial pressure of the gas (noncondensable) in the 

Pal = 760 - Z(PilT1 ( 3  - 11) 

where : 
Pal = initial partial pressure of gas in vessel 

headspace, nrmHg, and 

headspace, “Hg, at the initial temperature (T 1 .  
(Pi)T1 = initial partial pressure of each VOC in vessel 

1 

The choice of formula for calculation of Pi 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 

(pi)T1 (pl)T1xi (3-12) 

where : 

(P*dT1 = vapor pressure of each compound at specified 

Xi = mole fraction of each compound in the liquid 
temperature, TI, and 

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 mpirically 
determined constant is available: 
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(3-13) 

where : 
xi = Henry’s Law Constant at T1 in consistent units 

xi = Mole fraction of each compound in the liquid mixture. 
(atm/mole fraction) ; and 

Note: If neither Raoult’s L a w  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. 
task of calculating vapor-liquid equilibria for nonideal 
mixtures. 

conditions, 
vessel is calculated: 

Commercial computer p r o g r k  are available to simplify the- 

The calculation of Pi is repeated at the final temperature 

T2; and the final partial pressure of the gas in the 

Pa2 = 760 - C ( P i ) T 2  (3-14) 

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

Pa1 Pa2 
AT? = [ (-1 - (-11 

R =1 T2 

where : 
AT? = number of lb-moles of gas displaced; 
V = volume of free space in the vessel ft3; 
R = Gas L a w  constant, 998.9 nun?fg ft3/lb-moles OK;  

Pal - initial gas pressure in the vessel, “Hg; 
Pa2 = final gas pressure, “Hg; 
T1 = initial temperature of vessel K; and 
T2 - final temperature of vessel, IC. 

(3-15) 

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. 
concentration in the displaced gas may be approximated by 
assuming it is equal to the average of the initial and final 
values. 
moles of gas displaced times the average VOC mole fraction, ae 
follows : 

The VOC 

The number of moles of VOC displaced is equal to the 

(3-16) . 

where : 
‘I$ - 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. 
that, at the boiling point of the VOC, this equation goes to 
infinity. 
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 valid at the boiling point of the 
VOC. 
Appendix C. 
3.1.5 E v o l u t a  

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: 

The reader should note 

In a physical sense, the vessel vapor space is filled 

An example of a vessel heatup calculation is presented in 

When a gas ie generated as a result of a chemical reaction, 
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when VI = initial volumetric rate of gas evolution 

E (pixi) = sum of the products of the vapor pressure and the mole 
fraction of each VOC at the exit temperature. 

pT = vessel pressure 

Once V2 is known, it can be inputted into Equation 3-4 to 
calculate the emission rate. 
emissions from gas evolution is presented in Appendix C. 

An example calculation of gas VOC 

3.1.6 
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 . 

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. 
order to produce fine bubbles and increase the bubble residence 
time. These design features are intended to increase contact 
efficiency. 

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) . 

the exiting sparge gas the earlier discussion of Raoult’s Law and 

Sparging is a semibatch operation. 

The tank may be agitated as well in 

Utilizing fundamental chemical engineering principles and 

For the calculation of equilibrium concentration of VOC in 
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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 separation processes, 
with batchwise sparging it is not possible to write a series of 
simple! analytical equations which define the outlet gas 
concer&ration 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. 
next time "slice" will be made based on this new liquid 
composition value. 
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. 
volatilization calculation is presented in Appendix C. 

The calculation of the vapor composition for the 

The cumulative quantity of volatile removed 

An example sparging 
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3.1.7 Batch P U u r e  FiltratiQn 
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. 
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 Pur- . 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 

However, during the 

filtrate will 
Assuming that 
is simply- 

where : 
w =  
xi - the the 

be evaporated at approximately a constant rate. 
the filtrate is 100 percent VOC, the emissions rate 

w(xi-xf) 
t ER - (3-18) 

dry weight of a batch of filter cake; 
weight fraction of filtrate at the start of the 

xf - 
t =  

ER = 

gas-blowing step; 
the weight fraction of filtrate at the end of the gas- 
blowing step; 
elapsed time of gas blowing; and 
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 
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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. 
percent saturation attained enables the calculation of emission 
rate. 
AXI example calculation of estimating emissions from filter cake 
blowing is provided in Appendix C. 

3.1.7.2 -. Prior to opening a batch 
pressure filter for solids discharges, the pressure must be 
relieved. 
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. 
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 has 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: 

initially present in the vessel at the end of the 
depressurization. 

An aeaumption of 

In the case of a filter design utilizing a closed 

The 

1. Calculate the mole fraction of each VOC vapor species 

'i - Yi * 
p1 

(3-19) 
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where : 
pi - vapor pressure of each VOC component i; 
p1 = initial pressure of the process vessel in units 

yi = mole fraction of component i initially in the vapor. 
consistent with Pi calculations; and 

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

where : 
= mole fraction of VOC (the sum of the individual 

= free volume in the vessel being depressurized 

yvoc 
VOC fractions, ZYi) 

V 
P1 = 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: 

n1 = - vpncl RT (3-21) 

where : 

V = 

Pncl = 

free volume in the vessel being depressurized; 
initial partial pressure of the noncondensible gas, 
Pl-zPi; 

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. 
beginning of the depressurization, there are: 

At the 

moles of VOC to noncondensables %oc 
"1 
- 
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5. At the end of depressurization, there are 

'4oc 
"2 

where : 

moles of VOC to noncondensables 

pNC2 
RT n2 = (3-22) 

where : 
V = Free volume in the vessel being depressurized; 

= Final partial pressure of the noncondensible gas, NC2 P 
P2 - r: xi Pi; 

R = Gas law constant, and; 
T = temperature, absolute. 

6. 
may be calculated by taking an approximation of the average ratio 
of moles by VOC to moles cf noncondensible and multiplying by the 
total moles of noncondensibles released during the 
depressurization, or: 

The moles of VOC for the duration of the depressurization 

1% + 

In2 - "11 = Nvoc 2 
where: Nvoc - moles of VOC emitted 

(3-23) 

7. The moles of VOC emitted can be converted to a mass rate 
using the following equation: 

NVOC * Mwvoc = Ervoc 
t 

( 3 - 2 4 )  

where : 
= emission rate of the VOC 

Mwvoc = molecular weight of the VOC 
t = time of the depressurization 

=voc 
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AII example calculation of emissions from vessel depressurization 
is provided in Appendix C. 
3.1.0 @ 

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. 
nozzle that produces a high-velocity jet across a suction chamber 
connected to the vessel being evacuated. The gae from the vessel 
is entrained into the motive steam as it passes across the 
suction chamber. 

A steam ejector consists essentially of a Steam 

Both gas and steam are usually routed to a 
condenser. 

Conventional (mechanical-type) vacuum pumps use a high 
boiling point oil to lubricate the moving parts. 
are present in the gas on the suction side may be partially 
condensed in the elevated pressure inside the vacuum pump. 
reduces the amount of VOC emitted in the gas discharge from the 
pump, but causes contamination (reduced lubricity) of the pump 
oil. 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 
emissions 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 m y  result in an 

The VOC’s which 

This 
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I increase in VOC level from that in the suction side. In other 
I 
I 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 -on Est- . Emissions from vacuum systems 
originate from two distinct sources: 
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 equipment involves the 
estimztion of the amount of air that leaks into the equipment 
because of the pressure differential between the inside and 
outside of the vessel. 
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: 

1) the first is the gas at 

Once this air leakage rate is known, the 

1. m a u e  f r o m t a l  DO~OS~~U  crack^ 
(For liP~l0 "Hg) W - 0.026 P 0.34710.60 (3-25) 
(For 1 0 ~ P ~ l O O  "Hg) W = 0.032 Po*26Vo*60D (3-26) 
(For 100sP1760 "Hg) W = 0.106 Voo60 (3-27) 

where : 
P - system operating pressure, "Hg; 
V - volume, ft3; and 
W = air leakage resulting from metal porosities and crack 

along weld lines, lb/hr. 

2. cre f r a  Real8 and c m  
( For lips10 m H g  w = UD~P'.~~ 
(For lOiPtlOO m H g )  w I: 1.20 uD8P 

w = 3.98 UD8 

0.26 

(For 100sP1760 "Hg) 
where : 

D = sealed diameter, inches; 
w = acceptable air leakage rate assigned to a system 

component, lb/yr; and 
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8 = specific leakage rate for components, lb/hr/in 
(presented in Table A-5 of Appendix A ) .  

3. The total air leakage rate, in lb/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 lb/hr, may be calculated using the following equation from the 
1978 Pharmaceuticals CTG:4 

* La 'system - 1) Se = MWs - ( 29 'system - Pi (3-32) 

where : 
- 

Se - rate of VOC emission, in lb/hr; 

Psystem = 

Pi = 

La - 
29 - molecular weight of air, lb/lbmole. 

An example calculation is ;r=vide:! in Appendix C. 

absolute pressure of receiving vessel or ejector 
outlet conditions, if there is no receiver; 
vapor pressure of the VOC at the receiver 
temperature, in "Hg; 
total air leak rate in the system, lb/hr; and 

Calculating emissions from seal fluid or motive steam is 
analogous to the calculations of VOC emissions from other sources 
of wastewater, which is discuseed 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. 
to aid the readers in calculating emissions from wastewater 
treatment systems which include surface impoundments, lagoons, 
and basin~.~8~,' 
3.3 STORAGE TANK EMISSIONS 

breathing losses appear to be no different for continuous 

Several publications are available 

In general, emissions of VOC's from storage tank working and 
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processes than they are for batch processes. 
losses usually are calculated using EPA-derived storage tank loss  
equations for three types of storage tanks: fixed roof, external 
floating roof, and internal floating roof. Fixed roof and 
horizontal pressure tanks appear to be the most comnon storage 
vessels used in batch processing. 
tank types and a detailed explanation of their use, may be found 

8 in an EPA reference. 
3.4 EQUIPMBNT LEAKS 

The calculation of emissions of VOC's from leaking process . 

line components such as valves, pump seals, flanges, and saxnpling 
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. 

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.' 
also possible to develop unit-specific emission estimates 
according to an accepted EPA protocol. 
developing a specific emission estimate for leaking components is 

10 contained in another reference. 

Both types of 

Estimation equations for these 

In the event that no other specific data is available 

It is 

The methodology for 

3.6 
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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 80 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. 

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 
system 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. 

Because the emission streams produced by batch unit 
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4 . 1  CONDENSERS 

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. 
this situation is the direct-contact condenser, which uses 
cooling fluid identical to the desired condensate: in this case, 
no separation is necessary. 

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. 
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. 

condensers can generally be classified as surface noncontact 

An exception to 

In principle, condensers work by lowering the temperature of 

This refiuxing is an integral part of the process, and 

4.1.1 
The control efficiency attained by a condenser is a function 

of the outlet gas temperature. 
batch reactor contains a large amount of noncondensable material, 
such as air or nitrogen, as well as some fraction of volatile 
material. Before this volatile 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. 

A typical exhaust gas from a 

Cooling the 

4 - 2  



gas stream further after complete (100 percent) saturation is 
reached 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. 
calculated by approximating the sensible and latent heat change 
when a gas stream containing condensable material is cooled: 

Q, the heat requirement may be 

where : 
Q = mCpAT + mAhv (4-1) 

Q = heat requirement; 

m = mass flow rate of material; 
= heat capacity of material cooled; cP 

AT = temperature difference between inlet material 

hv - the latent heat associated with a phase change. temperature and condensate temperature; and 

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

where : 
A = heat transfer surface area; 
Q = heat requirement; 
U = overall heat transfer coefficient, which is based on 

the inside and outside heat transfer, and; 
 AT^ = 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. 
ambient temperature to brine, which can be cooled to below the 

Cooling fluid, for example, can range from water at 
- 

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, especial1.y 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 outlet gas pollutant 
concentrations be measured. 
outlet gas temperature is the only value that must be known in 
addition to the inlet conditions (including flowrate of 
noncondensables). 

To verify condenser efficiency, the 

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 
conditions. 

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 
32OF. 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. 

n 4.1.2 m i c a t i o n a  

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. As 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. 
the effectiveness of the condenser as a control device, since the 

Another consideration that must be made when contemplating 

. I  

4.1.2.1 Reactor Vent C w s e r g  . Several different types 

This purge also takes away from 
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vapor fraction of condensable material decreases with the 
addition of more noncondensable gas. 

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 coolicg fluids that may be required for the 
diverse gas streams resulting from campaigned equipment. 

-. Shell-and-tube condensers usually are employed as 
refluxing devices on batch distillation units. In some cases, a 
secondary condenser is used ts 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 lb/d) or more of VOC: 

Condensers appear to be the most common control devices 

4.1.2.2 -tion Col- (Pr- pnd Secondary 

-25OC when condensing VOC of vapor pressure greater than 
5.8 psi ( i G L  r m n i i j ~  
when condensin? VOC of vapor pressure greater than 
2.9 psi (150 “Hg) 
when condensing VOC of vapor pressure greater than 
1.5 psi (77.5 m d g j  
when condensing VOC of vapor pressure greater than 
1.0 psi (52 “Hg) 
when condensing VOC of vapor pressure greater than 
0.5 psi (26 “Hg) 

0.5 psi (0 25 mXg) 

-15OC 

O°C 

10°C 

25OC 

3 S O F  when condensing VOC of vapor pressure between 0 and 

aThis requirement for material with a vapor pressure between 0 
and 0.5 psi at 2OoC was not part of the 1978 CTG but has been 
adopted by some States. 
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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. 

vessels such as reactors, dryers, and distillation operations and 
their corresponding vapor pressures at 2 O O C .  

condenser outlet temperature guidelines as established by the. 
Phannaceutical CTG are also listed. 

Listed below are VOC's that typically are found in process 

The corresponding 

I at 2 0 0 ~  
I 

Methanol (MeOH) I 95 

Acetone I 182 
Toluene 

U Required 
condenser VP at Percent 
outlet, outlet, volume at 
temp., OC -g outlet 

0 31 4 

35  I 22a I 3 II 
agecause 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. 
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 

If there are no 
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emission events. 
state distillation operations, however, are. 

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 knawing or calculating the leak rate into the system (see 
Chapter 3 calculations). 

$ \  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 2OOC. Dropping the temperature of this 
stream to O°C and thereby reducing the outlet volume percentage 
to 4 percent yields a control of approximately 70 percent. 

Atmospheric vent streams created by non-steady- 

During periods of unsteady-state operation, such as startup 

4.1.2.3 Pmerg 
4.1.2.3.1 Vacuum drverg. 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. 

dryers include high concentrations and low flowrates. 
the concentration of the emission stream drops off, while the 
flowrate usually remains constant. 

typical drying rate curves for batch dryers. 
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 emission stream parameters generally accompanying vacuum 
Over time 

To illustrate this situation, Figures 4-1 and 4-2 present 
Figure 4-1 

The corresponding emission rate during these 
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Figure 4-1. Filter cake drying cume. 
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4-2. Dryer emission stream solvent content. 
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stages is also considerably higher. 
chosen for VOC control, it must be sized so that it can handle 
the peak VOC flow at the beginning of the cycle. 
the point marked VSAT in Figure 4-2 is the point in the cycle 
where the condenser is no longer effective. 
by volume of solvent in the gas stream corresponding to 
saturation at the condenser outlet temperature. 

4.1.2.3.2 vect ive drvera . 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. 

VOC emissions from crystallizers, especially batch vacuum 
crystallizers. 
and barometric (direct-contact) condensers. Usually, a large 
amount of vacuum is necessary to produce crystals at low 
temperature. 
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 pef- Svwtems for Ma-d Sources. 
Shell-and-tube condensers may be used to control VOC exdssions 
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 themselves. In many cases, however, the recouped 

If a condenser is the device 

Also note that 

VSAT is the percent 

4.1.2.4 crvstallizers . Condensers may be used to control 

Such crystallizers employ both surface condensers 

A typical batch vacuum crystallizer vacuum- 
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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. 
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 -looo to -160OF. 

Low-temperature refrigeration'systems such as the one 
described above are used to control vapor displacement emissions 
from multiple sources such as working lossed from a tank farm. 
Often, the mixtures are separated by distillation although only 
one or 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 loading 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 

This 
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cycling of the refrigeration system's compressors. 
occurs if the system is oversized for the vapor load. 

system, the displaced vapors or process vents of finite duration 
must be staggered or controlled using orifices or flow 
controllers so that the syetem 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. 

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 

Cycling also 

To prevent cycling and to optimize the efficiency of the 

1 

4 . 1 . 2 . 6  1. 

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: 

- -  ._ pvoc 
yvoc PTOTAL ( 4 - 3 )  

A low value of Yvoc 1s desired at the outlet of the 
condenser. This can b= L C % C * ~ - C ~  by reducing the numerator value, 
pvoc' by lowering the gas temperature, or by increasing the 
denominator, P T o T u f  by increasing the pressure of the system, or 
by a combination of both. 

condensation system use liquid ring compressors. 
Most applications that use a combination vapor compression- 

These 
compressors are availahl~ for numerous ranges of flowrates and 
discharge pressures. 
include ring seal liquid recirculation systems are currently 

Liquid ring compressor packages that 

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 
9 0 0  scfm at the same discharge pressure.2 
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 4OC. Plant personnel have stated 
that prior to installing such a system, the plant was discharging 
approximately 2 million lb of methylene chloride to the 
atmosphere each year, of which 85 to 90 percent is now 
recovered. 

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. 

The systems are 

There seem to be a number of applications that could make 

1. W i D t i o q  . Some pharmaceutical facilities make use of 
closed-loop drying system 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. 
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. 

press is drawn into the liquid ring vacuum pump, which compresses 
the gas essentially to atmospheric pressure. 

The most common 

2. m i c  o m t i Q n  . Exhaust gas from the dryer or filter 

The gas contacts 
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the pump seal fluid in the vacuum 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 outside 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 senaors and 
contain an overflow weir to remove excess ring liquid, which can 
ultimately be sent to a solvent recovery unit. 

3. Adarxation to d L v j m  . -  svsLemg . 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 
wilJ be more suitable for convective drying), can be recirculated 
so that there are no emissions to the atmosphere. In such a 
system, a heater would be added to the system after the exhaust 
gas cooler to heat the inert stream. 

At this point, the pump 
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4 . 2  SCRUBBERS 
4.2.1 

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 large number of tiny bubbles within the liquid phase 
and therefore increase the surface 5 
and gas phases, are preferred. 

Gas absorbers are limited primarily by the solubility in the 
liquid stream of the material to be transferred to the liquid 
strebm. 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 
fonn 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 contrgl 
VOC auch as toluene, the scrubbing medium would have to be a 
nonvolatile organic such as mineral oil. Although such systems 
do exist, their cost ia relatively high, since it is energy- 
intensive to recover separate fractions of mineral o i l  and VOC, 
and the cost of mineral oil precludes the uae of a once-througb 
system.' Note that one of the considerations associated with t 
use of scrubbers is waste stream disposal and/or treatment. 

area contact between liquid 

t 

a 

;he 
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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.* 

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 (C0Cl2). 
Phosgene, when reacted with slightly basic water, hydrolyzes to 
HC1 and C02. 
their toxicity is much less than that of the initial reactant. 
Chemical scrubbers are often used as emergency back-up devices. 
4.2.2 m i a n  

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 
cunre, 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 propexties of a scrubber 
design, such as the number of transfer units (Nm) and the height 
of transfer unit (Hoc) for a packed tower, may be estimated based 

Although these product gases still require control, 

The design of a scrubber involves the estimation of the 
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on the reported removal efficiency of a system and the reported 
liquid-to-gas mass velocities. 
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 
 parameter^.^ Note that verifying the efficiency of a scrubber is 
more difficult than verifying the efficiency of condenser since 
there are more variabiea 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 Spec ific Svste ms and ADDlicablllty 

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-load times, 
the efficiency would sick - * -  -f -=-L with an increase in gas flow 
rate back up to the design value. 
describes one specific application for the control of the solvent 
isopropyl alcohol (IEA, wich a warer scrubber through convective 
drying. 

dryer exhaust stream containing the solvent IPA. 
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 rn3 of w a t e r  per minute under peak conditions 
was determined to be necessary for a peak exhaust gas flow rate 

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

The EPA publication 

, I  

Scrubbers often are used in batch processing as secondary 

The following paragraph 

A feasibility analysis of control devices was conducted on a 
It was 
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4.3 CARBON ADSORPTION 

present in a gas phase on the surface of granular activated 
carbon. Adsorbers can be of the fixed-bed design or fluidized- 
bed design. 
to desorb the collected organics from the carbon. Fluidized-bed 
adsorbers are continuously regenerated. 
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 pesicrq 

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. 
is commonly used to force the UOC-laden gas stream through the 
fixed carbon bed. The cleaned gas is then exhausted to the 
atmosphere. 
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. 
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 

Carbon adsorbers function by capturing material that is 

Fixed-bed adsorbers must be regenerated periodically 

Most batch industries 

Carbon adsorption is usually a batch operation involving two 

A blower 

A gradual increase in the concentration of organics 

After regeneration, 
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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. 
streams with a high concentration of organics, with organics with 
boiling points greater than 25OOC or molecular weights greater 
than 200, with relative humidities greater than 50 percent, with 
high levels of entrained solids, or with temperatures over 100OF. 
Adsorking organics from gas streams with high concentrations of 
orgaxcs 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. 
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. 
controlled by a cloth or fiberglass filter. 
high relative humidities affect the adsorption capacity of the 
bed. 
the water vapor in the gas stream. 
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. 
temperature of the inlet stream should be below l O O O F  or the 

Carbon adsorption is not suitable for gas 

The continuing buildup of 

These solids are generally 
Gas streams with 

Humidity control can be achieved by cooling and condensing 
The relative humidity can 

Normally, the 

4 - 2 0  



adsorption capacity will be affected. 
usually required when emission stream temperatures are in excess 
of 10O0F. 

Inlet stream coolers are 

I ,  4.3.2 LLQQlicab111tv 
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 operaticrnsl 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. 3n many of these applications, the adsorber is 
preceded upstream by a condenser. 
efficient on saturated streams and carbon bed adsorbers are more 
efficient on dilute streams, a condenser followed 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. 
and eventually reused. Carbon canisters, normally the size of 
55-gallon drums, can be used to control small vent streams (less 
than 500 actual cubic feet per minute [acfm] <SO0 ft3/min) with 
low organic concentrations. 
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 coxrunon to batch processes. 
In fact, most carbon adsorption system are especially suited for 
batch processing, since the beds do not require continuous energy 
input (except for a fan to move the gas). 

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

Since condensers are more 

The spent carbon can be reactivated offsite 

They are conanonly used to control 

When designing and installing carbon bed adsorber systems, 
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transported from the bed by convection. 
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 f o r  an extended period 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. Using 
adequate cooling systems, regularly inspecting valves to prevent 
steam leaks, and using adsorbers only on low-concentration 
streams a l l  will ensure safe operation. In addition, beds used 
for adsorbing ketones should not be dried completely after 
regeneration. 
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. 11 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. 
from an adsorption isotherm, which is generally available for 
different compounds at various partial pressures. 

efficiency of a carbon adsorption system. 
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 

12 of material sorbed since the last regeneration or replacement. 

material that has been sorbed for the intermittent streams with 
variable characteristics typical of batch processes than for 

If less convection heat 

Although not drying them may reduce adsorption 

The required amount of carbon may be estimated 

For all practical purposes, it is difficult to estimate the 
EPA has conducted 

Note also that it is more difficult to predict the amount of 
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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, moet applications of carbon 
adsorbers follow condensers. Because of the highly flanunable 
nature of many typical solvents, the industry trend is away from 
using these devices as primary control devices. 
4.4 THERMAL DESTRUCTION 

It is usually 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. 
combustion gases must also be controlled in most cases, thereby 
increasing costs. 
4.4.1 Flareg 

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

4.4.1.1 u. 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) . 
flares, the most common type in the chemical keustry. 
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. 

Note also that the byproduct 

Good combustion in a flare is governed 

The discussion in this chapter focuses on elevated 
The vent 
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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 

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. 

heated by already burning fuel and pilot burners at the flare 
tip. 
the microscopic gas pockets is oxidized. 
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 oiffusion 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 t h o  ~ 2 a  flsre3, 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. 

Purge gas (N2, C02, or natural gas) also helps to prevent 

The VOC stream enters at the base of the flame where it is 

Fuel flows into the combustion zone, where the exterior of 
The rate of reaction is 
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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. 
assisted flares is that they can be used where steam is not 
available. 
airflow is difficult to control when the gas flow is 
intermittent. 
each 100 lb/hr of gas flared.14 

heads that are staged to operate based on the quantity of gas 
released to the flare. 
the high nozzle pressure drop) is usually adequate to provide the 
mixing necessary for smokeless operation, and air or steam assist 
is not required. 

The principal advantage of air- 

Air assist is rarely used on large flares because 

About 90.8 hp of blower capacity is required for 

Ground flares are usually enclosed and have multiple burner 

The energy of the gas itself (because of 

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. 
continuously while steam-assisted elevated flares are used to 

Typically they are used to burn gas 

dispose of large amounts of gas released in emergencies. 15 
4.4.1.2 Factors Affectiga Flare Effhiency. l6 Flare 

combustion efficiency is a function of many factors: (1) heating 
value of the gas, ( 2 )  density of the gas, ( 3 )  fla"bility of the 
gas, ( 4 )  auto-ignition temperature of the gas, and ( 5 )  mixing at 
the flare tip. 
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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. 
narrow, the interior of the flame may have insufficient air for 
the mixture to burn. Fuels with wide limits of flammability (for 
instawe, Hz) are therefore easier to combust. 

because gas mixtures must be at high enough temperature and at 
the proper mixture strength to burn. 
ignition temperature will ignite and burn more easily than a gas 
with a high auto-ignition temperature. 

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. 
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 emokelessly. 

with baseload gas recovery systems. 
recover VOC from the flare header system for reuse. 

When flanmability limits are 

The auto-ignition temperature of a fuel affects combustion 

A gas with a low auto- 

The heating value of the fuel also affects the flame 

In addition to burner tip design, the density of the 

Many flare system are currently operated in conjunction 
Such systems are used to 

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 baseload gas recovery system may offer an economic 
advantage over operation of a flare alone since sufficient 
quantities of useable VOC can be recovered. 

. The EPA has established 4.4.1.3 EPA Flare Qecifi- 
flare combustion efficiency criteria (40 CFR 60.18) which specify 
that 98 percknt 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 l e s s  Lhan 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 -ity 
used for controlling emissions from batch processes as other 
control devices--for e-le, 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. 

* I  

Although flares are not as widely 1 ,  

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 
nonnal batch ptocess 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 The- C-vt.ic Oxidizerg 

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 intennittent basis as opposed to releasing 

I .  

Thermal and catalytic oxidizers may be used to control 

the uncombusted VOC‘s must be evaluated by considering the 
reduction of VOC compared to costs and production of other 
pollutants. 

enough temperature in the presence of enough oxygen will be 
oxidized to carbon dioxide and water. This is the basic 
principle of operation of a thermal incinerator. 
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 

. Any VOC heated to a high I .  4 . 4 . 2 . 1  * 
The theoretical 
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that will result in the efficient destruction of most VOC’s. 
practical thermal incineration processes are influenced by 
residence time, mixing, and temperature. An efficient thermal 
incinerator system must provide: 

oxidation reaction to proceed rapidly to completion; 

combustion products from the burner, combustion air, and VOC; and 

the oxidation reaction to reach completion. 

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 chanrtirr 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). 

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. 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. 
lower chamber temperature and uses less fuel. 
possible a shorter reaction chamber yet maintains high 
efficiency. 

A l l  

1. A chamber temperature high enough to enable the 

2. Enough turbulence to obtain good mixing between the hot 

3. Sufficient residence time at the chosen temperature for 

A thermal incinerator is usually a refractory-lined chamber 

Energy can then be recovered from the 
* hot flue gases in a heat recovery section. 

This arrangement ensures burning sf all vapors at 
This system makes 
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A thermal incinerator, handling vent streams with varying 
heating values and moisture content, requires careful adjustment 
to maintain the proper chamber temperatures and operating 
efficiency. Since water requires a great deal of heat to 
vaporize, entrained water droplets in an offgas stream can 
increase auxiliary fuel reqtlirements 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) . 

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 F+_~CI?-!X. 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 -Incinerator Eff ici- . 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 ;uL iuuai 

chamber temperatures ranging from 700 to 13OOOC (1,300° to 
2370OF) and residence times of 0.5 to 1.5 seconds. These data 
indicate that significant variations in destruction efficiency 

Thermal oxidizers for halogenated VOC's may require 

..A c. compounds at combustion 
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occurred for C1 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 ethylmines) at 
chamber temperatures below 76OOC (1400OF). 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. 

rates are much faster than the rate gf gas diffusion mixing. The 
destruction efficiency of the VOC then becomes dependent upon the 
fluid mechanics within the oxidation chamber. 
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. 
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:l). For vent 
streams with VOC concentrations below approximately 2,000 ppmv, 

At temperatures over 76OOC (1400°F), the oxidation reaction 

The flow regime 

The maxi" achievable VOC destruction efficiency 

4-31 



it has been determined that an incinerator outlet concentration 
of 20 ppmv (by compound), or lower, is achievable by all new 
t h e m 1  oxidizers. l9 
predicted on thermal incinerators operated at 870OC (1600OF) with 
0.75 sec residence time. 

also a major combustion technique examined for VOC emission 
control. 
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 
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. 

is heated to about 316OC (600°F) by contact with the hot 
combustion products from auxiliary burners. 
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 take6 place at 
these active sites. 
active sites and transferred by diffusion back into the waste 
gas.21 
recovery device before exhausting into the atmosphere. 

The operating temperatures of combustion catalysts usually 
range from 316O to 65OOC (600O to 1200OF). 
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. 

The 98 percent efficiency estimate is 

4.4.2.3 -tic O w e r  D U  . Catalytic oxidation is 

A catalyst increases the rate of chemical reaction 

These are 

The waste gas is introduced into a mixing chamber, where it 

The heated mixture 

Reaction products are desorbed from the 

The combusted gas may then be passed through a waste heat 

Lower temperatures 

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, zinc, tin, or 
halogens. 22 
will pass through unreacted or be partially oxidized to form 
compounds such as aldehydes, ketones, and organic acids. 

4.4.2.4 -c O a z e r  C ~ l l t r o l  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. 
unit operating at about 45OOC (84O0F)  with a catalyst bed volume 
of 0.014 to 0.057 m3 (0.5 to 2 ft3) per 0.47 scm/eec (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. 

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 &n 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 HC1 and may require an exhaust gas 
control device such as a caustic scrubber. 

flow rates (in the range of 10 to 500 scfm). These units can be 
applied to single emission streams, such as reactor vent 
emissions. 
for VOC's and air toxics using these devices makes their 
application attractive for very toxic substances. 24 

If these compounds exist in the catalytic unit, VOC 

. I  

A catalytic 

4.4.2.5 W D l i c a D  * * - -a2 *L-- _- C a m v t i c  0-. . *  

There are also some incineration units that can handle low 

The presumably high destruction efficiency obtained 
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4.5 SOURCE REDUCTION MEASURES 
4.5.1 yapor C- 

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. 
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 diaphragm 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 Ume of m r t  Gaa 

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. 
also be created by establishing, through a series of pressure 
transducers and distribution valves, a constant nitrogen, 
positive pressure 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 

Essentially 100 percent 

. I  

An inert atmosphere can 
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limiting the distribution of nitrogen to constant 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. 

lines to move material and the spzrging of large volumes of 
liquids that could be changed so as to reduce the amount of inert 
gases in the stream and thereby make the streams more suitable 
for control by devices such as condensers. 

The blowing of lines with nitrogen to move material, 
example, could be replaced by simple pumping and/or setting the 
lines on an incline. 
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 uoe 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. 
reduced the amount of nitrogen used for sparging from 38,400 to 
1,150 scfm and was considerably more efficient .25 

used in inerting processing equipment is that the volumetric 
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. 

There are other practices, however, such as the blowing of 

for 

Blowing cannot be totally eliminated, 

One such system tested at a plant 

An added benefit of limiting the amount of nitrogen that is 
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4.5.3 D e  of C1-oc-a E- 
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. 
appears to be gravitating to processing equipment that is 
versatile and therefore c l l r r ~ _ s  fcr numerous conventional unit 
operations such as mixing, reaction, filtration, and drying, to 
be conducted in the same vessel. Transfer losses, which can be 
very significant , are virtually eliminated, as are some cleaning 

Batch processing 

operations that would otnerwise be required in between processing 
26 runs. 

4 . 5 . 4  Material sU1;L9f;jtution/ImDro ved S e w o n  T e r m  
One of the more significant areas of material substitution 

in the batch manufacturing industry is the potential substitution 
of organic solvents with aqueous 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 pr&lm 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. 
in separation of organic-water solutions, petroleum fractions, 
and activated carbon regeneration. 
experimental data has been accumulated on the solubility and 
extractability of naturcii p-odiicts such as steroids, alkaloids, 
anticancer agents, oils from seeds, and caffeine from coffee 
beans in various supercritical fluids such as COz,  ethane, 
ethylene, and N20. 
investigated SCF in these applications. 

Supercritical fluida have been shown to be of utility 

Additionally, a large body of 

Currently, C02 is the most widely 
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4.5.5 m v e d  Process DwiaQ 
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. Tho options are 
described in detail in Chapter 6. 

energy burden of operating the control device. u8.6 to meet 
various options, as well as the national estimate of No, produced 
from the incineration of selected model process emission s t r e w  

The environmental impacts analysis considors the national 

and- from the generation of electricity. 
wastewater impacts were not evaluated because the offects 
resulting from the operation of these control drvices aro 
considered negligible. 
5.1 ENERGY IMPACTS 

Solid wasto and 

Table 5-1 presents the national estirato of onorgy usago for 
each of the options described in Chapter 6. 
was calculated by estimathq +,?e Crxcmt of fuel and electricity 
required to operate the thermal incinarator and tho electricity 
requirement for the refrigerated conden8.r symteu for tho 
applicable model streams. 
energy burden shown for each of the options in tho tabla is 
related to the condenser systems. 
with the natural gam requirewnts of tho thermal incinarator. 
Energy usaga for model streams and plants was extrapolatad to a 
nationwid. estirato by considering the numbor of facilitiom in 
the batch industries covered by this document. Note that there 
is no discernable difference in energy betwoen the 98 percent and 
95 percent options. This effect occurs becaume the thermal 

Tho onergy burden 

Approxinrately 10 percent of the total 

Tho remaindor i8 a8aociat.d 
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TABLE 5-1. ENERGY AND ENVIRONMENTAL IMPACTS 

Uncontrdl 
ad 

emissions, opcio 
0 

1 77 65 5 

2 2 IO 77 52 2 2 

3 - 2 IO 77 63 5 5 

. .  



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 systeme 
operating at 98 percent and 95 percent efficiency wao 
insignificant compared to the incinerator energy requirement#. 
5 . 2  AIR QUALITY IMPACTS 

The NO, emieeions from thermal incinerator. were e8timated 
assuming that the incinerator flue gas flow rate contained 50 ppm 
NO,. This value is in the range of concentration ob8enred for 
emission streams from incinerators (see footnote b, Table 5 - 1 ) .  
An alternative emission factor which could have been used ie 
0.1331b NO, per million Btu of natural gas. 1 

The NO, emissions from energy generation were calculated 
because condensers also use power. Several assumptions were 
required. Since the majority of electrical power come. from coal 
combustion, and the majority of coal used is bituminous, 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 lb NO,/ton coal2. 

B t ~ / l b . ~  
about 35 percent efficient. The emission factor is therefore 5 x 

10'31bs NO,/kwh, or: 

. The average net heating value of bituminous coal is 14,000 
It was also assumed that coal-fired power plants are 

3,412 Btu 
kwh 73ar'm 

ton 14 lb NO, ' ton 14,000 Btu 2,000 lb I lbcoal 

Offsets for individual cases can be calculated using the emission 
factors presented above. 
5 . 3  WASTEWATER AND SOLID 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 

The methodology used in developing control Option8 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 

conFentration. 
processing emissions and describes the methodology for developing 
the options. 

In general, there are two qualities that differentiate batch 
processing emissions from those of sources operating 
continuously. 
(e.g.8 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. missions of VOC8s 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. 
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 VOC8s in the displaced flow rate will increase to a point 
close to saturation by the time the last of the displaced air 

This section presents a discussion of batch 

6.1.1.1 Batch Proc- S t r e a m -  

First, batch emission stream characteristics 

Through vaporization of the VOC liquid across the 
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leaves the charge tank. 
tanks to the reactor, another displacement occurs that 
contributes to emissions of VOC's. 
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. 

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. 

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. In 
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. 

idea that the variable emission stream characteristics of batch 

As the material moves from the weigh 

This emission event is very 

In the example process shown in Figure 6-1, consider the 

Figures 6-2 and 6-3 prsaent t!le fluctuations in flow rate 

The reason for presenting these profiles is to introduce the 
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process vents affect the feasibility of using control devices 
currently available in industry. 
potentially create confusion on the part of plant operators and 
regulators concerning how to describe the emission 
characteristics (8 . 9 0 8  instantaneous maximums, 8-hr averages, 
24-hr averages, or batch cycle averages). 
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 reconrended for control. 
methodology development is described below. 

of controlling typical batch emission streams was d n e d  by 
applying typical add-on control devices that are found in 
haustry. 
examined, including thermal destruction (theraal, catalytic 
oxidizers and flares), refrigeration (condensers), gas abwrption 
(water scrubbers), and carbon adsorption systo~. Tha final coat 
analysis, however, was done based on thermal incineration am! 
condenser systems. 
examining cost because, among other factors, thay can ba applied 
to a universe of compounds. 
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 scrubbar to 
control steams containing water-soluble VOC8s. The cost and coat 
effectiveness of this device may be considerably k t t a r  than that 
of an incinarator or refrigeration system affording the  sa^ 

level of control, but the costs of the option could not k basad 
on this dovico kcause it would only k available for a segment 
of potential emission stream. 
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 . 

These attributes also 

In light of these 

The 

6.1.1.2 Control Devices Examhad . The cost and feasibility 

All currently available types of control deviws UUI 

These devices were used exclusively in 

In many cases, other control device8 

Likewise, carbon adsorption, 
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Although thermal incineration and condensation system8 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 erission 
stream parameters. For example, the condenser option ideally 
would be used to control richer streams (>lO,OOO ppm) while the 
thermal incinerator could handle streams that were more dilute 
(<100000 ppm) and largely infeasible to consider for control with 
a condenser system. Minor limitations to compound smfficity 
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 wa8 
within the margin of error of the study estimate), while compound 
specificity did not appear to be a probler with refrigeration 
systerms 0 

Note that although the thermal incinerator and conden8.r 
were used to establish control cost effectivenass curve., tha 
options are not equipment-based, only perforrance-based. 
Therefore, an emission limit would specify a control 1W.l 
(e.g.0 98 prcent, 95 percent, 90 percent) and not a part~cular 
control device. Therefore, an operator could elect to u8e a 
water scrubber to meet control requirements in case8 whare a 
water scrubber would achieve the required level of control. 

6.1.1.3 The first issue considered in 
developing options was the sensitivity of the costs of each 
control device to the intermittency of emission event8. The 
primary indicator of cost is cost effectivenass in unita of 
dollars per magagram VOC controlled ($/Xg). 
effectivenesm value is obtained by dividing the annualized cost 
of the control device ($/yr) by the annual erisaions reduction 
(Mg/yr). The cost effectiveness decreases (values becore higher) 
as the amount of time that the emission stream i8 released to the 
atmosphere (on-stream duration) is reduced. This trend is 
readily obvious from Figure 6-68 which is a graphical 
presentation of cost effectiveness versus vent stream flow rate 

This coat 
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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. Figure 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. 

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. 

Because each control device is often sized according to the 

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 concentration cutoff. By 
eliminating concentration as a parameter used to determine 
applicability, this problem would be circumvented. 

annual VOC emissions (expressed as lb/yr) and average flow rate 
6.1.1.4 m. The approach chosen uses uncontrolled 
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(scfm) to define which streams should be controlled and the level 
of control required. 
varying VOC concentrations and frequency of emission events, but 
does not require their use as parameters to determine 
applicability. 
of voC8s 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 - t h o u  

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. 
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 lees 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 nun Hg at 20 'C and high volatility materials have a vapor 
pressure greater than 150 ma Hg at 20 'C .  

applicability of the requirements to multicomponent VOC streams, 
a weighted average of the VOC volatilities shauld 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#  

5 0 # 0 0 0 ,  75,000, ~OO,OOO, 125,000, and 150,000 lb/yr for various 
control levels (foe., 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 lOO,OOO ppm [the upper concentration examined for toluene, a 
low volatility material, is 37,000 ppm]); for simplicity, we can 

This approach considers the impact of 

Generally, the uncontrolled annual emission total 

6.1.2.1 cotst - Effectiveness Curvea . The methodology that 

Note that the volatility of components of concern is . 

In determining 
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call this the "envelope.1* 
graphed in the curves presented in Appendix F. 
typically falls between the 1,000 and 10,000 ppm curves, but ends 
as the envelope narrows. 
indication of how much the cost effectiveness varies with 
concentration. 

Figure 6-7 is an example of the curves contained in 
Appendix F. 
controlling any stream hzvi,r,r~ 3 si~gle component or group of 
components with a total vapor pressure in the moderate volatility 
range (from 75 to 150 mm Hg at 2 0 ' C ) .  

the graph: 
flow rate for control by thermal incineration (abbreviated as 
"throx") at concentrations of 1,000 ppmv and 8,750 pplv. The 
othef 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 emi8sion 
total and a constant concentration into the condenser and t h e m 1  
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 lb/yr, the 
flow rate (x-axis) values at any point: along the curves are an 
indicator of the duration o f  the emission events. For example, 
the left-hand endpoints of the cuwes represent stream8 that are 
continuous (i.e. in order to emit 50,000 lb/yr from an emission 
point at a concentration of iou,OOO ppmv, the minimum flow rate 
for the stream, if it is venting continuously, is around 5 ecfm). 
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 aisgicns are not surprisingly more 
expensive to control because they must be sized for large flows, 
yet-they will only control emissions for short durations. 
some concentrations, points on the upper-right corner of the 

Note that the 100 ppm line is not 
This line 

The width of each envelope is an 

The figure shows the cost effectiveness of 

There are four curves on 
Two of the curves show the cost effectiveness versus 

For 
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graph may occur less than 10 hours per year; these streams 
resemble emergency releases. 

Figure 6-7 that for a process vent emitting 50,000 lb/yr of voc, 
the cost effectiveness of control is a maximum of $5,00O/Hg 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. 
establishing a number of curves for different annual emission 

150,000 lb/yr), values of flow rate were obtained for an optimur 
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. 

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 tin&. 
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 

Based on the above discussion, it can be seen from 

By 

totals (i.00, 30,000, 50,000, 75,000, 100,000, 125,000 and 
- 

Note also that the subheading for Figure 6-7 states that 

Therefore, for curvom 

Table 6-1 presents the regression line and data points 
obtained from Appendix F graphs for various control levels. 
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 

Note 
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TABLE 6-1. SumARY OF CONTROL OPTION BEGRESSION LINE DATA 

100,Ooo 125,Ooo 

4,363 
5,600 
5,113 

1,514 
2,330 
2.776 

1,290 
1,366 
1,039 

5,652 
7, IS8 
6,954 

1,965 
2,978 
3.319 

1,677 

1,374 
I ,777 

6,939 
8,717 
8,824 

2,416 
3,627 
4.062 

2,063 
2,188 
1,709 

No. 

I 
2 
3 

4 
S 
6 

7 
8 
9 

- 

- 

- 
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opposed to 3 shifts per day labor and maintenance costs assumed 
in the corutruction of Figure 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. 
streams should be controlled, given an annual mass emission total 
and an average flow rata. If the flow rate calculated by the 
ncutoff" 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 prwnt). 
The'assumptions used to arrive at the baseline and uncontrolled 
emission numbers, and the industries affected as shown in 
Table 6-2 are diecussed in the next section. 
6.2.1 Discussion of Additional 18- 

6.2.1.1 S w  V u U S  . Tho annU81 
emission total and flow rate cutoffs can be applied either to 
single streams or to emission atreams resulting from aggregated 
sources. Costs for manifolding sourcee have been considered in 
the design and cost calculations. For example, total purcha8.d 
equipment costs for the condenser system8 were rultiplied by an 
additional 25 percent to account for manifolding whereau a 
300-foot collection main with 10 takeoffs and an auxiliary 
collection fan was costed out in the incinerator cost 
calculations. 

there is a levo1 at which the incremental cost of manifolding 
individual emission sources is unreasonable compared with the 
emission reduction achieved. Simply stated, what level of 
emissions would rule out including a source into an aggregate 
m o l  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" 

The regression lines can be used to determine what 

- 

An additional analysis was undertaken to identify whether 
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level for purpose of the applicability analysis. 
this dt"niDi8 level is presented in Appendix B. 

curves shown in Figures F-1 through F-54 are for thermal 
incinerators and condensers. 
incinerator operating at 1600.F, with fractional heat recovery, 
and not equipped with an emission control device. 
halogenated compounds, such an incinerator night not achieve a 
control level of 98 percent, and adeLtionally, acid gas would be 
emitted from the combustion process. 
analysis was repeated using costs based on an incinerator 
designed to control halogenated compounds. Such an incinerat- 
would maintain combustion temperatures at 2000°P, have no 
fractional heat recovery, and would be equipped with a caulrtic 
scrubber to control acid gases. 

From the curves, the increase in cost effectivene88 Va1U.r 
associated w i t h  using a thennal incinerator equippod to control - 

halogenated compounds appears to bet approximately 1 to $5Xm 
more costly than using the nonhalogenated compound incinorator. 

A deriation of 

6.2.1.2 m e d  c-. The cost-effectiveness 

The costs are based on using an 

For 

Consequently, the C08t 

6.3 IXPACTS OF APPLYING OPTIONS 
A model plant approach was used to examine the impacts of 

applying the options to industry on a nationwide bad.. 
industries assumed to be covered, emissions stream fro8 s~all, 
medium, and large m o d e l  plants were evaluated to determine the 
level of control required based on the annual emission8 and flow 
rates specified by various control option rqre88ion 1ina.o 
Emission reductions over baseline control were evaluatd for each 
model plant and -re extrapolated to a nationwide basis udng 
Censurr of XanuZacturers Industry Profile data. 
impact8 d8velopwnt is outlined below. 
6.3.1 C o v m  

generally applicable for batch processes in all or moat 
industries, the impacts presented are only for selected 
industries. 
Industrial Classification (SIC) codes are presented in Table 6-2. 

For tho 

The natiomide 

While the information contained in thia document is 

These industries and their corresponding standard 
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TABLE 6-2. PERCENTAGE OF EMISSIONS FROM BATCH PROCESSES 

>o (h&Yd % Batch SIC code SIC description C 7800 (hdyr)  

2a2 I pluricr nutexids ud resina 14.3% 124,547 12% 

2834 phnuccuticril pnPur(i0ar 8,432 I 5,459 55 ZC 

2861 Gum rad wood chemicrlr 2,281 20.41s 11% 

286s C" M d  in(tmsdid 223 8,365 3% 

1"tri . l  orynic chemicals 17.060 173, I67 10% 

Agric rLud chenkls 92 3,912 2% 
- 2869 

--W -.P -+F 
2879 

I ,  

I 



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. 
industries are for low-volume chemicals, basing these percentages 
on AIRS data probably biases the percentages low. 

Because many batch . 

6.3.2 Model PrQEBssBs 
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 streans 
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 contain8 all 
the calculations and assumptions used to develop model emission 
streams, From which only a few were selected to make up the model 
batch procesees. 
within the model processes were tabulated for each volatility. 
The small, medium, and large model plants are based on multiples 

The emission rates for all unit operations 

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. 
assumptions made in developing each of the model plants is 
presented in Tables E-5 through E-8. 
6.3.3 w e  Ass-atiom 

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 lb/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. 
detail below. 

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 processe~. 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. 

A list of 

These extrapolations are discussed in more 

6.3.3.1 W e 1  Plants. As mentioned before, the small model 

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. 

taken from industry profiles contained in the Census of 
Manufacturers and from EPA data on county ozone nonattainment 
status. 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. 

codes in Table 6-3 were estimated by assuming that mod81 
processes 1 through 3 (solvent reaction with atmospheric dryer 
[model process 11, solvent reaction with vacuum dryer [model 
process 21, and liquid reaction [model process 31)  were evenly 
used among the industries covered. 
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 matsrlelF), Nationwide enis8ion8 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, medius, and large plant emission8. 
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 
nationwid. impacts, but is found in some SoCnI batch operations. 

Table 6-4 presents the overall reduction in VOC that can be 

. Table 6-3 presents data 6.3.3.2 Nationwide Fac- e . .  

Emissions from the batch industries represented by the SIC 

The impacts assu~e that l w ,  

6.4 SUHXARY OF OPTIONS AND IMPACTS 

expected from various options and the national costs as8ociated 
with applying the options on a nationwide basis. 
.aggregated sources controlled to 98 percent, 95 percent, and 
90 percent overall, respectively. 

Options are for 
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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. 

applicability and optimum level of control required for batch 
emission sources. Additionally, a model rule with blank8 to 
allow for choices of options, is included in Appendix G. 
chapter is divided into the following sections: (1) Definitions 
and Applicability, (2) Format of the Standards, (3) Testing, 
(4) Monitoring Requirements, and (5) Reportingflecordkeeping 
Requirements. 

A unique approach has been developed to determine the 

This 
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7.1 DEFINITIONS AND APPLICABILITY 
7.1.1 Definitions 

The agency responsible for developing a standard must define 
the term that appear in the language for the standard. 
source category of batch processes, for example, require6 a 
definition of the tenn "batch" as it is used to de8cribe the mode 
of operation of equipment and procerses. 
likely require defining is "vent". The fearibility analyrir 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 requirement8 are 
met. Finally, the terms "flowrate" and "annual maor d s r i o n s "  
also should be defined clearly. Provided below ir a listing of 
definitions for tenns as they are used in thio CTG and which are 
recommended for State-adopted rules. 

containing VOC's within a process. 

evaluated before control, from a vent. Annual mas6 d s r i o n s  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 derions 
over the course of a year .  

permitted, the annual mass emissions total should be based on the 
permitted levels, whether they correrpond to the m a x h m  design 
production potential or to the actual annual production estimate. 

the amount of time that VOC's are emitted during an d r r i o n  
event. For the evaluation of average flowrate from an aggregate 
of sourcer, the average flowrate is the weighted average of the 
average flowrates of the emission events and their annual venting 
time, or: 

The 

Another term that will 

Auureuata means the swmation of all process vent8 

s t o w  means the sum of all emi68ionr, 

For proceeees that have been 

fl- is defined a6 the flowrate averaged aver 
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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. 
characterized as %on-steady-state." 

intermediate or product from start to finish in a batch process. 

produce a product or intermediate. A typical equipment train 
consists of equipment used for the synthesis, mixing, and 
purification of a material. 

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

the application of a control device, or if no control device is 
used, the emission total. 
wastewater should be considered when the wastewater is further 
handled or processed with the potential for VOCrs to be emitted 
to the atmosphere. 

that may be associated with a single unit of operation. 
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. 
is then heated, there will also be another discrete emission 
event resulting from the expulsion of expanded vessel vapor 
space. 
operation. 

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 

Batch processes are typically 

w c h  c v a  refers to a manufacturing event of an 

s t r a  means an equipment train that is used to 

Emissions w e  c a  means the emissions total prior to 

No credit for discharge of VOCrs into 

can be defined as discrete venting episodes 
For 

If the vessel 

130th emission events may occur in the same vessel or unit 

processes, for the purpose of determining control 
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of steps from which material is transferred from one unit 
operation to another. 

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. 

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 fron 
reactors and other process vessels. 
valve discharges. 
unit operations also would be considered process vents. 

materials are defined for this analysis as those which have a 
vapor pressure less than or equal to 75 “ H g  at 20*C, moderate 
volatility materials have a vapor pressure greater than 75 and 
less than or equal to 150 “Hg at 20’C; and high volatility 
materials have a vapor pressure greater than 150 “Hg 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: 

operations are conducted on a steady- state 

t oneratiow are defined as those discrete processing 

Vents also include relief 
Equipment exhaust systems that discharge Iron 

V o l a t u  is defined by the following: low volatility 

7.1.2 
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), g u m  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 
V W 8 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 CTG8s also exempt batch or semi cOnt~nUOu8 
processes. 
processes that are exempted because they are not continuou8. 
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 emissioii total and average flowrate cutoff 
value is calculated and for which the option is applied across 
the aggregate of sources. 
detail below. 

device will have an average flowrate that is below the flowrate 
specified by the cutoff equation (when the source8s annual 
emission total is input). 
implemented on a two-tier basis. First, single piece8 of batch 
equipment corresponding to distinct unit operations shall be 
evaluated over the course of an entire year, regardh88 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. 

The information in this document applies to the 

The applicability i8 discus8ed in more 

Sources that will be required to be controlled by a control 

The applicability criteria is 
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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. 

purpose of determining cutoff applicability would be ranked, in 
ascending order, according to their ratio of annual emission 
divided by average flow rate. 
would be listed first. This list of sources constitutes the 
"pooln of sources within a process. 
and average flowrate of the pool of sources would then be 
compared against the cutoff equations to determine whether 
contml of the pool is required. 
after the initial ranking, unit operations having the lowellt 
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 

All unit operations in the process, as defined for the 

Sources with the smallest ratio 

The annual emission total 

If control were not required 

The control options are performance-based standards in the 
The cutoff is applied using the format of a percent reduction. 
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annual mass emission total and an average vent stream flowrate 
(in scfm). 
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 alao 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 venta, 
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 

These parameters were chosen to determine the 

Sourco testing to meaeure annual mass emissions and maxinu 
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. 
present serious problems for tasting the performance of the 
control devices. 
the reactor or operating the dryer, generates gaseous streams 
with independently defined characteristics. 

The intermittent vent streams also 

Each step in a batch procesti, ouch as charging 

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. 
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. 

The gaseous streams from each step 

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. 

of those found in batch gas streams, gas mass flow mreasurement 
uncertainty can be decrsase2 3y utilizing measurement approaches 
that separate density effects from velocity effects. 
addition, electronic flow measurement ( E m )  must be utilized to 
allow mass flow averaging over the event time. 
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. 
density may be changing independent of velocity, this type of gas 
flow measurement couples t im effects and can potentially 
introduce larger uncertainties into the velocity measurement. In 
addition, for velocity head devices, EFH systems must be utilized 
to eliminate the errors associated with pressure averaging prior 
to velocity calculations. This error, Often referred to as 

In the presence of unsteady or transient gas flow8 typical 

In 

Typical 

In transient batch-type situations where 

P 



“square 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. 
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. 
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 probeb, require8 a 
traverse, which limits its application to transient floW8. 

However, ultrasonic meters, which are used exten8ively in 
chemical plants, return an average velocity flow across the gas 
stream. For this reason, ultrasonic probes can track 8horter 
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 Hethod 18 (at close intervals), 
or perhaps by using Fourier Transform Infrared (FTIR) technology 
(for which no EPA method currently exists), an a”ging 
technology that has experimentally been demonstratod to measure 
multicomponent volatile compounds from a noninvasive standpoint. 

The use of ~ ~ n ’ 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 streams. 

This inequality 

Both of these probes can be 

I’ 
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Probes that are most suited for transient batch flow system 
are probably in8ertion turbine meters and ultrasonic probes. 
Both of these probes can have turn-down ratio8 (ratio of maximum 
to mini” measurable flow velocity) of 10-15 to 1 and are true 
velocity measurement devices. 
hot-tapped into existing gat3 streams, and their uncertainty 
levels are equal to or better than pitot tubes in steady flows. 
The insertion turbine meter, like all pitot probes, requirca a 
traverse, which limits its application to transient flows. 

chemical plants, return an average velocity flow acr08s the gas 
stream. For this reason, ultrasonic probes can track shorter 
translent8 with less uncertainty because of the elbination of 
the need for a traverse at each sample interval. 

Simultaneous concentration measurements may be made uring 
EPA Method 25A, a semicontinuous Method 18 (at close interval8), 
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 E E W s  to combine the flow and Concentration 
measurements and obtain instantaneous mass ~ s s i o n s ,  as well z.9 

batch mass emissions (integrated over the batch cycle t h e )  
appears to be indispensable fo r  accurate emission measurements of 
batch emission s t r e w .  However, thi8 testing i8 more 
sophisticated and presumably more expensive than emissions 
measurement for continuour, steady-state emission mtreamb. 

step In the process to confirm emission estfmatcs based on 
equation8 in Chapter 3. This method a180 can be costly if 
testing ir required for the entire duration of the rtep, from 
startup to completion. 
may be suf f icient to characterize emissions and conf inn emission 
estimates in iome situations. 

Both of these probes can be 

However, ultrasonic meterb, which are used extensively in . 

- 

Another alternative is to measure emirsiona from a single 

Sampling periodically throughout the rtep 
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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. 
stream characteristics or worsc-case conditions are known, the 
condensation unit can be designed to meet a Standard, and a 
performance test may not be necessary. 
relatively simple. 
coolant inlet to the vapor condenser or the gas outlet, and 
temperature can be recorded on a strip chart. 
also be incorporated. 

be-used to meet rule requirements, and if vent stream 
characteristics or worst-case conditions are known, a perforranco 
test may not be necessary. 
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 fron 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. 
control from the device. 

If vent 

Honitoring can be 
Temperature monitors can be mounted at the 

Flowmeters can 

Carbon adsorbers are another vapor recovery device that can 

Again, a monitoring device should be 

Thus, there may be no net 

7.5 REPORTING/RECORDKEEPING REQUIREHENTS 
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 
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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. 
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. 
exceedances of the design parameters should be recorded along 
with any corrective actions. 
should decide which of the recorded data should be reported and 
what the reporting frequency should be. 

The 

)my 

The air pollution control agency 

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 indicato 
that the dryer requires control of 90 percent, as does the 
overall process. 
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 emissions from the aggregated process are 
47,700 lb/yr. 
lower would require control at 90 percent, again regardless of 
volatility. In this situation, operstors might choose to control 
the dryer emissions to a level in excess of 90 percent in order 
to meet the overall process control requirement. 

The uncontrolled annual mass emissions from the 

Processes with an average flowrate of 319 scfm or 
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Figure 7-1. Example Analysis 
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TABLE A - 1 .  PHYSICAL PROPERTIES OF COMMON AIR SUBSTANCES 
Condenad 

Liquid V.P(H 

molecular Ihlgal lhlgal at 

detuity. Jenaity. T N e  vmporprswun in poia .I: V.P(H 

organic l i i d  weight at 60'F 6O'F 40.F 50'F 60°F NJ'F 100.F 

*m iiiidmb 

5.1 6.9 &ditto RVP 13 62 5.6 4 9  4.1 

O d i m  RVP IO 66 5 6  5. I 3.4 

1.3 9.9 11.7 

6.2 1.4 8.8 

4.3 5.2 6.2 

3.4 4 .O 4.8 

I .6 I .9 2.4 

0.011 0.015 0.021 

O.OO90 0.012 0.016 

0.00006 0.00009 0.00013 

13.1 

10.5 4.2 5.2 

3 .5 

~ ~~~~ 

O a d i n  RVP 1 68 5 6  5.2 2.3 
I I I 

1.4 2.9 

2.3 2 .8 5.1 0 CNdeoilRVPS I 5 0 1  7.1 I 4.5 I I .8 
~~~ 

JCl Naphtha (JP-4) 80 6.4 5.4 0 8  

JU k e "  130 7.0 6. I 00041 

I .3 I .o 2.7 

0.029 O.Oo60 0.0085 

0.0074 

~~~ 

Didlhte M No. 2 130 7. I 6. I 0.003 I 

Roaidrul oil No. 6 190 1.9 6.4 OOOOOZ 

0.0045 0.022 

0.00019 O.ooOo3 0.0000( 

Vdrtib uqanic liquids 

Acaom I 58.1 6.6 6.6 I .7 2.2 2.9 5.9 1.3 

2.5 3.1 

3.1 4 .O 

0.7 I .o 

9. I I I .o 

16.1 20.7 

2.6 3 .I 

2.1 3 .5 

9.2 11.2 

3 .O 3 -8 

5.2 6.3 

5.7 7.0 

... 
10.0 13.5 

1.5 ! 2.0 
~ ~~~~~ ~ 

n - w l  chloride 9 2 6  1 4  1.4 0 7  I .o I .3 

Carbon diulhde 16. I 10 6 IO  6 3 0  3.9 4 8  

Carbon Ieltnchlorid. 153 8 13 4 I 3  4 0 8  I1  I 4  

1.7 2.2 

Chlomfnnn 119.4 12.5 I2  5 I .5 1 9  2.5 

Chlorcqwcne 88 5 8 0  8 0  I 8  2.3 2.9 3.1 4.6 



' TABLE A - 1 .  (continued) 

m. I 6.2 6.2 2.5 eye- . 

I .+DiOuna 88.1 8.7 8.7 0.2 I 
I I I 

I Icn.2 I 6.3 6.3 0.4 
I . 
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3.4 4.4 

3.7 

I .4 
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S.5 

~ 
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TABLE A - 2 .  VAPOR PRESSURE - EQUATION CONSTANTS 

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

yo IQICILA 

1 c 2 w  
2 C2HSON 
3 cznul 
4 c4nw s C3W 
6 ObYO 
7 C S W  
6 UWUI 
9 UHSCL 

10 C6Hly 
11 c m  
12 C6H6 
13 C7HSCLS 
14 C7H7CL 
15 Cl2HlO 
16 CZHLCLZO 
17 CHDRS 
18 C4W6 
19 C6HllOU 

-.- .*-..---. 

20 cs2 
21 CCLL 
22 CZnScLO2 
23 C8H7CLO 
ZL CbH5CL 
25 CHCLS 
26 CLHSCL 

28 
29 C7Hm 

31 C Y H l Z  
32 C6H4CLZ 
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35 C4Hl lNO2 
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49 C8H10 
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Prom "Henry'~ L a w  Conrtant for HAP'S." Carl Yaws. Prepared for the U. S. 
Snvironmental Protection Agency. FiMl Report. September 308 1992. 
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TABLE A - 2 .  (continued) 

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

Ha r q w u  
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............ 
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'HYLErt D l B R a l O E  38.8502 -5 .UTn9J -3.OWtEa 8 . W - 0 7  2 ZQ.b 6SO.15 
'HYLEM DICWLQIIDE 111.4972 -7.UUltW =1.5Sm91 1 . 6 m - 0 2  1251.49 561.00 
'HYLEU GLYCOL 109.7472 *l.b6lW+O1 -2.WSE91 2.Olm-05 2 W.15 665.00 
'HYLEYE O I D E  91.92n -5 .uyo195 *1.251%41 1 . m - U  1 1W.n 469.15 
' N Y L t M l t  DlCllLOllOt 76.1602 -4.OWE95 -9.lfY140 8.)olot-06 2 176.19 52S.00 
W E H I D E  Pb.6172 -4.91- -1.37W91 2.mlE-02 1 101.15 41.00 
'WtLEME e L Y C K  Dl lLTWrL  ETWR 8D.1002 -6.SRZL91 -1.oQ0191 9.WWE-a 1215.15 5Y.lS 
w r L w  GLYCOL #QTIIYL ETHER 2 6 6 . m  -l.fYSt* - 1 . m w e 9 1 4 . m - a  1 10.00 569.00 
ETHYLEW QYCOL #QTWYL EWER ACETATE IOS.IPR - 9 . m -  -1.3tzOt91 1.~20%-02 t m.15 m.00 
'HYLENE t l Y Q #  #QTWYL E W R  ActTATE 6 211.45 597.W 
ETHYLEWE GLYCOL #LQTHYL ETHER t SO.00 632.m 

ETHYLENE GLYCOL I o y o u 1 Y L  ETHER 6 2OS.lS bU.00 

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

n.6S72 -0.6#- -8.72Lu90 1.04m.17 
25O.WR -1.71W44 - 3 m - 9 1  2.S1On.05 

173.6772 .1.571Zt94 -2.10#91 2.obpt-17 
'HYCEYE GLYCOL )(#rtTHYL ETHER ACETATE* 

ETHYLENE GLYCOL DIMETHYL ETMR 
'HYLEYE GLYCOL ) (owwTHYL ETHER 
'HYLEYt GLYCOL - O I L  ETHER 
'HYLEYE GLYCOL W H E Y Y L  ETHER 

ETWYLEYE GLYCOL OIETHYL ETHER 71.5W -8.SWE9J -7.mn90 3 . M - M  2 228.6 u 4 . W  
'HYLEYE GLYCOL -YL ETHER 110.6072 -1.07Q5E4C - 1 . 3 1 a 9 1  2.97UlE-17 6 203.15 600.00 

98.85R -1.165sL4L -1. lWR91 6.22OW-18 6 229.35 651.00 IIETHYLENE GLYCOL OlN€THYL ETHER 
'HVLENE GLYCOL #IOIUTYL ETHER ACETATE - - - -  
:XACHLOIOIEHZLNE 158.5372 -1.O24E9L - 1 . m 9 1  2.SWE.18 6 S0l.m 825.00 
:WCHLOIOIUTADlEWE 81.9512 -9.Szb(w43 -9.0606L90 l.3)ldt-06 2 252.15 741.00 
:MCHLOIQTHAYf 430.2172 -2.722#* -6.OL95t41 3.0lbSt-QS 2 439.9) 512.25 
XAYE lbO.5772 -8.SS3X93 -2.392n91 2.91691-02 1 177.U 507.43 
'DRa001 wOwE 105.9?72 -1.2856t91 *1.26T?E91 4.912OE-05 1 W . 6 5  822.00 

\LEfC AYHYDRIOE 63.9872 -7.7226t93 -7.2087E90 7.01)9L-05 1 326.00 710.00 

~ Y L  BRO~IDE 67.6932 - 4 . M s l  - 7 . W -  1.15SW-05 2 lW.47 467.00 
T l Y L  CHLOIlDE 59.2372 -4.0301E93 -6.715lE90 l.02lK-05 2 l n .43  416.25 
tTHYL CHLOIOIOIM 84.1522 - 6 . i u 2 i s l  -1.0205E91 6 . 5 W - 0 6  2 242.n 5LS.00 

100.6672 -7.lSOOtsl -1.51UE91 1.ttSu-02 1 1lb.U 535.50 
lTHYL HVDRAZlHE 
:THYL ISOIUTVL KETO(€ 147.WR *1.00%€94 - 1 . 9 7 U 9 1  1.U5R-W 2 1W.lS 571.40 
i lHYL I ZOeYANATE 41.7632 4 . 4 5 5 U 4 5  *3.633Pt90 1.5021L-17 6 256.15 505.00 
i t n v L  METHACRYLATE 246.1372 -1.2lUE*W -3.76UE91 4.287%*02 1 224.95 564.00 
t t n r L  TERT-WYL ETHER 50.9812 -5.lSOlEsl -4.96tn90 1.976%-17 6 161.35 497.10 
ITlYLLYt CHL" 74.9742 -S.'IPln95 *8.WlSE90 7."-06 2 178.01 510.00 

#).o(n3 -0.6taft93 -6.72u190 l.OLSQt-17 6 211.4s S97.00 

76.2492 - 8 . M -  -0.WXW 1 . M - 1 7  6 203.15 432.91 
353.1672 -1.UOot*o1 -5.W5M41 b.Ubll-02 1 225.00 5 6 . 0 0  
65.sSi2 -7.77lZt- -6.6WWOO 2.tJ#-17 6 laS.15 SU.00 --.- ----  ..-a - - a *  ....... 

ETMVLtHE GLYCOL #YOIETHYL ETHER c 2 r . n ~  - 2 . 1 7 3 0 ~ 9 ~  - 6 . ~ 1 ~ 0 1  ~ . o o ~ ) t - 0 2  t ~ 0 . 0 0  u0.00 

-.-. .... _.*I ....... 

n. iu  -a . i126~93  - 9 . s i i n a  8.init-a 1 a5.05 7is.00 

:TWANOL ~M.OSR - I . L ~ ~ R ~ s  -i.swmoi i.snit-ol I in .67 ~12.58 

.-.- ..-. .... *--. - ..- .-. iTnvL ETHYL ICETONE 

I1 
I1 L 

c 
1 
1 
K 
H 
il 
U 

78.9502 -1 .WW -7.YtQt40 6.002 

w.3972 -9.wtzL93 -9.01JIt90 s.uo 
85.5522 -9.7448€93 -9.522e90 7.565 

51.5S12 -6.2oQft9J -&.-do 9.227 
54.1872 .8.OSaoL95 * b . W 9 0 t 9 0  2.800 
W.0322 - l.lWlE9L -@.17b9~+00 1.574 

107.4272 -5.677Ubf -1.5351E91 2.1s  
70.3352 -6.9302E45 -7.lb71EW 5.W 

..-. *..a -.-e -.. 

.... *-e- .... ..- 

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

I 

5 
9 

3 
I 
'1 
IC 

U 

6 511.20 609.00 

2 s55.43 746.35 
6 ..- ... 
6 1bl.O 594.00 
1 3lb.06 b9L.25 
6 413.00 Ipb.00 
1 145 .I7 4% .OC 
2 u . 1 5  m . 0 0  

- ..- ... 
.... .-. 

.--..-.-.-.*..-- 
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TABLE A-2 .  
....................................................... 

YO FQWULA 

101 OH402 
102 ow60 
10s O W L 2  
104 Cfw 
105 CIwOz 
106 w 
107 CZIUCL4 
108 ea4 
109 E m 8  
110 cn1QI2 
111 cvn6azoZ 
112 c m  
11s wxL3 
114 c2acLS 
115 C Z ~ C L S  

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

116 C6HSELSO 2,4,5-lR1CHLQOHEWOC 
ll? CM15N TRIETIYLM1NL 
118 can18 2,2,4-TR1)ILT~YLPEWTAUE 
(19 C C W  VINYL ACETATE 
120 C2UCL VINYL CHLORIDE 
121 C2N2CLZ VlNYLIDEYL CHLOIlDE 

(continued) 
.............................................................. 

In c m A + BIT + E In T + o tC (p - II H), 1 - I ( )  ............................................................ 
A B E 0 I t f l l l  llul ...................................................... 
59.6992 -?.KO6003 - 5 . m 9 0  3 . W - 1 8  6 a 9 . n  a.00 
(0.2112 - 5 . W S E 9 1  -6.528K90 S.Ul l I -W 2 193.15 4W.00 
49.tfl2 -5.677M91 - 4 . W 9 0  9.0212E~l8 6 172.71 572.00 w.nn - 6 . ~ ~ 0 1 9 5  - i . i to l~o i  1.ara-a 2 i 6 i . a  u2.a 

120.6272 -9.26SW93 -l.?(OR91 l.SS9lI-02 1 24234 68.00 
129.4872 -1.02m* -1.UW41 V.3mlt*W 2 229.35 645.00 
53.8712 -6.1912t91 -5.fSlZt90 2.1a-01 2 m.)o 620.00 n . w  4 . 9 9 ~ 0 9 1  -v.iuueo &.zaot-01 2 rn.18 s9i.w 

1 w . m  -1.2UKeb -1.14m91 t.#OR-01 2 m a  804.00 
%.I12 -l.l659L*o1 -1 .m91 4.1%%-18 6 a7.W n7 .M 

222.35?2 -1.UZit91 -3.2t15191 2 . W - 0 2  1 249.47 601.1s 
35.- -6.UOlL91 -2.SWS90 4 . W - 0 )  1 290.15 M . W  

e.-* -*-. .-.. --.- .... ... 

51.7592 =6.u)in+u +.viamoo 2.~411-01 2 =.sa 302.00 
54.5102 *5.47lY+OS -5.un19o 4.so9oe-a 1 1u.a s m s  -.-. .... -a*. - --- .... ... 
51.6572 - 5 . 6 8 1 1 9 1  4.901SEt90 1 . w - 1 7  & 1 S I . U  ffS.15 

llS.9172 -7.5500195 =1.6111191 1 . m - 0 2  1 165.78 S4f.W 
bS.0492 -5.2462E93 - 3 . w 9 0  4.SW-18 6 180.35 524.00 

121.9572 *5.?6Olt95 -1.WlUt91 2.4917E-02 1 119.36 431.15 
67.74a2 - 5 . W l E 4  -1.SMn90 7.WZZE*ll 6 10.59 W.00 .--. ---. ---. .--e . *-- ... 122 XYLENES ( i sae is  L m r x w t s )  

12s m 1 0  M-XYLENE 79.8542 -7.SPilt91 -9.25m90 5.SSOOI-0I 2 225.30 617.05 
124 CbWlO 0-XYLENE 0.1512 -?.-+OS -1.OlW91 6.01SQ-U 2 247.H 00.37 
125 CM(l0 ?-XYLENE 138.2V2 -9.2470€*cu -1.9111191 1 . W - Q  1 a . 4 1  616.26 

- E s t i m t r d  v r l u r  for coefficients in m r  p r m r u r e  rqurtim. 
in 8 n a t u r a [  loglrith 
P r i r r y  6ata source: 

..................................................................................................................... 
O w b r r t ,  1. E. and 1. P. Damar, 9ATA -!LA T l o (  OF PRWERTlES 0 t M E  
ud 4, k g p l m t r  1 ud 2, OlPPR P r o j e c t ,  AlchE, N.u Yort, NY (1-*1992). 

, P r r t a  1,2,3 

....................................................... 
wo C a W l A  

11 e m  
53 c4WLZo 
40 c 2 w 2  
67 CWlOol 
72 CUI1563 
b c w 2  

116 cbwcL% 

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

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

tule 

0-U 1 S 10 M E  
DlCnLOOttWYL ETHER 
1,l-0 IMETWYLWIDUT 1 NE 
tTWIUllL Q Y W L  #Q)MNYL ETHER 
n W I L I Y  U Y C O L  M Y L  iTHER ACETATE 
KTWL IVODwIllE 
2,&,S-TRlCHLeMNa 

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

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

........................................... 
Log ? a A - B/(l+Cl 
A B C nrtr w 

(P - I He, I a C) ......................................... 
............................... 
0 . 3 0 1 ~ 0  u n m  m . 1 ~  61 218 
7.6~259 tm.ns 23s.w a in 
7.58626 1388.510 ZU.S3? -n 20 
7.15937 1767.871 1U.OtD 2S 245 
7.215W 1659.242 191.f30 25 . 192 
6 . W W  1115.190 191.648 2 23 
7.82316 2420.564 237.476 72 252 ........................................... 

! 
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TABLE A-3. SUMMATION OF DATA FOR H 

henry 's  Lw Ca 
............................................................ 

.............. 
Yo fQIWLA wl(t n r 2 5  ............................................................ 

1 C 2 W  ACETALDEHYDE 4.8 
2 C2H5Ql ACETAMIDE 0.0 
3 c2" AQTQI ITRI  LE 1.1 
realm ACETQlNEWQlf 0.5 s UMO A U O I E  I Y 4.5 
6 ON5m ACRYUWIDE 0.0 
7 U W  ACRYLIC ACID 0.0 
6 Unul ~ Y L Q l T R l L E  5.4 
9 ON5Q ALLYL CWLQlDE 515.4 

10 Wly ANILINE 0.0 
11 CtnowO 0-WltlDlYE 0.0 
12 WH6 BENZENE 308.3 
13 C7HSCLf BENZOlRlCHLORIDE 54.5 
14 C?H?CL BENZYL CHLORIDE 17.7 
I S  C l2HlO BIPHEYYL 22.6 
16 C2H4CL20 B I  S(CHLQIQY1YYL )ETHER ... 
17 CHBRJ B R W f O R M  29.5 
18 u w  1, 3-BUTAD IEYE 3M1.1 
19 C6Hl lQI  CAPROLACTAM 0.0 
20 cs2 WUY DlSJLf lDE 1064.0 
21 (EL4 CARUY TETRACHLORlDE 16n.7 
22 C2NSCLOZ C H L O I O I C f T l C  ACID 0.0 
23 O H t E L O  2-CHLQIOICETQlHEYO1L 1.5 
24 c6HSCL CHLOROOENZEYE 209.4 
25 CHCL3 CIILOROfORM 221 .3 
26 C4H5CL CHLOROPREWE S1.6 
27 C W  M-CRESOL 0.0 
LE CRESOLS/CRESVLlC ACID(ISO(LRS & MIXTUIES) ... 
29 C?H& 0-CRESOL 0.0 
51) :?H& P-CRESOL 0.0 
31 C9H12 -NE n7.7 
32 CIHLCL2 1,4-DICHLOlOOEYZENE 176.1 
33 CLH8Cl20 DlCHLOROLTHYL ETHER 1.1 
34 C3HLCL2 1 ,S-DICHLOIQIRQPEWE 197.2 
35 C l H l l W 2  DIETWNOLAMIYE 0.0 
36 C 8 H l l Y  Y ,Y-D leYTYWIL lNE 0.7 
37 CCHlO(YS DlETNYL SULfATE 0.3 
36 C14Hl6U2 OlRTHYLBEYZlOlWE 0.1 
S 9  CSHIYO DIMETHYL FOIllAllIDE 0.0 
40 C 2 W 2  1 , l - O l ~ T N T L N I D U T I W E  0.0 
41 ClONlOOL OlMTWYL PNTWAUTE 0.0 
42 C2N6SO4 OINTNYL SULFATE 0.2 
43 CbHSwZOL 2 ,4 -D lWf l~nLYOI  0.4 
44 CtN6UZOL 2,4-OlNlTKnOLKNE 0.3 
45 Unboz 1,4-01QSwIL 0.3 
46 C l 2 H l m  1,2-0 IPHEUY L I T D U T I Y E  0.0 
47 C5N5CLO E~lClILQI#IDR11 1 .I 
48 c)m ETNYL ACRYLATE 14.1 
49 W l O  E l N Y L I t Y l L Y E  437.8 
50 C l d C l  ETNYL CWlORIDf 67. .  2 ................................................................ 

E 

I 

c 

I1 
a 
Q 

1 

Q 
4 
1 
d 
10 
4 

a 

a 

1 
2 
17 

Q 
17 

9 
3 
I 
1 
3 
2 
Q 
7 
4 
I 
0 
Q 
5 
2 
7 
9 

11 
S 
1 

a 

$1 

Y 

a 
K 
I1 
Y 
I 

R 
LQ 

1 
!I 
II 

E 
'! 
IC 
I 

NRY'S LAW CONSTANT 
............................. 
ttmc, * atU .p I  f r w t r a t  ............................... 

MSlS .......................... 
K)(KKI W r i m n t a i  
n9w WIFU 
US88 R E  Data 
woo 8Olrbil i t y  Data 
11100 &I*iIity Data 
IO145 WIFAC 
D9U n t o a t .  
Ypoo lotrbfllty Data moo tolrbflftr 0.ta 
'1m &Irblli t y  Data 
~UQJ U I F U  
KKKKl Erp.rimntrI 
'1107 WlfAC 
lbnf U I I A C  
KK)o Erprfmtrl .. Roution with n t w  
KKKK) E r p r i m n t a l  
i3ooo toolrbftfty Data 

ISSW &I&i I ity Data 
K)o Erpr imnta l  

15oOo tolrbility ertirtm 
KKKK) E r p r f m n t a l  
KKKK) Exporimntrl 
6560 WlFAC 
yboo so l rb i l i ty  Oatr 

1soo & l r b i l f t y  Oata 
w W&i If tv  Data 
WOO Erprimtrl 
KKKKl Erpr f l l .n ta I  
woo sool&flity Oata 
0000 Eaporfmtrl 
moo1 WlCAC 
llw W I F A C  
bOOO solrbi 1 f t y  Data 
loloo &lrbiifty * Ert f r td  
Wl VLE Data 
107% VLE Data 
d%2 WlfAC 
Ym &lrbillty Data 
l6ooo &lrblltty Data 
rbpoo tolrbi I i t y  Data 
9797 ne m a  ism t o u i  t f t y  e s t f r t r d  
lcuw (OIrbiL i ty  Oat. 
#SO0 &Irbi If t y  Data 
lO000 E r p r i m n t a l  
KKKK) trprimntrl 

11639 W I fM 

I6272 WIfAC 

.. 

............................. 
To convert fran H in aM/vol fraction to: 
H in atm/ (mol/m3), divide by 55,556 
H in mHg/mol fraction, multiply by 760 
H in ria/mol fraction, multi ly by 19.7 
H in EPA/mol fjaction multip? by 101.325 
H in kPa/mol/m 1 ,  mulciply by r01.325/55,556 
Source: Carl Yawr, "Henry'r L a w  COnItant for HAPI", Final Report. 
September 30, 1992. 
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TABLE A - 3 .  (CONTINUED) 

................................................................................................ 
I-'. L r r  cmtmt, I - rwo1 frutim .... l....l~...l.~~.-.-.------.*.-.-..~~~..... 

W E  
91 C 
92 C 
9 S C  
% C  
9 5 C  
% C  
97 e 
9 8 C  
w c  

loo c 

1 
'1 
1 
6 
a 
J 
a 
a 
0 
I 

t 

IYLENE D I M O I I D E  
IYLtlY D I C M L O I I K  
I Y U H  QYQQL 
I Y U Y  OIO( 
IYLIDEY DtU lLOI IDE 
mLDEHI# 
IYlLWL GLYQQL DIMETHYL ETHER 
IYLEY GLYOQ # Q T H Y L  ETWR 
:THYLEY QLYWL #QTMYL LTWLR ACETATE 
IYLEWL GLYCOL # Q T H Y L  ETHER m T A T E  
:THYLENE Q V W L  #QTHYL ETHER 
IYLEWE GLYCOL I I y # T N Y L  ETHER ACETATE. 
THYLEYE GLYCOL # O I U f Y L  ETHLR 
'THYLEYE GLYCOL D I R T H Y L  ETHER 
IYLENE GLYCOL I o y # T H Y L  ETHER 
IYLEYL GLYCOL # o I Q p Y L  ETHER 
IYLLYE GLYWL # O M N I L  ETHER 
'THYLEYE GLYCOL # I Q c T H Y L  ETHER 
:THYLEIE GLYWL DIETHYL ETHER 
IYLEYE GLYCOL LlOlOUTYL ETNER 
ETHYLEYC GLYCOL DIRTMYL ETHER 
IYLEIE GLYCOL -TIL ETHER ACETATE 
WHLQaEIZENE 
(ACHLQOMAD I EYE 
(ACHLQQT WIYt 
W E  
~IQOUIWOME 
IP"E 
.EIC ANHYDRIDE 
'IWOI 
W L  M#IM 
rHYL CHLOIIDE 
'HYL CHLOlOtQI I  
rHYL ETHYL lQTW 
IIIYL HYDMZIY 
"YL I W Y L  lqlolL 
'MIL ISUCYMATE 
MYL BETUACIYIATE 
MYL T E R T - M I L  t t l l  

_.-----_**---__I.___..---------------- r e a c  
-**-------.-* 

Y.1100000 
65.uM"M 
0.ooo10)1 

15.22m93 
S12.23ooDa 

0.D18m 
1 .%7l266 
0.0109170 
0 . Q 5 W  
0.09WOO 
0.002679s 
0 . 1 2 1 w  
0.0012481 
0.08374% 
o.oi(na01 
0.0171169 
0.0057600 
0.0022W 
0.1189221 
0." 
o.Oo25951 
0.2746400 

94.4500000 
5R.2300000 
46s.a9ooooO 

42667. OlOOOOO 
0.OOOWOO 
0.%62100 
0.0 121 65 1 
0.2mQu 

U l  .os7aaoo 
4 9 0 . m n "  
966.6100000 

7.tZ00000 
0 . 0 2 ~  

21.6- 

7 . Q l m  
SD.#olboo 

164.4500000 
O.OO2UOO- 
0.02#900 
26.400000 
1 .ssooooO 
0.006UW 
6.61 11Y)o 
0.0Rzooo 
0.OoOm 

780.022SW- 
0.ou1s00 

...---- 

roiar 1 
roltb1 1 
trp.rfr 
alrprim 
Soltbi 1 
k l t b t  1 

rolhI I 
&1&t 1 
kltbl 1 

i 
i 
I 
I 
1 
i 

I 
I 
1 

I 

ty - trtirtd 
ty D a t a  
n t a l  
n t a l  
ty D a t a  
ty D a t a  
ntrl 
I W  m a  
'ty D a t a  
ity Data 

A- 8 



TABLE A- 3 .  (CONTINUED) 

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

120 c z n s c L  
121 C2H2CL2 
122 
iu cnnio 

12s wnto 
124 C8HlO 

.............. 
N o t a :  

.................................................................................. 
N " y l a  LU bnrtmt, I a t . / . ~ l  fraction ............................................. 

"E n o a c  U S I S  

U T A -  CIO I OUCTWE 0 . W l  UllfAc 
PaIoIoLALDEHYDE 3.S224000 l o l l b i l l t y  Data 
)IKICYLErL DfCnLQlDE 158.71- I t r p n i m a l  
R O Y L t O  OW 1V.n- VLt Data 
Q)l#lt  0 . I IUOO lolrbillty Data 
STYREM l U . 7 l S w o O  lolrbillty Data 

T fTMCULQQTHYLUIL  )(J.%oooDo m i r . r a 1  
taum 3%.6#K)O trprirltrl 
z,i-~amrt otuia O.ooOo742 UllfU 

0-TOLUIO 1 NE O . l W 6 0 0  So l lb i l i t y  Data 
1,2,4-TRICHLOROIENZENE 106.6#KKK) E x p r i m t a t  
1,1,2-lRlCHLORQLTWE 4 f . m o o w  € r p . r i m t a l  
TR ICHLOROTHYLEYE %At00000 Iamrinntrl 
2.4 ,S-TRlCHLOROHEKK 0 .48b l lOo soollbbi\ity Data 
TRIETHYLhNIHE 6.- &l lb iL f ty  Data 
2,2,4-TR I m W Y  LILllTANE 1854Sl.ffll)LIo Wlr rb i l f ty  Data 
VINYL ACETATE 28.2111Y)O l o l l b i l i t y  Data 
VlNYL CHLORIDE 14n.zJooooo t x p r i n n t a l  
VlNYLlDENE CHLORIDE 1438.P000000 t r p r l m t a l  
XYLENES (IUIILRC 1 MIXTURES1 ....... 
M-XYLENE 413.1UKKK)o f x p r l m n t a l  
0-XYLENE 270.)6aQooo ( i r p r b n t a k  
P-XY LENE 413.3400000 trprinntrl 

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

1 , 1 * 2,2-ltTRAtu! ! F F ' W ? E  is.moooo erpni-ntr i  

2,4-TKlENE DlIfOCYANATE" 0.0091- h l r r b f l f y  E8timtd 

.................................................................................. 
1. - Er t iv td  valurr fo r  cod f ie i rn t r  i n  vapor prnwro -tion. 

2. ** - RoaetS 4 t h  u t o r .  

3 .  f o r  basis of U N I f A C ,  tho rrtlwtion of tho act iv i ty  coe f f i c imt  a t  i n f l n i t o  dilution -88 -0 of  
the g r a p  contribrtion c m t r i b r t i m  r t h a l  using tho UNlfAC -ti- (mlinm, J., P. Rauurm nd 
A. frrbnrlvd, I d .  Err(. em. ov?+rr.- ?ea. ?CY.,  a, 118 (la)). 
4. for hri8 Of SOllbflity - Ertimtd, the M t i l r t i o n  O f  W t O r  W l l b i l i t y  b o a  UI. Of O x p r f m t r l  
data d i c h  i s  rvail lbLo an ?sfsrex :  c-e that aro very tlou i n  cl . tu lar  a t r u t w o  to  tho 
capGIld of  intorrr t .  Tho rdditim of  8 .olrculrr or- (or Or-) t o  the roferrrro c o q o v d  thon 
p r o v i b r  a .oluulrr r t n r t v o  that i s  i-tical t o  th. mlaular s t ~ t v o  of th. capand of i n t o r a t  
(Log S = lo( Sd &rap). 
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TABLE A - 4 .  VALUES OF THE GAS CONSTANT R IN PV = n RT 

Sourre: EalinaeriniData&ook . Gu Pmcessots Supplien Association, Ninth Edition. 



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

O-ring construction 
Mechanical seals 

0.10 

0.10 

Threaded connections 
Access ports 
Viewing windows 

11 Conventional packing I 0.25 
0.015 

0.020 

0.015 

Plug- Cock 0.01 

Valves used to throttle control 
gas into vacuum system 0.25 .’ 

11 Ball I 0.02 

11 Gate I 0.04 

Source: Chemical Engineering, a : 7 8 ,  December 14, 1981. 
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Equipment component 

Pump seals 
Light liquid 
Heavy liquid 

Valves 
Gas 

Light liquid 
Heavy liquid 

Compressor seals 
Safety relief valves--gas 
Flanges 
Open-ended lines 
Sampling connections 

A- 12 

"Average" SOCMI factors, 
Kg/h/sOUrCe 

0.0199 

0.00862 

0.00597 

0.00403 

0.00023 

0.228 

0.104 

.00183 

0.0017 
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APPENDIX B .  

CALCULATIONAL ISSUBS 

This appendix contains calculational issues encountered 
during the development of this document. 
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. 

An examination of the 

G a l c C  of -tion of a mrQe G= w. The degree of saLuiatluii kas 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. 
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. 

The 

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." 

liquid, vapor will diffuse into the bulk of the gas where it will 
mix by convection and eZ.Jl- suzrent~. 
diffusion is the concentration difference of the interface (which . 
is the saturation or eq?lFlihzl!.w concentration in the vapor) and 
the bulk gas phase. 
in the gas. 
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: 

As the purge gas PaGGcG ~ r e ; r  z k  surface of the volatile 
The driving force for 

The resistance is the diffusivity of the VOC 
The flux, CY E l ~ i  cf raterial across the interface 

I (D,p,/&! (yi-y) 
where : 

I = flux, g m o l / m 2  hr 
= the thickncsz of the boundary layer, m 

D" = the diffusivity, m2/hr 
pI = the molar gas density, gmol/d 

(yi-y) = the concentraticn difference in mole fraction. 
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Since BT is not usually known, other f o m  of this equation are 
more convenient where a tenn k is defined as the mass transfer 
coefficient, and is empirically related to diffusivity, 
viscosity, density, and the geometry of the system. The 
governing equation then becomes 

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. 

11. -2- 
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. 
the mass transfer coefficient for evaporation from a pool where 
one of the terms is windspeed. 
would be analogous to the superficial velocity of the rweep gas 
across the liquid pool surface. 

has units corresponding to the following equation for mass 
transfer flux: 

MacKay and Matsugu determined an empirical correlation f o r  

In the case of tank purging, this 

The k value calculated by the MacKay and htsugu correlation 

I N/A k[(pi-P)/RT] (B-3) 

where k = m/hr in this example, and the tenn [(pi-P)/RT) 
to pi/RT to maximize t e concentration driving force; this term 
is in units of gmols/m . 

reduces 
'3 

This equation is based on a moles per volume concentration 
B) gradient driving force rather than a mole fraction (yi, y) 

driving force. 
coefficient, in m/hr, is as follows: 

The equation for k, the mass transfer 

where : 

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

to obtain this value; 
p - density g/m3; 
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Dv = diffusivity, m2/hr; 
U = the wind velocity (meters/hr) equal to the purge rate 

in m3/hr, divided by f (.707) (tank diameter,m) 
space height ,m) ] ; and 

(vapor 

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 wa8 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 Matsugu 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 

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. 

stream was calculated by material balance; the percent of . .  

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 leffect ive 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. 
following correlation for wetted-wall columns 

Gilliland and Shemood proposed the 

0.81 0 . 4 4  NSh 0.023 NRe *sc 
where : - 

(B-5) 
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The mas8 transfer coefficient, k, is contained in the 
Sherwood Number, N , which relates equivalent diameter, De; gas 
molecular weight, @ 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(yi-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 wettec! wall 
correlation for a storage tank of toluene being purged with 
nitrogen. 
of the data. 
values of percent of saturation are obtained. 
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 e10 percent, with most values below 5 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. 
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. 

Figures B-3 and B - 4  are the graphical representations 
As with the MacKay and Matsugu approach, very low . 

For example, a low 

Figure 8 - 5  shows 
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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 film 
of the less volatile component, to the vapor-liquid interface 
where it can evaporate. 

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 

Furthennore, with binary or multicomponent liquid mixtures 

components. 

The use of empirically deternined 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 CorrelaLioIis (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 valid. 

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

transfer through broken interfaces during sparging is given by 
the equations: 
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(€VI 0 . 2 5  

NSc 
kL = 1.0 

0 . 6 7  

where : 

kL = mass transfer coefficient, m/s; 

V = m/s; 

NSc = Schmidt No. of the sparge gas; 

N - impeller speed, RPS;  

Di = impeller diameter, m; 

YN = impeller power factor; 

DT = tank diameter, m; and 

HL = 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 
25OC 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. 
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B. tated Pur- 

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

(8-10) 

Figures B-7 and B-8 are the results of examin,ng two different 
agitation scenarios. The first scenario, labelled the "typical" 
impeller scenario, is identical to the sparge impeller exarnple 
discussed previously. It considers the use of a 1-foot diameter 
impeller rotating at . 5  revolutions per second. YN, 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 also 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. clusiong 

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. 

to estimating the degree of saturation of an inert gas purge, the 
following guidelines are recomended: 

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

In order to provide a conservative, yet realistic approach 

1) 

(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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TABLE B - 2 .  PURGE EQUILIBRIUM CALCULATION RESULTS FOR FIGURE B-7. 
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TABLE B-3. PURGE EQUILIBRIUM CALCULATION RESULTS FOR FIGURE B-8. 
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is of m i f o u i n q  
Sinale Unit OD- to a Control Dev- 

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 U C T  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. 

Assume: 
Velocity = 2,000 ft/min 

Flowrate = (Area) (velocity) 

Flowrate = (7rr2) (2,000 ft/min) 

Flowrate d2 
I = -  

2,000 ft/min 4 
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TABLE B - 4 .  COST ANALYSIS DATA 

Fbwrrle 
(-1 

10 
10 
10 
10 
20 
20 
20 
20 
50 
50 
50 
50 

0 
la, 
200 
300 
0 

la, 
200 
306 
0 

100 
200 
300 

1174385 
1430 529 
1W.674 
1942 818 
1182414 
1544 657 
19069 

2269 143 
1198346 
1771 102 
2343 059 
2916 615 

TCI 

2009 372 
2447 636 
2885 899 
3324 162 
2023 111 
2642 908 
3262 706 
3082504 
2050 369 
3030 356 
4010 342 
4990 328 

407.4at2 
496.2501 
566.1 16 
673.9t30 
410.1857 
535.8497 
661.5137 
707.1777 
415.7124 
614.4046 
813.0969 
101 1.789 

0.2031 
0 240129 
02I#Ssb 
0-7 
0205093 
0281925 
0 330757 
0393509 
0 207w3 
0307202 
0408548 
0505895 

Lbr 

448.6787 
546.5390 
6444009 
742 2619 
451.7464 
590 1428 
728 5393 
mi6 939 
457 833 

676 6571 
8954811 
1114.305 



Costs 
Manifold costs include ductwork, damper, and elbows. Below 

are the costs for the individual components for a manifold. 

nlem Steel R o m  m c t  

A 0.25 inch-thick stainless steel duct is the first comnonent 
of the manifold. The cost of this duct is based on the amoL t of 
steel required, as decided in -a1 En- ' magazine. s 

Specific 
Gravity Stainless = .291b/in3 

.291b ) ( 12i:;hesjJ 
inches 

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

where, 

D = J(0.00064) (F~l owratej 

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

The price of stainless steel is $1.03/lb 

= 

= 0.85 (Flowrate)O*5 

(32.81 ($i.o3/ib) (0.0253) (Flowrate) * 5  

This co ' adjust d to June 1992 dollars by the ratio of indices of g591b376.3. E 
$/ft = 0.81 ( F l o ~ r a t e ) ~ * ~  

Damper: 

The cost of a stainless steel civcular damper was estimated 
from a graph in the EAB Cost Manual. Several points were taken 
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from the graph of diameter of damper, versus dollars. These 
points were: 

Do 
20 
30 
40 
50 
60 

A regression line was developed 

s 

from this data. 

Y - 98(D) + 240 

This line was multiplied by a factor, 3 ,  to get the cost for 
a stainless steel damper, in accordance with the referenced 
manual. 

Cost was adjusted to June 1992 dollars from December 1978 8 dollars using appropriate indices. 

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

D(ft) = J0.00064 Flowrate, 

$/damper = (471)d 0'0:!64 (Flowrate)+l,l55 

= (3.45) (Flowrate) O o 5  + 1,155 

Elbows 
Two elbows are assumed to be needed for each sou ce. Costs f were based on Chemical Engineering Magazine article. 

0 . 5  $/elbow = (0.81) (1.65) (Flowrate) 

= 1.34 (Flowrate) 0 . 5  

B-23 
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Total Cost of manifold is therefore: 

$ = [.8l (FR) (Feet of Duct) 1 (Free on Board) I + 1.34 (FRIa5 ( 2 )  + 3 . 4 5  (FRIg5 + 1.155 

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

Inst, Sales Tax, Freight - (.le) (FOBS); Purchased Equipment Cost 

Direct Costs: 

(PEC) - (1.18 FOB) 
Foundation (.08) (PEC) . Handling (.14) (PEC) 
Electrical ( . 0 4 )  (PEC) 
Piping (.02) (PEC) 
Insulation (.01) (PEC) 
Painting (.01) (PEC) 

- .3 (PEC) 

Indirect Costs : 

Construction and 
Engineering - (.lo) (PEC) 

Field Expense - (.05) (PEC) 

.'. TCI = (FOB) + (.18) (FOB) + (.3) (1.18) (FOB) + (.l5) (1.18FOB) 
TCI = FOB (1 + .18 + .354 + .177) 
TCI = 1.711 FOB 

Indirect 
Annual Costs11 Admin. 2% TCI 

Prop. Tax 1% TCI 
Insurance 1% TCI 
Cap Rec. (.16275) (10 yrs, 10%) 
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Example 1. 

Example 2 .  

Example 3 .  

Example 4 .  

Example 5 .  

Example 6 .  

Example 7 .  

Examp:.e 8 .  

Example 9. 

Example 10. 

Example 11. 

Vapor displacement of a single component liquid 

Vapor displacement of a homogenous mixture 

Tank/reactor heatup losses 

Empty tank and reactor purging 

Filled tank and reactor purging 

Sparging volatilization 

Vacuum dryer missions 

Atmospheric dryer emissions 

Vessel Depressurization 

Emissions from a steam ejector 

Emissions from equipment leaks 

c - 1  
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le 1. 

A 5,000-gallon reactor is to be filled at ambient conditions 
The fill rate is 

Vanor disDlacmwnt of a ~QEQSZW~S 1lm 

(25OC and 1 atm) with 3,600 gallons of benzene. 
60 gallons per minute and the reactor vent is open to the 
atmosphere. Calculate VOC emissions from this event. 

SolutiQxa m. Define the conditions of the displaced gas: 
Temperature = 2983 (25OC - ambient) 
Pressure = 1 atmosphere (760 “Hg, 14.7 psia) 

Volumetric rate of displacement - 60 gallons/minute 
=D 2. 

In this situation, benzene is the only component in the 

Using Raoult’s Law: 

Calculate the vapor phase mole fractions of the 
components in the displaced gas: 

liquid, therefore xi in equation 3-9 is 1. 

x: P* 
A 

Yi = - 
pT 

where: 

xi = 1 
P* (vapor pressure of benzene at 25OC [77OF]) = 1.9 psia. 

(From Table A-2.) 
PT = 1 atm (14.7 psia) 

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

s. Calculate the emission rate: 

c-2 



I 

(0.13) (60 gal/min) (latm) (78 lbmol) 

ER = 0.21 lb/min benzene 

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

Therefore, total benzene emissions for this event are: 

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

c-3 



A 50-50 volume percent solvent mixture of heptane and 
toluene is charged to a surge tank at the rate of 300 gal/min. 
total of 1,500 gal is charged. The mixture temperature is 2 O O C .  
Calculate emission rates for both mixture components. 

A 

voc 
Heptane 
Toluene 

Solution m. Define conditions of the displaced gas: 

Mol e cul ar 
weight, Density, Gallons 
lb/lbmole lb/gal charged Pounds lbmoles X; 

100 5.7 750 4,275 42.8 0.42 
92 7.3 750 5,475 59.5 0.58 

1. Temperature of displaced gas: 2OOC; 

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

3. Rate of displacement = 300 gal/min. 

T O T A L  

SteD 2. Calculate vapor phase mole fraction: 

102.3 1.0 

P* heptane 0 2OoC (68OF) = 0.7 psia 

P* toluene @ 2 O o C  (68OF) - 0.4 psia 

(0.42) (0.7 psia) 
Heptane : (14.7 psia) 0*020 Yheptane 

(0.58) (0.4 psia) 
Toluene : (14.7 psia) = Ytoluene 

c-4 



SteD 2. Calculate emission rate: 

(Yheptane )V(PT) (Mw) 

RT 
E = 
Rheptane 

(0.020) (300 gal/min) (1 atm) (100 lb/lbmol) 
L 7.48 gal 

(0.016) (300 gal/min) (1 atm) (92 lb/lbmol) - - 7.48 gal 

E - 0.21 lb/min 
Rheptane 

- - 
R R 
toluene T 

- 0.15 lb/min 
toluene ER 

Therefore, total emissions for the event 

Heptane: (0.21 lb/min) ( 5  min) .I 1 lb 

Toluene (0.15 lb/min) ( 5  min) 0.75 lb 
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ExamDJe 3. Tgnk/reactor W U D  lonseg 

A 2,000 gal reactor, 75 percent full of a solution of a raw 
material in toluene is heated from 2OoC to 7OOC. The reactor i s .  
vented to the atmosphere during the heatup; how much toluene will 
be emitted? 

SOlULUl 

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. ?O°C, the vapor pressure of toluene is 
22 mHg; at 7OoC it i 200 “Hg. 
is 500 gal or 66.8 ft . 
absolute units IC. The gas consta s t, R1 in appropriate units 
(from Table A - 3 )  is 998.9 nm\Hg-ft /lbmol-OK. The weight of 
toluene emitted is then directly calculated: 

The head space of the reactor 
’ 3 The temperatures must be expressed in 

AT) = r 66.8 ft3 1 760-22 nanHg 760-200 ”Hg 
(273+20) K ) - ( (273+70)K 

A T  = 0.0592 lbmoles non-VOC gas displaced 

- 0.01195 lbmoles toluene (92.13 lb toluene/lbmole) 
= 1.06 lb toluene ’IS 

C-6 



A 2,000 gallon reactor vessel was cooled to 2OoC ar,d the 
contents, in acetone solvent, were pumped out leaving only 
vapors. 
at 20OC, how much VOC (acetone) will be contained in the vented 
nitrogen? 

If this vessel is then purged with 1,000 scf of nitrogen 

At 2OoC the vapor pressure of acetone is 182 !run Hg. Thus, 
the initial Concentration can be calculated from Ideal Gas Law: 

PV = nRT 

n/* = ’acetone /RT 

Concentration of acetone = Pacetone+/RT 

MW = 58.08 lb/lbmol 

= ’acetone 

R = 998.9 “Hg ft3/lbmol K 
T = 273+20 = 293K . .  

182 “Hg (partial pressure of acetone 
equals vapor pressure, since acetone 
is the only component) 

= 0.036 lb/ft3 ci = 
(182 “ H S )  (58.08 lb/lbmol) 

(998.9 “Hg ft 3/lbmol K) (293K) 

(Ci = Initial concentration in the reactor vessel) 

The number of volume changes of inert gas is as follows: 

[l,OOO scf] [ (273+20)/273] = 1,073 acf 

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

Plugging the values back into equation 3-14 yields: 

Cf/Ci = (0.37)4*0 - 0.0,187 lb/ft3 
Thus, Cf = 0.0187(0.036) = 0.000673 lb/ft3 

Emissions = (vessei volume) (Ci-C 1 
= 267 ft (0.000673 lbfft3) 
= 9.43 lb 
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A tank containing methanol at 25OC is purged with a 30 scfm 
stream of nitrogen. 
during the purge. 

Calculate the emission rate of methanol 

VPmOH at 25OC = 128 rrnHg 

VMEOH I 12* = .20 
760-128 ‘IN2 

1 mole e 2 0  moles MEOH 32 lb -5 lbs/min MEOH 
(30 scfm) (359 scfm) [ lb mole N2 ] (m) 
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ation of SDaru inu V o l a t i l i ~ t i ~  . .  
A 1,000-gal tank of wastewater containing 0.025 wt2 toluene 

is to be air sparged to remove the toluene to a concentration 
level of less than 20 ppb (by weight) to permit discharge to a 
municipal sewer system. Ambient air is to be used; the design 
temperature is 2OOC. 
2OoC can be approximated using a Henry's Law constant of 370 atm 
(Henry's Law constants are listed in the Appendix). 

Toluene-water vapor-liquid equilibrium at 

W D r o a a :  Use 1 mimte 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 
5 5  minutes of sparging. The table clearly shows that the bulk of 
the VOC is removed durins the early part of the cycle: 
of the total toluene is removed in the first 3 minutes, and 
90 percent is removed after 13 minutes. 
concentration profile for batch sparging makes the selection of 
control technology (described elsewhere in this report) 
challenging. 

one-half 

This typical 

somewhat- 
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TABLE C-1. SPARGING VOLATILIZATION 

'f8nk V O l M  lo00 trl 

*Sprrge Rate 75 rcfn 

*SyStm T c n p  20 oeg c 
*Pressure 760 I ng 
*Oissotvrd VOC lot&" 
* In i t ia l  C w ' n  0.025xut x 
Moles of VOC 0;02260147 

.Iw of v# 92.14 
*n(ny 's  contt. 370 rt. 
*Exit Cas Emit. 100.ooX 
*Tim Sl ice  1 r i n  

Moles of n20 462.26 lb-mi 

0.19465 lbnol/min 

0.oosx.o1 x 

Percent 
x-bulk y-ex i t  -1s Out em out m x-b ut fr R r o v r l  
.e...- ---... --.--. -- - - - -  -111.1 - - - - - -  

Tim lncrcmot 0 0.00OOU 0.018090 0.003521 0.003521 0.0000Ll 2.1lE-04 
1 0.000041 0.015271 0.002972 O.O06c% 0.ooOQsl 1.m-04 
2 0.000034 0.012892 0.002509 0.009003 O.Oooo29 1.5Q-04 
3 0.00002'9 0.010883 0.002118 0.011122 0.000024 l.27E-04 
4 0.000024 0.009188 0.001788 0.012910 0.oooO20 1.07E-04 
5 0.000020 O.OOm6 0.001509 O.OlU20 O.oooO17 9.0%-05 
6 0.000017 0.006548 0.001274 0.015695 O.oooO14 7.64E-05 
7 0.000014 0.005527 0.001076 0.016711 0.000012 6.4%-05 
8 0.000012 0.004646 0.00oood 0.017679 0.000010 5.UE-05 
9 0.000010 0.003939 0.000766 0.018446 0.000001) 4.e-05 
10 0.000008 0.003325 O.OOW7 0.019095 0.000007 3 . U - 0 5  
1 1  0.000007 0.002807 0.000546 0.019640 0.000006 3 . a - O S  
12 0.000006 0.002370 0.000461 0.020101 O.OoooO5 2.m-05 
13 0.000005 0.002000 0.000389 0.020491 0.OOOOoL 2.33E-05 
14 O.OOOO04 0.001689 0.000328 0.020819 0.000003 1.97E-05 
15 0.000003 0.001425 0.000277 0.021097 0.000003 1.U-05 
16 0.000003 0.001203 0.000234 0.021331 0.000002 1 .4oL-05 
17 0.000002 0.001016 0.000197 0.021529 0.000002 1.1%-Os 
18 0.000002 0.000857 0.000166 0.021696 0.000001 1.00E-OS 
19 0.000001 0.000724 0.000140 0.021837 O.aOOOO1 6.45E-06 
20 0.000001 0.000611 0.000119 0.021956 O.OOOOO1 7.W-06 
21 O.oo(1OOl 0.000516 0.000300 0.022057 0.000001 6.02E-06 
22 0.000001 O.WO455 0.00008b 0.022141 9.94E-07 5.W-06 
23 9.94-07 0.000567 0.000071 0.022213 8.39E-07 4.29E-06 
24 8.39E-07 0.000310 O.OOOO60 0.022273 7.m-07 3.62E-06 
25 7.m-07 0.000262 0.000051 0.022326 5.W-07 3.W-06 
26 5.98E-07 0.000221 O.OoOoL3 0.022368 5.056-07 2.fbE-06 
27 5.056-07 0.000186 0.000036 0.022404 4.26€-07 2.lt-06 
28 4.26E-07 0.000157 O.oooO30 0.022435 3 . m - 0 7  1.W-06 
29 3.a-07 0.000135 0.000025 0.022461 3.04E-07 1.SSE-06 
30 3.04E-07 0.000112 0.000021 0.022482 2.56E-07 1.31E-06 
31 2.%-07 0.000094 0.000018 0.022501 2.17E-07 l.llE-06 
32 2.17E-07 0.OOOOW 0.000015 O.otU16 1.8SE-07 9.3%-07 
35 1.833E-07 0.000067 0.000013 0.022530 1.54E-07 7.m-07 
34 1.5LE-07 0.000057 0.000011 0.022541 1.50E-07 6.a-07 
35 1.3OE-07 O.OOooL8 0.000009 0.022550 1.lOE-07 5.62E-07 
54 l.lOE-07 0.000040 0.000007 0.022558 9.m-08 4.7%-07 
37 9.28E-08 O.OOOO31 O.OOOOO6 0.022565 ?.&LE-08 4.01E-07 
S8 7.84E-08 0.000028 0.000005 0.022570 6.62E-08 3.38€-07 

15.580% 
28. TJ3% 
3 9 m n  
49.210% 
57.123% 
63.WX 
69.443% 
74.204% 
78.223% 
81.616% 
84.W% 
a6 .898% 
88.939% 
90.663% 
92.1 18% 
93.346% 
04.382% 
95 .258% 
95.996% 
96.620% 
97.14n 
97.591% 
97.967% 
98.283% 
98.55 1% 
9a.m 
98.967% 
99.128% 
w.244x 
w . 3 m  
99.475% 
99.557% 
99.626% 
99.684% 
99. TJL% 
99.77% 
99.810% 
99.840% 
99.665% 
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TABLE C - 1 .  (Continued) 

39 4.m-w o . m z i  o.oooooc o.ozzsn 5.sa-w Z.W-07 
40 5.W-08 0.OOOOtO 0.00000L 0.0225tP 4.71E-08 2.41C-07 
41 4.71E-08 O.ooOo17 0.000003 0.022583 3.m-08 2 . U - 0 7  
42 3.m-08 0.000014 0.000002 0.022585 3.36f-08 1 . m - 0 7  
43 3.%€-08 0.000012 0.000002 0.022508 Z.84E-08 1.4%-07 
44 2.64E-08 O.oooOlO 0.000002 0.022SOO 2.39L-08 1 . a - 0 7  
45 2.39E-08 O.OOOOO8 0.000001 0.022592 2.02E-08 1.0%-07 
46 2.02E-08 0.000007 0.000001 0.022593 1.7lE-08 8.m-08 
4 7  l.?lE-08 O.Nnnu, 0.000001 0.02SQi 1 . U - 0 8  7.57E-08 
48 1 . M - W  0.00000) 0.000001 0.a225S 1.m-08 4 . n - 0 8  
49 1 . m - 0 8  0.00000L 0.000000 0.022596 1 . a - I  5.2%-08 
50 1 . a - 0 8  0.- 0.000000 0.022597 8.67E-09 4.4#-08 
51 8.4E-09 0.000003 0.000000 0.022598 7 .m-W 3.7Lf-W 
52 7.3ZE-00 0.000002 0.000000 0.022598 4 . l t - 0 9  3 .W-08 
53 6.18E-09 O.ooo002 0.000000 0.022599 5.21E-09 2.47E-08 
54 5.21E-09 O.OOOOO1 0.000000 0.022599 4.4OE-W 2.2%-08 
55 4.a-09 0.000001 0.000000 0.022s99 3.RE-09 1 . m - 0 8  
54 3.72E-09 0.000001 0.000000 0.022600 3 . M - 0 9  1 . W - 0 8  
57 S.1LE-09 O.OoooO1 0.000000 0.022600 2.4%-09 1.35E-08 
58 2.659-09 O.oooOOO 0.000000 0.022600 2.ZbE-00 1.1cE-08 
59 2 . U - 0 9  0.000000 0.000000 0.022600 1.89E-09 9.6%-09 
60 1.89E-09 0.000000 0.000000 0.022600 1 . m - 0 9  8.1%-09 
61 1.59€-09 0.000000 0.000000 0.022600 1.3%-09 4 .W-09  
62 1.5%-09 0.000000 0.000000 0.022600 1.14E-09 5.81E-00 
63 l . l b E - 0 9  0.000000 0.000000 0.022601 9.59E-10 4,90E-W 
44 9.59E-10 0.000000 0.000000 0.022601 8 . m - 1 0  4 . W - 0 9  
65 8.09€-10 0.000000 0.000000 0.022601 6.83E-10 3.49E-09 
66 6.83E-10 0.000OOO 0.000000 0.022601 5 . m - 1 0  2.9%-09 
67 5 . m - 1 0  0.0OOO00 0.000000 0.022601 4.87E-10 2.4R-09 
68 4.87E-10 0.0OOO00 0.000000 0.022601 4.11E-10 2.lOE-09 
69 4.1lE-10 0.000000 0.000000 0.022601 3.4tE-10 1 . m - 0 9  
70 3.47E.10 0.000000 0.000000 0.022601 2.93E-10 1.SOE-00 

99.884% 
W.ooL% 
09.919% 
w.931x 
99.942% 
99.951% 
99.959% 
99.wsx 
99.911% 
w.mr 
w.9m 
99.902% 
w.98sx 
99.987% 
99.989% 
99.991% 
99.992% 
99.994% 
99.99% 
99.99% 
W.%% 
w.wn 
99.wn 
99.998% 
99.998% 
99.998% 
00.999% 
99.- 
99.999% 
99.999% 
99.999% 
99.999% 
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Example: Consider the following example of a double-cone 
dryer operating at 15 inches of mercury, with an air-leakage rate 
of 15  scfm. 
hundred pounds of product cake, initially containing 25 percent 
by weight acetone are dried to less than 1 wtt solvent over the 
course of 8 hours. Calculate the maximum VOC emission rate. 

The temperature inside the dryer is 60°F. Three 

,Wlu u. The total amount of acetone dried from the 
product cake is: 

:. 3 0 0 - 7 5  = 225 lb product in cake 
The amount of acetone remaining at the end of the cycle is: 

- 0.01 225+x  

x - (0.01) (225+X) 
x = 2 . 2 5 + 0 . 0 1 ~  

0 . 9 9 ~  - 2 . 2 5  
x - 2 . 3  lb acetone (at end of cycle) 

:. Therefore, the total amount of acetone removed from the 
drying cycle is: 

7 5 - 2 . 3  = 7 2 . 7  - 73 

Average emission rate over the drying cycle is: 

(73  lb/8 h) (1 h/60 min) - 9.15 lb/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 - 58 lb/lbmol m a c e  tone 
Therefore, the molar flow of acetone is 

(0.30 lb/min) :Ik;msl/5e 15) (60 min/hr) = 0 . 3 1  lbmol/h 

c- 1 2  



The airflow (leakage) is given as 15 scfm where 359 scf (at 
o o c  and 1 atm) is 1 mole. Therefore, the airflow is 

Component 
Acetone 

(15 scf/min) (lbmo1/359 scf) (60 min/h) - 2.51 lbmol/h 

lbmol/h mole fraction 
0.31 0.110 

Therefore, the uncontrolled emission stream at the start of 
the drying cycle is estimated to be: 

11 Air I 2.51 I 0.890 ' II 
l L - - P  T 0 T'A L 2 . 8 2  1.000 II 
This rate represents the maximum VOC emission rate during the 
cycle. 
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Component lbmol/h mole fraction 
IPA 2.20 0.0027 

Air 81o.00 0.9973 
T O T A L  812.2 1.0000 

E m .  A tray dryer uses 6,000 acfm of heated air (65OC) 
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. 
uncontrolled VOC emissions per drying cycle and the maximum VOC 
emissions rate. 

Calculate the total 

Mass balance over the drying cycle: 

(1,000 lb cake)(0.40 lb IPA/lb cake) = 400 lb IPA initially 

Quantity of bone-dry solids = 1,000-400 - 600 
Amount of IPA remaining: 

x/~OO+X - 0.006 
. * .  x - 3.6 lb IPA 
Amount of IPA removed is: 

400-3.6 396 lb (MW - 60.09) 
. .  

Average emission rate = 396 lb/6 h = 66 lb/h 

Assume initial rate = 2* average rate 

= (2) (66) 132 lb/h 

(132 lb/h) (lbmo1/60.09 lb) = 2.20 lbmol/h 

Calculate composition of uncontrolled emission stream at start of 
drying cycle: 

Airflow: 
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r 
ft3 (500 gallons) 7.48 gal 

A 1,000 gallon nutsche filter is used to compress a slurry 
containing acetone and inerts at 80°F (26.7OC). 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: 

(2.570 nrmHg - 246 nrmHg) 

nacecons = 246 = 0.48 (after depressurization) narr 760-246 

Step 2. 
initially and after depressurization: 

Calculate moles noncondensable gas in the vessel 

(Assume free volume equals 1/2 of the total volume) 

* 

9 9 6 . 9 m y *  ft3 ( 3 0 0 K )  
lbmol K 

N1 = 0.523 lbmsl 

Moles of nonconGe:lisAle gas at the end of depressurization: 

“2 

n2 = 0.11 lbmoles zf xxcndensable gas 

Step 3 .  Average ratio of throughout 

depressurization: 

moles acetone 

moles air 
the 
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0.106 + 0 . 4 8  = o.293 
2 

Step 4 .  Calculate lb acetone emitted: 

Total moles noncondensable (non-acetone) released: 
0.52 - 0.11 = 0.41 lb moles 

Total lb acetone released: 

0.293 moles acetone 58  lb  acetone 
moles non-acetone moles acetone 0.41 moles non acetone 

= 7 lb/event 
= 0.17 lblmin (1 event = 4 0  minutes) 
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ExamDle 10 *-Rsl- Electox 

A double-cone batch dryer (volume of 20 ft3) operates at 
74 “Hg. 
System components are listed below. 
operating at 2OoC precedes the ejector. 

A steam ejector is used to pull a vacuum on the dryer. 
A solvent recovery condenser 

The solvent is methanol. 

W leakacre 

W = 0.032 P 0.26 ~ 0 . 6 0  P (-1 torr 

W - 0.032(74) 0.26 (2010.60 v 1-1 ft3 

W = 0.59 lb/h W [-I  lb/h 
. .  W leakaae (see Tule A-9 for c o m u n t - m e c l f l c  leak raten) 

Assume system has: 

2 seals (rotary) @ 0.10 0.20 

10 threaded connections 0 0.015 0.15 

2 access ports 0 0.020 0.04 

1 view window @ 0.015 0.015 

1 0  valves 0 0.03 0.30 
1 control gas valve 0 0.25 0.25 

0.955 lb/h/in. 

For 4 in. fittings: 

w = 1.2 TD@P0e26 
0.26 W = 1.2 ~ ( 4 )  (0.955174 

:. Total in-leakage (La) - 44+0.59 - 44.6 lb/h 
as cfm if (379 scf/mol) (mo1/29 lb) - >582.8 ft3/h 

= 9.7 scfm 
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VOC emissions: 

) ( 760 
- 1) 

4 4 . 6  Zb air/h 
29 lb air/lbmoi (760-95)  

at 2OoC .I 9 5  “ H g )  (VPMM~OH 

:. SE - 7 . 0 3  lb MeOH/h 
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B x a ~ l e  11. 

following components in light liquid service 100 percent of the 
time. 

Calculation of Emamions from EwiDment T,eakg I .  

Estimate VOC emissions from a facility process having the 

1 P*P 
18 flanges 

1 gas valve 

5 liquid valves 

1 sampling connection 

3 open-ended lines 

SolutiPn 

Multiply by equipment leak factors found in Table A - 6 .  

ks/h inmen t 1 caks 

1 P*P 

(0.0199 kg/h) (1) 100 percent service 0.0199 

18 flanges 

(0.00183) (18) 100 percent service 

1 gas valve 

(0.00597) (1) 100 percent service 

0.0329 

0.00597 

1 S . C .  

(0.0150) (1) 100 percent service 0.0150 

3 O.E.L. 

(0.0017) (3) 100 percent service o.0051 
0.07887 

0.07887 kg/h (h/3,600 S) = 2.2~10'~ kg/s 
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COST CALCULATIONS 
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t r o w  tQ 
sent wl Device Wdel Ca- 

The attached documentation details the calculations and 
assumptions that were used to arrive at the control device cost 
effectiveness cunres used to set RACT. The documentation 
requires some preliminary discussion of certain issues because of 
the complexity of the approach. 
provide this necessary background. 
much of the assumptions used in estimating costs is the fourth 
edition of the OAQPS Control Cost Manual, prepared by the 
Emission Standards Division of the Office of Air Quality Planning 
and Standards, U. S. Environmental Protection Agency, Research . 
Triangle Park, NC 27711. 

This preface is intended to 
Note also that the basis for 

Time Variatign 

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. 
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. 

It was assumed that each 

For those combinations of mass emissions and flowrate that 
yielded time var values of less than . 3 3 ,  only 1 shift per day 
was assumed. For time var between .33 and . 6 6 ,  2 shifts per day 
were assumed, and 3 shifts per day were assumed for time 
var a. 6 6 . 
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Condemer 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 
ExamDle 
LQQuu 
1,000 a. 

25 b. 
760 C. 
60 d. 

30.37 e. 
90 f. 

100,000 g. 

*This 

- 
Flowrate, (acfn,) : H7 
Temperature, (OC) : He (Default is 25OC) 
Pressure, (rronHg) : H9 (Default is 760 IMnHg) 
Duration, (min) : H10 (Default is 60 minutes) 
VOC volume percent*: H11 (Default is saturation) 
Required condenser 
control efficiency, ( % I  : 5 6  
Mass emissions, (lb/yr): M14 

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,OOOppmv for the cost effectiveness 
curves). 

For example, volume percent is calculated in the example in 
the following manner: 

10 A ($BW$11 - ($BX$11/ (E&?$EY$11) 1 ) /H9 

where : 

$BW$11 = 7.117 (Antoine Coeff ,a' for acetone); 
$BX$11 = 1210.595 (Antoine Coeff 'b' for acetone); and 
$BY$11 = 229.664 (Antoine Coeff 'cf for acetone). 

where : 

the Antoine's equation is of the form: 

where : 

Pa* a, b, c = Antoine's coefficients for component a 
t - temperature, OC - vapor pressure of component a, nunHg 
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Equation 1 is the vapor pressure/total pressure where vapor 
pressure equals: 

10- [loglOPa+ = a - b/(c + t)l 

Pa+ = 10- [a - b/(c + t)l 

SO,  10- [$BW$11 - ($BX$ll/(H8 + $BY$11))) Pa* 

Volume percent = [Pa+/total pressure (H9 - 76011 

= H11 = 30.372 (in the example) 

le VoLyme Percent. [ t ) :  (Cell H l U  

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 - H11 
= 1 - Volume percent (calculated above) 

= 1 - .3037 = .6963 = 69.63% 

Emissions. (lbs/e vent): (Cell H1 7) 

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))f$BZ$ll 

where : 

$BZ$11 = Molecular weight of VOC; acetone = 58 lb/lbmol; and 
998.97 - Universal gas constant, (nanHg ft3/lbmol IC). 
= .3037+60 min*1,000 acfmt760 nunHg/(998.97*(25+273))*58 - 2,702 lbs/event 
The above calculations are used to estimate the uncontrolled 

waste gas composition. 
costs for a desired control efficiency or exit condenser 
temperature, if specified. If 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. 

The spreadsheet will estimate control 
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For this example, the condenser control efficiency, 56 = 90% 
9 0  percent control for a condenser means the following: 

VOCIN -1 
Y NON COND IN VOCOUT 

Y 
VOCCOND 

[ W O C  IN] [FLOWRATEl/RT = 

[l - Y VOC IN] [FLOWRATEI/RT = MOLES NONCONDENSED 

MOLES VOC OUT = (1-CONTROL EFF.)(MOLES VOC IN) 

After manipulation and cancelling these equations are reduced to: 

yvocouT 
(1 - C O W .  EFF) (Y 1 

C O N T W  I 

- * VOCIN 
This is the same equation as the one contained in cell J 9 ,  

except that the equation in cell J9 is multiplied by 760 “Hg, the 
assumed total pressure of the system, atmospheric in thsi case. 
The resulting value is the partial pressure of the VOC component. 

= 31.77 “Hg 

Substituting the partial pressure back into Antoine’s 
equation, yields a temperatuere at which 90 % control is achieved. 

b 

t + c  
log p+ = a - - 

- c  -b b 
( log  P* - a) - Or = (a - logP*) 

The formula in cell 512 is: 

( ($BX$11/ ($BW$11-LOG(J9) ) -$BY$11) 

So, substituting the values from the example condenser model 
spreadsheet into this equation: 
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= 14.06 C 

t Flo wrate ( v a r u e ) .  (ft 3- (Cell 

This formula takes into account the ratio of the volume 
percent of noncondensaSles entering the condenser and the volume 
percent of noncondensables exiting the condenser along with the 
equation: PIV1/T1 - P2V2/T2. Solving for V2. 
The formaula in cell address HI8 is: 

where : 

$CE$6 = Condenser Exit Temperature, ( C); 
SCHS6 = Compressor Pressure, (nanHg); and 
H19 = Condenser Exit Volume Percent, ( % I .  

So, substituting the spreadsheet values into this equation: is 

= 1,000 acfm*.6963*(((1.8*(-14.06 C))+32)+460)/(((1.8* 

= 631 cfm 
25 C) +32) +460) *760 rmnHg/760 nanHg/ (1- .0418) 

Condenser Ex it Volume Perce nt. ( % I :  (Cell H19) 

This field substitutes back into Antoine’s equation the 
required exit condenser temperature, which is given in SCES6. 

where : 

$CH$6 = Total Pr-ernirre: (“Hg). 

So, substituting the values from the example condenser model 
spreadsheet into this equation: - lOA(7.1175-(121O.595/(-14.06 C+229.664)))/760 nrmHg - .0418 = 4.18% 

t. (m V O C / e v W )  : ( C U  H20) 

Using the ideal gas law this equation calculates the 
emissions per event c ~ L  L ~ L  &e furidenser: 

H19 H18 $CH$6 $BZ$11/(998.97 * $CF$6) H10 
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where : 

$CF$6 = Condenser Exit Temperature, K. 

So, substituting the values from the example condenser model 
spreadsheet into this equation: 

= (.0418*631 cfm*760 rtlmHg*58 lb/lbmo1)/(998.97*258.94)*60 
= 270 lbs 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. 

condenner Heat Load. (B"u/event): ( c u  H 2 a  

sensible heat and latent heat of cooling the stream down to the 
desired temperature. 

Heat load is made up of: (1) latent heat of condensation for 
the material condensed, ( 2 )  sensible heat of cooling of the 
noncondensables, and ( 3 )  sensible heat of cooling of the 
condensables. 

Cell H22 calculates the condenser heat load, in terms of 

0 

Sensible heat is calculated as m Cp AT 

Latent heat 

where : 
Qsensible I 
Qlatent 
where : 

= m  

0 

is calculated as mHv 

T; and 
",p 

m = mate rate; 
= heat capacity; ' = heat of vaporization; and % = range of cooling. 

1st Tenn: (Sensible and latent heat of condeneables) 

where : 

H17 - H20 = lb VOC condensed = 2702 - 270.2 = 2431.8 lb/event; 

$CB$11 I 220 (BTU/lb, )Gap of acetone); and 

$CAS11 = 0.3 (Cp acetone, BTU/lb°F), assumed constant. 
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So, substituting these values into the 1st part of the equation in 
cell H22: 

Heat load (condensed) = (2702 - 270.2) [220 (BTU/lb) 

+ 0.3 BTU/lb°F (25-(-14.06))*1.8] = 586,288 BTU/event 

2nd Term: (Sensible heat of condensables that were not condensed, 
calculated in Cell H 2 0 )  

The 2nd part of the heat load equation as it appears in the 
condenser model is: 

(H20+$CA$11+ (H8-$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+ (l-Hl9) *H9/ (998.97' ($CE$6+273) *29*H10) +$CA$20* (H8- 
$CE$6)*1.8)) 

where: 

$CAS20 = BTU/lb°F for air, .24. 

so, 

= 631 
*(25-(-14.06)+1.8)) 

Cfm+ (1-0.0418) '760 naHg/ (998.97' (-14.06+273) '29'60) .24 

= 52,517 BTU/event 

Therefore the sum of the three tenns is 586,288 + 5,699 + 52,517 = 
644,504 BTU/event. 
different value, 644,613 BTU/event. However, rounding is the 
reason for the difference in the values. 

The spreadsheet calculated a slightly 
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CondemgLkWt Dur u c r  Non-Events. (RTU/e V ent): (Cell H23) 

Assumed 10 percent of heat load during events to keep the 
heat exchanger surfaces cold and to account for heat losses. 

Tons: (Cell 1324) 

on-stream time. 
Calculated Annual Refrigeration requirements based on 

BTU event ] [60h:in] [8,760] [Time Var] [644'613 event 60 min 

BTU event I f 0  min ] [8,760] [l-Time Var] 
+ [64'461 event 60 min hr 

where: 

Time Var = ,00415. 

(BTU) Yr 
= X 

Yr 8,760/12,000 BTU/hr/ton 

I tons refrigeration used to calculate annual energy costs 
= 5.57 

Pefriaeration Unit Cost (DI FF TEMP). ( $ 1 :  (Cell H2 7) 

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 -100OF. 
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 
- o f  refrigeration required. 
produce the Furchased Equipment Cost (PEC) for refrigeration units 
at different temperatures. 

A Quattro Pro rnacro that checks the required condenser 

Below are the actual equations that 

40 1,45l(TOnS) + 10,817 
30 1,820 (Tons) + 11,064 
20 2,340 (Tons) + 11,021 
10 3,197 (Tons) t 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) c 40,082 
-50 6,704 (Tons) + 39,993 
-60 7,152 (Tons) + 63,640 

D-8 



- 7 0  8 , 9 3 8  (Tons) + 4 1 , 7 1 3  - 100 1 7 , 7 9 8  (Tons) + 4 6 , 9 0 6  

The required condenser exit temperature for the stream 
contained in the example condenser model spreadsheet is - 1 4 . 0 6 0 ~  
which equals approximately 7OF. 
used to estimate the PEC of the refrigeration unit as below: 

So, the equation for O O F  would be 

4 , 0 1 3  (Tons) + 1 4 , 4 2 7  

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-casen costs 
because this would be the maximum heat load encountered by the 
condenser during any given time throughout the year. 

. 

4 , 0 1 3  (H22/H10*60/12,000) + 1 4 , 4 2 7  

Substituting the values in the example into this equation: 

= 4 , 0 1 3  ( 6 4 4 , 6 1 3 / 6 0 * 6 0 / 1 2 , 0 0 0 )  + 1 4 , 4 2 7  

= $229 ,996  

Total CaDital Investment (TCII. ( $ 1 :  (Cell H33) 

1 . 7 4  * total system c08ts* 1.25 [3rd quarter, 19901 

where , 
1 . 7 4  factor8 installation for nonpackaged systems 
25 percent covers manifolding 

or ( $ 1  (Cell = 
= 0 . 5  hours/shift*$15.64/hour*H5l*H52 

where : 
$15.64/hr is operating labor rate; 
H51 = shifts/day; and 
H52 = days/year. 
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So, substituting the values for the example into this equation: - 0.5+15.64+1+365 

= l.lSfH35 

So, substituting the values from the example into this equation: 

= 1.15 $2,854/year 

intanence 1,abor ( $ 1 :  (Cell H37) 

= 0.5 hour/shift+$17.2l/hour*H5l*H52 

where : 
$17.21 = rnaintanence labor rate. 

So, substituting the values from the example into the equation: 

= 0.5*17.21*1+365 

= $3,141/year 

mintanence Materials ( $ 1  : (Ce 11 H38) 

= H37 

Electric ComDEessor Motor. ( $ 1 :  (Cell H39) 

Electricity requirements were based on the average tons of 
. refrigeration required during a year and refrigeration 
temperature. 

kw/Ton T ( O F )  

1.3 
2.2 
4.7 
5 . 0  
11.7 

40 We used a regression line, where 
20 

- 5 0  
-20 T = - 13.08 (kw/ton) + 43.16 

r2 correlation to these data 
points = 0.955 

- 100 

The regression line was used to obtain (kw/ton). 
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whcre : 
$.059 - Cost/kwh; and 
0.85 - Efficiency of motor. 

So, aubsituting the correct values into the equation: 

= (((-14.06+1.8+32)-43.16)/-13.08)*5.57+8,760'~059/0.65 

= $9,449 

where: 
H35 - H38 = the costs of operating, supervisory, and 
maintanence labor and maintenance materials. 

So, substituting the correct values into the example equation: 

= $7,45i/year 

ita1 Recoverv. ( s ) :  ( C e l l  H41) 7 

Assume 15-year life, 10 percent interest - .1315*H33 

= $136,550/yr  

: ( C d l  H44L 

= (Ml4+0.454/1009)*J6 - (100,000*0.454*1,000)*0.9 - 40.86 Mg/yr 
D-11 
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Calcu-n of Time Variation: (C-7) 

= M17*998.97*293* (1/60) (1/8,760) * (l/$BZ$ll) /H11/ (H6f760) 
So, substituting the correct values into the equation: 

= 1 0 0 , 0 0 0 * 9 9 8 . 9 7 * 2 9 3 / 6 0 / 8 , 7 6 0 / 5 8 / . 3 0 3 7 / ( 1 , 0 0 0 * 7 6 0 ~  

= 0.00415 
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CONDENSER MODEL SPREADSHEET 
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PARAMETERS: 

CALCULATIONS: 

COSTS: 

o w 1 5  

I4W.407 

6 
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CAPITAL COST CALCULATIONS: 

Direct lnrtalkiikm <lusts. (f): 
lndircct Ctnts, (S): 

$44,420 
S45,"W) 

ANNUALIZED COST CALCULATIONS: 
Opereling lahcw: 

Supervisory I AXK, (S): 
Miiintiincncc I i ihcw.  (S): 
Miitcriak. (S): 

()periittw, (S): 

t Jtilitics: 
Niituritl Cis. (f): 
Fkcirtity, (S): 
Ih: 
' I b n l  I k c i  <:tat, (f): 

Indirect Annual ('clsts: 

Administriitivc, (S): 
I'rtywrty l i i x .  (S): 
1nsur;inw. (S): 
( 'iipitiil Itccovcry, (S): 

Overheid, (S): 

sz,s54 
54b 

S1,IJI 
$1,141 

S1.9W (S1.1/ldWW!XT) 
$119 (S.OW/kwh) * *  ( ' I I A N G E  DELTP FOR DlFF f N E R G Y  H l x ' o  * *  

540,759, IRO 
SI I .R1I  



THERMAL INCINERATOR MODEL 

PARAMETERS: 
I%nur;itc, (scfm): 
W;istc Cia.. V U :  (imccntraiim, ( p p v ) :  
I Ic;iting V;iluc id V(K"s. (Iltu/scC): 
lincrgy Hcciwcry.(%): 
Iwincr;ittw Operating Temperature. (F): 
Wiistc <i;is 'Icmpcrature, (I:): 
Prchcatcr 'Icmpraturc, (I..): 
Mokcul;ir Weight of VOC 
Mckcubr Weight of (;as: 
I)urainm, (min): 
I:vcnts/Shift: 
Shifldllay: 
IhydYcur: 
Time Viiriatuwr: 
I.cngthof(i~kcticm M;iin,(fi): 
Numhr o f  M;inilcWd Scwrccs: 

. 

Oxygen ( 0 2 )  (imtcnt of Wastc G;I.., (vc4umc %): 
I)iluiitm Air Hcquircd f ir  <hnhustnm, (scfm): 
Ihlutkwr Air fcw Safety. (scfm): 
-1ilt;iI <i;~.s I.knvratc, (scfm): 

Stcp 2: I Iciit ('tmtcnt CJ Waste Gas, (Utu/scf): 

Step 3: Cakuhc (iiis'l'cmp. l ix i t  Prchcatcr, (I:): 

20.7') 
O.(W) 

14.29 
I14.r) 

17.50 

I, I4  I.(w) 

V(H:'s (:inirc4kd, (Muyr): 
11.12 

l i m e  Variatkm: 
0.m 

I<ncrgy. (BtulMg): 
411,616,308 
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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. 
for any given situation is listed under "Parameters" in the 
spreadsheet. 

The information necessary to calculate incinerator costs 

This data is also listed below: 

100 
10,000 
2,000 

70 
1,600 

70 

64.5 
.6 

a 
1 

365 
25,000 

1 .. 
2. 
3. 
4. 
5. 
6 .  
7 .  
8 .  
9. 
10. 
11. 
12. 
13. 

Flowrate, (scfm) ; 
Waste Gas VOC Concentration; 
Heating Value of VOC's, (Btu/scf); 
Energy Recovery, ( t )  ; 
Incinerator Operating Temperature, 
Waste Gas Temperature, ( O F )  ; 
Preheater Temperature, (OF); 

Molecular Weight of VOC; 
Duration, (min) ; 
Number of events per shift; 
Number of shifts per day; 
Number of days per year; and 
Mass Emissions, (lb/yr). 

F6 
F7 
F8 
F9 

(OF); F10 
' F11 
F12 
F13 
F14 
F15 
F16 
F17 
F18 

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 W e i a  of Gas: (Cell ~ 1 4 )  

This value is calculated from the input VOC concentration 
and the molecular weight of the VOC as below: 

The fonmrla contained in the example thermal incinerator model 
is : 
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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 

= 2 9 . 3 6  lb/lbmole 
I .  b. Var- 

This field is used to calculate the fraction of time that 
the event occurs over a year (continuous maximum of 8 , 7 6 0  hours). 
In other words, if the event l a m s  0.6 minutes and occurs 8 times 
a shift, 3 shifts per day, 365 days per year, the time variation 
equals 1 percent. 

C. of Collection and Nuuber of -0lded 
sourcep: (CellR F20. F2lL 

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. w l a t i o n a  

The calculations done by the spreadsheet are presented 
below: 

Step 1: Calculate Total Waste Gas Flow 

This equation assumes that the waste gas is composed of air 
and VOC's. Air contains 21% oxygen, on average. Therefore, O2 
content can be expressed as: 

(1 - voc conc/l x 106) 0 . 2 1  100 

The OAQPS Control Cost Manual states that there must be at 
least 20 percent O2 in the waste gas for combustion to occur 
(p. 3-24). 
to be an acceptable ratio to express 20 percent 02. 

An average of 3 . 9 6  moles of OZ/mole of VOC was found 

c. m n  Air R e w e d  for sa&tv9 (SCfm) : (Cell F2 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. 
reasonable LEL value for common compounds was about 3.5 percent, 

We assumed that a 
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or 35,000 ppmv strew; 25 percent of 3.5 percent Corresponds to 
a value of 8,750 ppm. 

This LEL value was derived from the following data: 

Acetone 
Benzene 
Ethanol 
Ethlene 
Ethylene 
H? 
Mezhane H; 
Methanol 
Propylene 

26,000 
14,000 
33,000 
28,000 
28,000 
4G,SGG 
43,000 
50,000 
67,000 
24,000 

Average = 35,000 p p m  
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 (PPIIIV) 6 
[ 1 [flowrate] = 8,750/1 x 10 
1 x 106 

waste gas dilution dilution [ flowrate + comrijuYiic;il a i L  7 safety air] 

By cancelling an5 iwLpLlation, this formula reduces to: 

(Dilution 
cmmhc 1 P i nn Dilution ---.----*-** 

safety = (Flowrate) (PPMVOC) - 8 . 7 5 0  (Flo wrate) - 8.750* air) 
air 8,750 

d. Calculate Total F l o w ,  

This field calculates the total amount of gas flowing into the 

Input flow (waste gas: + dilution air for combustion + 

incinerator during the emission event, the total gas is composed of: 

dilution air for safety 
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The formula for this field is: 

voc Initial 
J [Flowratel 

1 x 106 
Total Gas Flow VOC heat content (Btu/scf) 

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: 

Two - Twi 
Tfi - Twi Energy Recovery = 

where, Two = Gas preheater exit temperature 

TWi = Waste gas inlet temperature 

Tfi = Incinerator operating temperature 

This equation is manipulated to 
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where: paf = density of methane, 0.0408 lb/ft3 8 77OF, 1 atm 

Qaf = natural gas flowrate, scfm - density of the waste gas, 77OF, 1 atm Pwo = Pwi (0.0739 lb/scf 0 77OF, 1 atm) 

Cpm air = mean heat capacity of air 

Assume 0.255 BTU/lb°F (the mean heat capacity of air 
between 77OF and 1,375OF) 

Tref - Taf - temp. ambient 
(Temp. auxiliary fuel) = 77OF 

= heat contect of the waste stream, BTU/lb - 4 w o  
- Ahcaf = heat content of natural gas, 886 BTU/lb 

(21,502 BTU/lb) 

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 (d). 

(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 emiasion events and without emission events. 

The calculated annual gas flow, in standard cubic feet per year 

Cost C- 

-t Costa. (Based on p. 3-44 of the OAQPS Cost Manual) 
Equipment coats 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 EC = 21,342 Qtot 

The min~mum flow through the incinerator was assumed to be 
The equipment cost was multiplied by cost indices of 500 scfm. 

(357.5/340.1) to correct equipment costs to October 1990, dollars. 
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work. RtackL. The costs for auxiliary 
equipment were originally taken from an article in the May 1990, 
Chemical Engineering and assuming l/8 inch carbon steel and 24 inch 
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). 

Collection Fgn 

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)l 0.5612 + 

(357.5/342.5) 

(based on the 1988 Richardson Cost Manual) 

Instrumentation 10 percent of purchased and auxiliary 
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 C U a l  In veAtment . 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/shif t 

Material: 100 percent of maintenance 

x shifts/day x day/year 

Natural gas: Yearly natural gas usage (scfy) x S3.2 
1,000 scf 
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Electricity: 
From pages 3-55 of the OAQPS Cost Manual 

Power I 1 . 1 7  x QtotAP 
fan E 

Where : 

= m a x i m  gas flow ,:bot = pressure drop, in H20 (Assume 29 in H20; 19 inchee 
f o r  the preheater and 10 inches f o r  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 

Prop Tax: 1 percent of total capital investment 

Insurance: 1 percent of total capital investment 

(TCI) 

(TCI 1 

(TCI) 

Capital Recovery Factor: 
10 percent, 10-year life ,16275 (TCI) 
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THERMAL INCINERATOR MODEL SPREADHSEET 
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APPENDIX E. 

MODEL PLANTS 
AND 

MODEL EMISSION STREAM CALCULATIONS 
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Figure E-3. Model batch process for liquid reaction 
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TABLE E - 1 .  EMISSION STREAM CHARACTERISTICS FOR SOLVENT REACTION MODEL PROCESS 
WITH ATMOSPHERIC DRYER 

cPc(N-2) 
M u r k  
bebaa 

2.64 
7.82 
m.54 

727.00 
2151.6l 
8W9.12 

U I W  VOLATILITY I 8  20 I5 0.6% 0.29 264 2.64 
MoLmtAlEvOLATILITY I 8  20 I 5  12.6% 2.82 26.08 %.a 

HIGH VOLATILllY I 8  20 IS 57.- 30.02 m.u 271.66 

TDTALMSPUCEMENTEMISSlONS LOW VOLATILITY 
(Ikw) MODERATE VOLATILITY 

HIGH VOLATILITY 

727.00 
7172.28 
7635S.65 

ReAclWls 

M 
I I 
UI 

Low VOLATIUTY 
MODERATE VOLATILITY 

HIGH VOLATILITY 

30 
30 
30 

20 
20 
20 

I5  
I 5  
I 5  

0.1% 
3.1% 
145% 

0.12 
1.17 
12.51 

a 12 
1.17 

125.1 

0.12 
1.17 
1251 

0.12 
1.17 
5.63 

Low VOLATILITY 
MODERATE VOLATILITY 

HIGH VOLATILITY 

30 
30 
30 

5 
S 
5 

a io 
as2 
S.13 

0.10 
0 5 2  
5.13 

0. I 
0.52 
S.13 

0. IO 
0.52 
I .a5 

Low VOLATILITY 
MODERATE VOLATILITY 

HIGH VOLATILITY 

I 5 0  
I 5 0  
I50 

37 
31 
37 

3 
3 
3 

0.5% 
7.5% 
27.2U 

0.39 
2.65 
22.19 

am 

n.19 
265 

a39 
2.65 
22.19 

0.39 
1.35 
5.33 

I Enpr-plrlir U I W  VOLATILllY 
MOOFRAlE VOLATILITY 

HIGH VOLATILITY 

100 
100 
100 

20 
20 
m 

a I% 
27% 
12.8% 

0.06 
0.5 
1.5 

a06 

I .so 
aso 

0.06 
0.30 
I 3 0  

0.06 
0.32 
1.26 

IOTALReACRM EMISSIONS U I W  VOLATILITY 
-ATE VOLATILITY 

HIGH VOUTILITY 

1u.a 
1332.6S 
1136530 

I a4.a  
925.91 
3w6.79 



TABLE E-1. (continued) 

0.06 ~ V o u n u n  3 20 

HMH vounuly 3 20 30 14.5% 2.50 5.00 

30 0.1% 0.02 
MODERAIEVOUTILITY 3 20 30 3.1% 0.23 0.47 

0.03 Low VOUTl In -Y  20 20 3 0.1% 0.02 
MODERATEVOUTIUTY 20 10 3 3.1% 0.16 0.31 

HIGH V O u l l u l y  20 20 3 14.5% 1.67 3.34 

mALCPWlRIFUGE EMlssKmS Low v O U T I m  
MODERATE VOLATILITY 

1 (b-1 
o\ HIGH voLAnun 
M 

Low V O U T I L n r  
MODERATE VOLATILITY 

HIGH VaAllLCrY 
Low VOlATIUTY 

HIGH V a A n u r Y  
U I W  VOLATllnr  

HIGH V a A n U n  

Low VOLATIUTY 
MODERATE VOUTIUTY 

MODERAIEVOLATIUTY 

MODERA~EVOUTIUTY 

HIGH vaAnun 

65 
65 
65 
65 
65 
65 
6s 
65 
611 

do 
60 
60 
240 
240 
240 
60 
60 
60 

a3s 

a 1% 

ais 

am 
a 1% 

0.1% 
0.3% 

0.2% 

a m  

200 
m 
zao 
IbD 

lbD 
20 
20 
20 

la 

m.00 
m m  
m.00 
iaao 
lam 
lam 
mm 
moo m.m 

0.M 
0.47 
5.00 

0.03 
0.31 
3.34 

21.83 
215.U 
2292.w 

mob 
ma0 
m00 
I" 
l a 0 0  
I" 
ma0 
m.oo moo 

I 
I lam 
I lam 

0.05 
0.41 
2.25 

0.03 
0.31 
I .nl 

21.13 
2IS.U 
103 I .83 

20.00 
20.00 
20.00 
11.00 
11.00 
18.00 
2.00 
2.00 
2.00 

I ram 
I IO00 
I IO00 



I 

. .  

S6Wt 
SSSWS 
SLfVl  

IStl 
01'1 
C O X  
60'0 
ZS'O 
10.0 

Sub) 
S L 6 u I  
S L S t  I 

Wt91 
WPI 
WT 
EE'O 
ZZ'O 
100 





M 
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TABLE E-2. (continued) 

Fmiriion 
slrun 
VOC 

Low vounun 
MODERATE V O I A T I W  

HIGH v o u n w n  

U I W  VOUTIUrY 
MOOCRATE VOUl lL lTY  

HIGH VaATlLlTY 

3 20 760 30 ais  0.02 0.m 0.05 0.05 
3 20 760 30 3.1% 0.23 0.47 0.41 0.47 
3 20 760 30 14.5% 2.50 5.00 5.00 . 2.25 

20 20 760 3 0.1% 0.m 0.03 0.03 0.03 
20 20 760 3 3.1% 0.16 0.31 0.3 I 0.31 
20 20 760 3 145% I67 3.34 3.34 I so 

IS 
I5 
I 5  
I2 
12 
I2 
I2 
I2 
12 

50 I 5 0  3aD 
50 I 5 0  360 
50 I s 0  360 
50 82 JI) 

50 82 4)o 

50 23 360 
50 23 360 
50 23 360 

50 12 4m 

n 
n 
n 
I33 
133 
133 
IO 
IO 
IO 

n.m 
n.m 
n.00 
133.00 
133.00 
133.00 
la00 
lo.m 
10.00 

21.83 21.83 
215.38 215.31 
22B.w 1031.83 

nu, 
7200 
7200 
133.00 
133.00 
133.00 
lam 
law 
law 

SIB 
SIB 
SIB 

7.20 
7.20 
7.20 
1350 
13.30 
13.30 
1.00 
I .m 
11)0 

5912.5 
5912.5 
5912.5 

I 



m 
I 

P 
0 

TABLE E-2. (continued) , 

LOW VOlATI l lTY  
LOW VOlATlUTY 

MODEXATE V O U T l l l T Y  
MODERATE VOLATILITY 

HIGH VOUTILT IY  
HIGH v 0 u n L - m  
I.OW VOLATllJTY 

MODI*RATE VOLATllJTY 
IllGH VOLAnLl lY  

I .4 760 5 0.7U 0.01 8.01 0.01 
12.6 25 760 60 0.7U 0.52 0.52 0.52 
5.5 760 5 I4.5U 0.33 0 33 0.33 
14.4 25 760 45 16.84 5% 5.% 5.w * 
28.9 760 5 60.oZ 16.4 16.40 164) 
39.9 25 760 50 72.8% 164.6 161.60 164.t0 

145.: 5 
I729 I5 
497i 5 

0.01 
0.52 
0.09 
2.03 
I .m 
14.ai 

5m.m 
145.75 

4 w . 9 5  

I 



TABLE E-3. EMISSION SI”TEAM CHARAQERISTICS FOR 
LIQUID REACTION MODEL PLANT 

m w v o u n u n  18 20 I5 062 0.29 1.79 1.m I .79 
MODERATEVoLAnLl lY It 20 I 5  12.6% 2.82 17.62 17.62 5.29 

HlGH VOIATIIJTY I8 20 I5 57.9% 30@2 1Bl.61 187.61 20.61 

491.23 491.23 
4846 I4 1453.84 
m9l.65 5615.01 

M I c k r l i r l w l p r l c  
8 

P 
P 

mw VOLA” 
M O D E R A l E V a A n L m  

HIGH VOLATILITY 

50 
30 
30 

20 I5 
20 IS 
20 IS 

0.12 
1.17 
l23l 

0.12 
1.17 
1251 

a12 
1.11 
1231 

0.12 
1.17 
563 

30 
30 
30 

0. I 
032 
5.13 

0.10 
0.52 
5.13 

a IO 
a52 
5. I3 

0.10 
0.52 
I .a5 

IS0 
IS0 
IS0 

37 3 
37 3 
37 3 

05% 
7.5s 
27.2% 

039 
2di 
0.19 

0.39 
265 
22 I9 

aB 
26¶ 
22.19 

0.39 
I 3 5  
5.33 

100 
100 
100 

2o I 
20 I 
2o I 

ai% 
21% 
12.8% 

a06 

130 
am 

OM 
0.32 
I .26 

1u.a 
1332.65 
11m.w 

1u.a 
925.91 
3” 
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TABLE E-4. 

4.5 Digbaulll . 
-*arl) 

I egcl,-Rrli.( 

EMISSION STREAM CHARAGTERISTICS 
FORMULATOR MODEL PLANT 

I D W  vaAnun 
MODERATEvaATIun 

HIGH V O U T I L I T Y  

U I W  VOLATIUTY 
MODERATE VOLATILlTY 

HIGH VOLATILITY 

U I W  V O L A T I U l Y  
MOIJERA'IE V O l A I l L f l Y  

HIGH VOLATILITY 

mw vaAnun 

HIGH vounun 
MODERAlEvOUnm 

FbrrR~c Tenp. Dvrwia 
(mm) 

I5 
I5 
I5 

I5 
I5 
15 

5 
5 
S 

3 
3 
3 

I 
1 
1 

FOR 

VOC 
(4 U) 

O M  
I 2 M  
57.9s 

0.1% 
3.1% 
I4JU 

05% 
75% 
nzs 

0.1% 
2.7U 
12.8s 

as I .2!J I .29 
2 0  12ta 12.69 
30.02 135.01 IMAN 

353.69 
3489.22 

31145.99 

a 1 2  
1.17 
l2Jl 

0. I 

5.13 
asz 

a39 
265 
22.19 

0.06 
03 
I* 

0.12 0.12 
1.17 1.17 
1251 1251 

0.10 a io 
. 032 a52 

5.13 5.13 

a.w a39 
2.45 2.65 
22. I9 22.19 

0.06 am 
030 0.50 
130 1.50 

1w.a 
13326S 
ll%s.so 

. .  

I 



TABLE E - 5 .  ASSUMPTIONS FOR SOLVENT REACTION MODEL PLAN" 
WITH ATMOSPHERIC DRYER 

Basis: 

A. Equipment required for each solvent reaction model batch process 

1 reactor @ 2,000 gallons 
2 weigh tanks @ 1,OOO gallons 
1 mix tank @ 2,000 gallons 
1 crystallizer @ 3,000 gallons 
1 slurry tank @ 3,000 gallons 
2 centrifuges @ 200 e each 
1 distillation unit @ 2,000 gallons 
1 solvent recovery tank @ 1,500 gallons 
1 atmospheric dryer @ 300 ft3 

B. Operation 

Small plant has 3 "model batch process" 
Medium plant has 10 "model batch processes" 
Large plant has 30 "model batch proctsses" 

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 votatility solvent methanol 
High volatility solvent ether 
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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 ft3 each 
1 distillation unit @ 2,000 gallons 
1 solvent recovery tank @ 1,500 gallons 
1 vacuum tray dryer @ 300 f+ 

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-butanoi 
Moderate volatility solvent methanol 
High volatility solvent ether 
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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,OOO gallons 
1 mix tank @ 2,000 gallons 
1 surge tank @ 3,000 gal!c?ns 
1 distillation unit @ 2,000 gallons 
1 solvent recovery tank @ 1,SW gdons 

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 mn 1 X per day 
Plant operates 275 days per year 

C. Chemistry 

For calculations: 
vapor pressure equivalent to: 

LQW 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 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 , 

Far calculations: 
vapor pressure quivalent to: 

Low volatility solvent n-butanol 
Moderate volatility solvent methanol 
High volatility solvent ether 

E - 1 7  
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TABLE E-9. EMISSIONS FROM SOLVENT REACTION MODEL PLANT 
W I T H  ATMOSPHERIC DRYER 

MODEL €%A!! EMISSIONSO~~~T) 

SMALUNC 
LOW VOLATILITY 333236 

MODERA’E VOLATILITY 3613SO 
HIGH VOLATILITY 749367 

MEDILTM(NC 
LOW VOLATILITY 1.1O9.676 

MODERATE VOLATILITY 1203296 
HIGH VOLATILITY 2.495393 

LARGUNC 
LOW VOLATILlTY 3332360 

MODERATE VOLATILl’IY 3.613502 
HIGH VOLATILITY 7,493.673 

MODEL PLANT EMISSlONS(-) 

SMALVNC 
LOW VOLATILITY 166.62 

MODERATE VOLATILl’IY 180.68 
HIGH VOLATILIIY 374.68 

M E D W C  
LOW VOLATILITY SS4.84 

MODERA’E VOLATILITY 601.65 
HIGH VOLATILITY 1247.70 

LARGUNC 
LOW VOLATILITY 1666.18 

MODERATE VOLATILITY 1806.75 
HIGH VOLATILITY 3746.84 

SMAuI (cpc  
36236 
44.621 
a6.a 

=ruMcPc 
120,666 
148390 
288388 

LARGEKPC 
362360 
44621s 
866.03 1 

SMAIlJc#1 
18.12 
22.3 1 
43.30 

MEDTuM/cpc 
60.33 
74.29 
144.19 

LARGVC#: 
181.18 
223.11 
433.02 

NC = NO Cmld 
c#: =Current pharrmceutical Control 

1. Fa surfse condenscn on sources emitting: 
- 2 X  fa YR30(”Hg 
-1X: fa lSOdP<300mmHg 
-0c for n.s<vP<1So”Hg 
1oc fa 52<W47.5”Hg 
2 X  fa 2.6eVP42”Hg 

2. Air dryas emitting OVQ 330 W&y controlled to 90% 
3. Air dryus aniuing <333 Wday only allowed to emit 33 Wday 
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TABLE E - 1 0 .  EMISSIONS FROM SOLVENT REACTION MODEL PLANT 
W I T H  VACUUM DRYER 

MODEL KANT EMSSIONSOb&W 

MEDIUMNC 
Low VOLATILrrY 601.43S 

M O D E M E  V0LAT"rY 635,0!lS 
HIGH VOLATILITY 1987,152 

S M A L K F C  
20974 
2939 
71341 

M E " T .  
69842 
97,765 

237364 

LARGECPC 
209.735 
293390 
713.406 

MODEL PLANT EMISSIONS(-) 

SMALUCPC 
10.49 

104.36 14.68 
35.67 

s w c  
LOW VOLATILITY 90.3 1 

HIGH VOLAllLITy 298.37 
MODERATE V O U T l L m  

M E D W C  
LOW VOLA" 300.72 

HIGH VOLATILITY 993.58 
MODERATE VOUTILrrY 347.53 

LAReEtNc 
LowvolATILlTY 903.06 

MODERATE VOLATILfiy 1043.63 
HIGH VOLATlLRY 2983.7 1 

MEDIUIWFC 
34.92 
48.88 
118.78 

LARGEmc 
104.87 
146.79 
356.70 

NC-NoCocltrd 
CPCrCumntPhsmPceuoialCd 

1. F a r s l l r f r c e c ~ o a r w ~ e r ~ O i n g :  
-2X f a  VbM(hmH8 
-1x: f a  1ukvP-g 
- o c f a 7 7 ~ v P < l u " H g  
tOC for S2dPc77.5mHg 
2SCfa26cvP42mmHg 

2. Air dryas emitting O V Q  330 Wday caroolled to 90% 
3. Air dryas miaing < 3 3  wday only allowed to emit 33 W&Y 
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TABLE E-11. EMISSIONS FROM LIQUID REACTION MODEL PLANT 

MODEL PLANT EMISSIONS(1hW 

SMALUNC 
LOW VOLATlLITY 2463 

MODERA’IE V 0 L A ” Y  23,726 
HIGH VOLAllLrrY 338.1% 

M E D m  
LOW VOLA” 8,202 

MODERATE V 0 L A “ Y  79,006 
HIGH VOLA’TlLrrY 1,126,194 

LARGUNC 
LOW VOLATILITY 24,632 

MODERATE VOLAlllXIY 237m 
HIGH VOLATILITY 3381.965 

MODEL PLANT EhUSSIONS(tons/yr) 

SMALUNC 
LOW VOLATILITY 1.23 

MODERATE V 0 L A l ” Y  11.86  
HIGH VOLATILITY 169.10 

MEDNMMC 
LOW VOLATILITY 4.10 

MODERATE VOLATLITY 39.50 
HIGH VOLATLrrY 563.10 

LARGUNC 
LOW VOLATILITY 12.32 

MODERAT€ V 0 L A “ Y  1 18.63 
HIGH VOLATLrrY 1690.98 

SMAIlJc#: 
2.463 
8882 
4233s 

LARGXPC 
24,632 
88,818 
42335s 

S h 4 A L L K X  
1.23 
4.44 
21.17 

MEDTuMIc#: 
4.10 
14.79 
70.49 

LARGXPC 
1232 
44.41 
21 1.68 
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TABLE E-12. EMISSIONS FROM FORMULATION MODEL PLANT 

MODEL PLANT EMISSIONS(IWyr) 

LOW VOLA" 1,613 
MODEIUTE VOI.Al"Y 14.466 

HIGH VoUTlLITY 14S334 

SMAUINC 

LOW VOUTlLrrY 
hE"c 

5.372 
MODERATE VOLATILITY rS,-1to 

HIGH VOLATILITY 484,630 

LARGUK: 
LOW VOUTILrrY 16,133 

MODERATE VOLATILITY 144.656 
HIGH VOLATlLITy 1.45534S 

MODEL KANT EMISSIONS(tonr/yr) 

LOW VOLATILITY 
MODERATE VO1,ATILITY 

HIGH VOLATILITY 

LOW VOLATILITY 
MODERATE VOLATILITY 

HIGH VOLATILITY 

LOW VOLA" 
MODERA'IE VOLATILITY 

HIGH VOLATILITY 

SMAllJNC 
0.8 1 
7.23 
72.77 

MEDCUMMC 
2.69 
24.09 

242.3 1 

LARGUNC 
8.07 
M.33 

72767 
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Model Emission Stream Calculations 

OPERATION REFERENCE 2.1.1 

Reactors 
2.1.1.2.1 -a without D a g  

Assume reactor volume of 500 gallons (350 gallons to fill) 

Filling occurs at 2OoC (Room Temperature) 

Flowrate 

A. Low volatility (n-Butanol) 

4.4 nanHg/760 nrmHg = 0 . 0 0 5 8  = 0 . 6 %  

Total lb VOC. e vent 

(4.4 “ H a )  (3.12 ft 3/min) ( 7 4  lb/lbmol) (15 min/event) 
998.9 7 mmHa*ft3 (293K) 

- 

lbmol OK 

= 0.05 lb/event 

B. Medium volatility (methanol) 

uu 
92 “ H g / 7 6 0  “Hg = 0.121 = 12.0% 

Total lb VOC. event 

(92 au- (32 lb/lbmol) (15 min/event) 
[- , (2933) 

lbmol e K 

= 0.5 lb/event 

C. High volatility (ether) 

mL!x 
442 “~g/760 mmHg = 0.582 = 5 8 . 0 %  

E-22 
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( 7 4  lb/lbmol) (15 min/event) 
99e.9 7 nanHa*ft (293K) 

lbmol K 

= 5 lb/event 

2.1.2.2.1 ‘ a with ~ u r ~ e  

flow rate out of reactor = purge rate 

A. Low volatility (n-Butanol) 

U l Q G  
4 . 4  rrnHg/760 nanHg = 0.0058 = 0 . 6 %  

Assume 10% of saturation 

(0.10) ( 0 . 6 )  = 0.061.  

( 7 4  lb/lbmol) (15 min) (760 “Ha) (0.0006) (30 ft 3 /minr 
998.9 7 “Ha.ft3 (293K) 

lbmol K 

- 0.05 lb/event 
B. Medium volatility (methanol) 

uu 
92 mmHg/760 llllmHg = 0 . 1 2 1  - 12.01.  

Assume 10% of saturation 

(0.101 (12.0) = 1.2% - 
( 7 6 0  mer) (0.012) ( 3 0  ft 3 / ~  (32 lb/lbmol) (15 min) 

(293K) 
lbmol * K  

= 0 . 4 5  lb/event 
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C. High volatility (ether) 

um 
442 rranHg/760 = 0 . 5 8 2  = 5 8 . 0 1  

Assume 1 0 1  of saturation 

(0.1) ( 5 8 . 6 )  = 5 . 8 1  

a1 lb VOC. e v w  

( 7 6 0  w u )  ( 0 . 0 5 8 )  ( 3 0  ft 3 /min) ( 7 4  lb/lbmol) ( 1 5  min) 
9 9 8 . 9  7 InmHa.ft.3 (293K) 

lbmol K 

- 5.0 lb/event 
2 .l. 1 . 2 . 2  Heatuo w i w t  Durae 

Assume reactor volume is 500 gallons. (Headspace is 
150 gallons) 

A. Low volatility (n-Butanol) 

Flow rate. Emissions 

VP of n-butanol 8 30 percent - 1 7 . 8  "€39 

ft3 (150 gal) 
I an - 760 - 4 . 4 )  - ( 7 6 0  - 1 7 . 8 )  

(273  + 20)K (273  + 30)K 
lbmol O K  

an = 0 . 0 0 2 6  lbmoles gas displaced 

0 . 0 0 2 6  lbmole qas displaced 379 ft3 = ft3 displaced 1 lbmol 
1 ft3/5 min = 0.2 ft3/min displaced (average flow rate) 

. xunHg + ( 17.8 1 mrnHg I 0.0026 lbmoles) 
760 - 1 7 . a  gas displaced "t = ( 7604:44 

2 
. nt = 0.000039 lbmoles n-Butanol (MW = 74  lb/lbmol) 

(0.000039 lbmol n-butanol) ( 7 4  lb/lbmoll 

nt = 0.003 lb n-Butanol 
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B. Medium volatility (methanol) 

Flow rate. Emissions 

VP of methanol @ 3OoC - 165 “Hg 
ft3 

(150 gal)( 1 

998.97 ma*ftOL 
760 - 92) "Her - -y 7.48 a - 1 P 

(273 + 20)K (273 + 30)K 
I 

lbmol K 

A L  = 0.00634 lbmoles gas displaced 

- 0.48 ft3/min 3 l  5 min I lb&ft 
92 165 

760 - 92 760 - 165 

- 37 
: “ g + ’  ; “Hg 

n =  
t 2 

nt = (0.0013 lbmol methanol) (32 lb/lbmol) 

nt - 0.0013 lbmoles methanal (MW - 32 lb/lbmol) 
nt - 0.04 lb methanol 

C. High volatility (ether) - 
VP of ether 3OoC = 661 m g  

20) K (273+30)K ’ 

1bmol’K 

~ an = 0.0152 lbmoles gas displaced 
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A n t  = I 442 ) m g  + ‘ 661 nanHg [0.0152 lbmoles] 
760 - 442 760 - 661 gas displaced 

2 

= 0.0613 lbmoles ether (MW = 74 lb/lbmol) nt 

(0.0613 lbmol ether) (74 lb/lbmol) 

nt = 4.5 lb ether 

2.1.1.2.2 JIeatur, with ~ u r ~ e  

Assume flow rate - 30 acfm and 10% of saturation 
- Temperature increases from 20 to 3OoC 

A. Low volatility (n-Butanol) 

(0.10) (30 acfm) (4.4 rranHs) = o ~ o o o o 4 5  lbmol/min 3 (initial 
998.97 nrmHq-ft’ (293K) 

lbmol-K 

(o- lo)  (30 acfm)!17.8 I 0.000176 lbmol/min (final) 
998.97 XIIXMq*ft’; (303K) 

lbmol-K 

Calculate average 

(0.000045 + 0.000176) lbmol/min 
2 

= 0.00011 lbmol/min n-butanol (MW = 74 lb/lbmol) 

0.00011 lbmol n-butanol 
min 

= (0.008 lb/min) ( 5  min) = 0.04 lb n-butanol 
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B. Medium volatility (methanol) 

( O a l O )  (3G (92 -‘) = 0.000943 lbmol/min (initial) 998.97 IllmHq-ft 3 1 (293K) 
1bmol.K 

(o.lo) (30 
I 998.97 nrmHq.ft3 
‘ lbmol-K 

- 0.00164 lbmol/min (final) 
1 (303K) 

Calculate average 

(0.000943 + 9.00164) lbnol/min 
2 - 0.0013 lbmol/min methanol (MW = 74 lb/lbmol) 

0.0013 lbmol methanolj74 lb 
min I lbmol 

- (0.04 lb/min) ( 5  min) - 0.2 lb methanol 
C. High volatility (ether) 

(o.lo) (30 (661 = 0.0066 lbmol/min (final) 
I 998.97 -q-ftl 3 (303K) 

1bmol.K 

Calculate average 

(0.0045 + 0.0066) lbmol/min 
2 

= 0.00555 lbmol/min ether (MW - 74 lb/lbmol) 
0 .00555  lbmol ether 74 lb 

min 1 lbmol 
- (0.411 lb/min) ( 5  min) = 2 lb ether 
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2.1.1.2.2 React ion wit~h ~ u r ~ e  

This event actually is the purging of a reactor prior to 
charging (or sampling). 

Assume temperature = 310K acd 1‘3% c5 saturation 

A. Low volatility (n-Butanol) 

VP n-butanol 0 310K = 16 nunHg 

, 998.97 naHq-ftJ, (310K) 
lbmol-K 

= 0.00077 lbmol/min n-butanol jhk! = 74 lb/lbmol) 

0.00077 lbmol n-butanol’74 lb 
min I i E i  

= (0.057 lb/min) ( 3  min) = 0.17 lb n-butanol 

B. Medium volatility (methanol) 

VP methanol at 310K = 229 “Hg 

(0.10) (150 acfm) (229 mtEq) = o.oll lbmol/min 3 998.97 “Hq-ft , (310K) 
lbmol-K 

= 0.011 lbmol/min methanol (MW = 32 lb/lbmol) 

0.011 lbmol methanol’32 lb 
min I lbmol 

= (0 .355 lb/min) ( 3  min) = 1.1 lb methanol 

C. High volatility (ether) 

= 0.0368 lbmol/min ether (MW = 74 lb/lbmol) 
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0.0368 lbmol ether174 lb 
min I lbmol 

= (2.72 lb/min) ( 3  min) = 8.2 lb ether 

2.1.1.2.3 -tor vacuum trgllgfer 

cont 
resu 
reac 

Vacuum transfer would typically occur when transferring the 
ents of a 55 gallon drum to a reactor. The emissions would 
It from displacing air saturated with VOC's out of the 
tor prior to drawing in new product. 

Air displaced: assume 500 gallon reactor 

A.  Low volatility (n-butanol) 

(760 nanHs) (500 saU7.48 qal/ft 3 1 I o,1735 lbmol 
998.97 nanHq*ft 3 (293K) 

lbmol .K 

(100 nanHq) (500 qa1/7.48 qal/ft 3 1 I o.0228 lbmol 
998.97 nanHq.ft 3 , (293K) 

1bmol.K 

0.1735 lbmol - 0.0228 lbmol = 0.1507 lbmol 

Flow rate 

0.1507 lbmol 
10 min 

3 3 1 = 5.7 ft /min 

VOC emissions 

A. Low volatility (n-butanol) 

VP @ 2O0C = 4.4 naHg 

Assume saturation; volt ranges from 0.6 to 4.4 

Total VOC emissions based on average vole . 

(0.6 + 4.4)/2 = 2.5 vole 

(0.1512 lbmol) (0.025) (74 lb/lbmol) = 0.3 lb n-butanol 
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B. Medium volatility (methanol) 

VP @ 2OoC - 92 “Hg 
92 “Hg/760 “Hg = 12.1 Volt 

92 “Hg/lOO “Hg - 92 ~ 0 1 %  

Total VOC emissions based on average vol% 

(12.1 + 92)/2 = 52.1 volt 

(0.1512 lbmol) (0.52) (32 lb/lbmol) - 2.5 lb methanol 
C. High volatility (diethyl ether) 

VP 0 2OoC = 442 MmHg 

442 rranHg/760 nanHg = 58.2% 

Assume 100 voll; at 100 “Hg 

(58.2 + 100)/2 = 79.1 Volt 

(0.1512 lbmol) ( 0 . 7 9 1 )  (74 lb/lbmol) = 8.9 lb ether 

2.1.1.2.3 Pressure tzmaf.gx 
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: 

(2 ft3) (0.01) - 0.02 ft3 in liquid form 
A. Low volatility (n-butanol) 

VP 0 20oc - 4.4 “Hg 
Specific gravity = 0.81 

3 150 ft ] (  4.4 “HQ] (min) I 
(o‘lo)‘,in 760 “Hg 

~ 

3 lbmol 998.97 nrmHq-ft (293K) 
lbmol .K 0.02 ft3(62j4 lbl ( 0 . 8 l ) I ~ ~ I (  

et 
L b  

760 “Hg 

0.087 x min - 5.26 ft3 gas 
x = 60 minutes (assuming 10% saturation of the stream) 
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B. Medium volatility (methanol) 

VP 0 2OoC - 92 “Hg 
Specific gravity - 0.792 - 

92 “Hq~ (min) = 150 ft’ 
760 “Hg (0.10)(-][ min 

lbmol 998.97 nrmHq-ft 3 (293K) 
0.02 ft I 6204 Ib) (0.792)(32-)[ 1bmOl.K (ft? 

760 “Hg 

1.82 x min - 11.9 ft3 gas 

x = 6.5 minutes 

C, High volatility (diethyl ether) 

VP 0 2OoC - 442 “Hg 
Specific gravity - 0.8 

I 150 ft3. I 442 “Hq, 
, (min) = (o.lo) =*760 mHg 

1 (293K) 3 ,  62.4 lb; ( o . 8 ) c  - I  lbmol, 998.97 “Hq.ft3 
‘ 74 lb” 1bmol.K 0.02. ft 

.+3  

8.72 x min - 5.2 ft3 gas 

x = 0.596 minutes 

2.1.1.2.3 m t v  reactor Dura- 

A. Low volatility (n-butanol) 

- 0.0011 lb/ft3 
Standard industry practice (Chapter 3) 

(500 gal) (ft3/7.48 gal) - 67 ft3 
100 ft3/67 ft3 - 1.5 vessel volume changes 
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(0.0011 lb/ft3) (0.22) - 0.000242 lb/ft3 
Emissions = 67 ft3 (0.0011 lb/ft3 - 0.000242 lb/ft3) = 0.057 lb 

B. Medium volatility (methanol) 

(92 nmrHg) (32 lb/lbmol) 3 - 0.0101 lb/ft 
998.97 nrmHg*ft3 

( 1 (293K) 
1bmOl-K 

Emissions = 67 ft3[0.0101 lb/ft3 - 0.22(0.0101 lb/ft3)] 
= 0.53 lb 

Emissions - 67 ft3 (0.1118 lb/ft3 - (0.22) (0.1118 lb/ft3) 1 

= 5.84 lb 

Exhaust eo- . .  
A.  Low volatility (n-butanol) 

3 
, 0.000242 lb butanol) ( lbmol, 998.97 “Hq-ft (293K) ,,3 - 2 -  74’‘ lbmol-R - 0.00126 IC air 

760 rtlmHg 
B. Medium volatility (methanol) 

0.00222 lb methanol 
ft3 air 

lbmol) ( 998.97 “Hq.ft; (293K) 
) k E  1bmol.K 

= 0.027 
( 

760 “Hg 
C. High volatility (diethyl ether) 

3 0.0246 lb diethyl ether lbmol 998.97 “Hq-ft (293K) 
I +TE)[ lbmol - K ft3 air - 0.128 760 “Hg 
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See example 2-14. 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. 
flowrate is constant over the duration of the filtration, 
although we know it will decrease with decreasing pressure. 

For simplicity, we have to assume that the 

Midpoint of pressure range = 1,665 “Hg - 

The range is from 1.2 to 4.0 ft3/miri 

A. Low volatility (n-butanol) 

VP 0 27OC = 6.5 firmHg 

(0.403 lbmol) (6.5 firmHg/2,570 nnnHg) (74 lb/lbmol) = 0.08 lb 

B. Medium volatility (methanol) 

(0.403 lbmol) (143 “Hg/2,570 “Hg) (32 lb/lbmol) = 0.72 lb 

C. High volatility (diethyl ether) 

(0.403 lbmol) (596 “Hg/2,570 “Hg) (74 lb/lbmol) = 6.92 lb 

2.1.2.1 Filtercake D- 

Assume 25% of saturation 

N2 stream at 293K 

A. Low volatility (n-butanol) 

3 
(0 .25)  (4.4 nunHg) (100 ft /min) (30 min) 

= 0.0113 lb-1 (0.8 lb) 
998.97 nmHg*ft3 

B. Medium volatility (methanol) 
- 

(0.25) (92 (100 ft3/min) (30 min) = o.236 lbmol (7.f lb) 
998.97 rrPnHq.ftl 3 (293K) 

lbmol-K 
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B. Medium volatility (methanol) 

3 (0.25) (3 ft /min) (92 nanHs) (30 min) (32 lb/lbmol) I o.226 lb 
¶ 

‘ 998.97 m q - f t j  (293K) 
lbmol-K 

C. High volatility (diethyl ether) 

(0.25) ( 3  ft3/min) (442 nnnHq) (74 lb/lbmol) (30 min) I 2.51 lb 
3 998.97 nrmHq.ft 1 (293K) 

(lbmol-K) 
Filtercake cutting/unloading with purge 

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 ft’/min) (4.4 nanHq) (30 min) (74 lb/lbmol) I o.16, lb 
3 

998.97 “Hq-ft’] (293K) 
1bmol.K 

B. Medium volatility (methanol) 
3 (0.25) (20 ft /min) (92 mHq) (30 min) (32 lb/lbmol) I 1.51 lb 

3 998.97 nnnHq.ft (293K) 
lbmol-K 

C. High volatility (diethyl ether) 

3 (0.25) (20 ft /min) (442 “€Is) (74 lb/lbmol) (30 min) I 16.8 lb 

[ 
3 998.97 “Hq-ft 1 (293K) 

lh01 .K 

2.1.3 -u - B l a e r  D r v u  - 

The emission stream characteristics for this unit operation 
are based on data that was reported from industry. 
160 lb 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, 5 0  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 nun) at 4OoC, the 
solvent was assumed to be boiling off the product the entire 
time. 

A total of 

E-35 



This calculation is consistent with Example 6 of Chapter 3. 

The average emission rate over the drying cycle is: 

160 lb/6 hr = 26.7 lb/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. 

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 xunHg to 20 nun?Ig. 
cycle time for this dryer is 36 hours. 

The 

215 lb total ~ lb/hr 
3 6 hours 

- W e  assumed twice this rate for the initial 6 hours, or 
( 6 )  (2) ( 6 )  = 72 lb 

The emissions over the remainder of the cycle are: 143 lb. 
We assumed that the last 6 hours of the cycle only contributed to 
10 lb, and therefore emissions over the middle of the cycle are 
143 - 10 = 133 lb over 24 hours. 

Convect ive Drvera 

The documentation for this model emission stream comes from 
p. 75 of Environmental Pro-s M a w  , May 1990, in which 
180'hg of solvent must be evaporated over the course of  an enti 
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 lb/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 hour8 emits 180 hg - 
90 - 9 - 81 kg (180 lb) or 45 lb/hr. 

re 

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. 5 
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L 

Reported solvent exhaust  ate wad 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). 
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 8 :  

We assume 9 percent of the emissions were 

(15.5 lb) (0.90) = 14 lb 

(14 lb)/(6 hr) = 2.3 lb/hr 

’lbmol, 998.97 “Hq-ft 3 
(293 K) 

d m 27.9 ft3/hr 3 or (2.3 lb/hr)i32 lb lbmol -ic 
0.46 ftJ/min 

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 “Hg (45OC) 

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 25O - cooler on seal fluid 
VP toluene = 28.4 nrmHg 

Discharge of vac. pump is to atmosphere at 760 nunHg 

273 
298 x - = 0.02475 moles air/min 9.7 

359 ft3/lbmol 
moles of air = 

28.4 = - = 0.03737 ‘VOC 760 MW toluene = 92 
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6o min x 0.03737 x 92 lb - 5.1 lb/hr hr 
lb 
hr - = 0.02475 min X 

Steam-iet 

Assume noncondensable gas in-leakage is saturated at 45OC 
with toluene 

In-leakage = 44.6 lb/hr (9.7 scfm) 

Using 

- 1 1  La ('sya 
- ps 'E MwVOL 29 Psys 

1 9 2 ~ -  44.6 760 - 1) 
29 '760 - 74 - 15.26 lb/hr 

Composition of uncontrolled emission stream m a t  have 
motive steam included 

From Perry's (4th) pg. 6-31 Using 100 psi steam 

'oa 760 - I - = 10.3 
'ob 74 

Poa 

'ob 
- 0.0143 

entrainment - roughly 

0.06 lb air/lb steam 

0.06 wb 
'a 

- = -  
1 

In example problem 10, Appendix C, air at 9.7 acfm is 
equivalent to 44.6 lb/hr 

:. steam required 1/0.06 x 44.6 - 743 lb/hr (if single 
stage) - 
92.54 H2* 1.90 To1 
5.56 Air 

743 lb 
15.26 
44.06 
802.86 

mw moles, - 
18.02 41.23 0.9603 

92 0.1659 0.00386 
29 1.53 72 0.03582 

42.9338 0.99998 
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Batch w a t i w  - atmospheric - heat up to boiling point I .  

Solvent RP VP Q 25 0 c 
n - bu tanol 117°-1180 5.6 nrmHg 
Methanol 64.7OC 128 “Hg 
Ethyl ether 34.6OC 553 “Hg 

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 2OOC. 

When heated up to 25O and above - the primary condenser will 
cause condensation and discharge gas stream will be saturated at 
25OC. 

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 - I l i  ( I - (  1 1  

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 
760 - 4 * 4  760 - 5.6 x 0.01785 x 71.2 - 0.0081 lb during 

2 heatup 
^s = 

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 25O -. BP all the remaining noncondeneable (n/c’s) are 

Volume of system 

vented at saturation level 

377 ft3 = 0.9790 moles 
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Butanol 
0.9790 - 0.01785 discharged during heatup - 0.9611 x 392 - 377 acf 
at 25O VP = 5.6 

Y - 5.6/760 = 0.007368 

Pounds butanol discharged - 0.9611 x 0.007368 x 74.12 - 0.525 + 0.0088 - 0.534 lb (total pounds discharged) 
Methanol 

at 25O 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 lb (+0.327 lb during heatup) 
Gas flow during 2nd step of process (during distillation): 

0.919 + 0.186 moles = 1.105 fi1ulka 

At 25OC + 433 acf + 30 min - 14.4 acfm 
Ether 

at 25O 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 ( m ~ )  - 164.6 lb 

Gas flow: 0,8316 + 2.221 = 3.053 mole8 

3.053 x 392 = acf/30 min = 39.89 acfm during 2nd 

process 

sunanarv 

BUtrnOl 

Hump 
20-25 
S > B P  

NIC 
venting 

MeOH 

Hut  

Vent 

Ether 

Hut  

Vent 

Flownte Temp 

1.4 20-25 

12.6 25 

5.5 20-25 

14.4 25 

28.9 20-25 

39.9 25 

step of 

i 

lb/ 
event 

0.01 

0.52 

0.33 

S.96 

16.4 

164.6 

760 

760 

760 

5 

5 14.5 W.S 

4s 16.8 83.2 

0.66 

760 

I 99.34 

S 60 40 

760 160 1 0.74 I 99.26 

760 I n ,  I 72.0 I 21.2 
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APPENDIX F. 

MASS EMISSIONS CURVES 
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APPENDIX G. BATCH PROCESSIKG E W L E  RULE 

~ . 1  INTRODUCTION 

organic compound emissions from batch processing operations. 
example rule is for informational purposes only. 
the example rule is to provide information on the factor8 that 
need to be considered in writing a rule to ensure that it fs 
enforceable. The example rule is provided betlow. Sections 
include applicability, definitions, control requirements, 
performance testing, and recordkeeping/reporting requiremnts. 

This appendix presents an example rule limiting volatile 
The 

The purpose of 

G.2 APPLICABILITY 
(a) The provisions of this rule apply to process vent. 

associated with batch processing operations. 
affected industries is limited to those industries in the 
following standard industrial classification (SIC) codes: 2821, 
2833, 2834, 2861, 2865, 2869, 2879. 

Exemptions from the provisions of this rule except for 
the reporting and recordkeeping requirements listed in 
Section G.8 are am followm: 

annual mass emission total of 10,000 lb/yr or less. 

of X lb/yr or lesa. 

The acope of 

(b) 

(1) 

(2) 

Combined vents from a batch process train which have an 

Single unit operations which have annual mass emissions 

6.3 DEFINITIONS 
The agency responsible for developing a standard must define 

the terms that appear in the language for the standard. 
source category of batch processes, for example, requires a 
definition of the term "batch" as it is used to describa the mode 

The 
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of operation of equipment and pr=esses. 
likely requiro dofining is "ventR. 
has been describd in Chapter 6 applies to any type of gaseous 
emission stream (continuous or batch) containing V0C8s, as long 
as the flowrate and annual mass emission total requirements are 
met. Finally, the terms "flowrate" and "annual mass emissionsn 
also should be defined clearly. Provided below is a listing of 
definitions for terms as they are used in this document. 

means the summation of all process Vemts 
containing VOC8s within a process. 

evaluated before control, from a vent. Annual mass emissions MY 
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 tho 8xp.ct.d 
duration and frequency of the emission or groups of emisaiona 
over the course of a year. 
permitted, the annual mass emissions total should be bzr8.d on tho 
permitted leVel8, whether they correspond to tho maximum design 
production potential or to the actual annual production estimate. 

the amount of time that VOC's are eritted during an emiasfon 
event. 
of sources, the average flowrate is the weighted averaqo of the 
average flowrates of the erisaion events and their annual venting 
time, or: 

Another tern that will 
The feasibility analysis that 

t o t a  means the sum of all emissions, 

For processes that havo k.n 

is defined as the flowrate averaged ovor 

For the evaluation of average flowrate from an aggregato 

Batch refors to a discorrtinuous process involving the bulk 
movement of material through sequential manufacturing stepa. 
Mass, temperature, concentration, and other proporties of a 
system vary with time. 
characterized as %on-steady-state.' 

intermediate or product from start to finish in a batch process. 

Batch processes are typically 

refers to a manufacturing event of an 
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I 

mph c v u  refers to a manufacturing event of an 

m- means an equipment train that is used to. 
intermediate or product from start to finirh in a batch process. 

produce a product or intermediate. 
consists of equipment used for the syntherir, miXing, and 
purification of a material. 

a a l d c v i c c .  are air pollution abatement dwicer, not 
device8 such a8 condensers operating under reflux conditione, 
which are required for procesring. 

the application of a control device, or if no control device ir 
used, the &rrion total. 
wastewater should be considered when the wa8tewafer F. further 
handled or processed with the potential for VOC'r to bo emitted 
to the atmo8phere. 

that may be associated with a single unit of operation. 
example, a displacement of vapor resulting from the charging of a 
vessel with VOC will result in a discrete emirrion event that 
will last through the duration of the charge and will have an 
average flowrate equal to the rate of the charge. 
is then heated, there will also be another dircrete emirrion 
event resulting from the expulsion of expanded verrel vapor 
space. 

A typical equipment train 

1 mean8 the emirrioarr total prior to 

No credit for dirchargo of VOC'r into 

--_ 
can be defined as dircrete venting epirodeo 

For 

If the vcsrel 

Both emirrion events may occur in the same vesrel or unit 
operation. 

applicability, are defined a8 any equipment within a contiguour 
area that are connected together during the courre of a year 
where cona8ct.d ir defined as a link between equipant, whether 
it is phyrical, ruch as a pipe, or whether: it ir n u t  in a series 
of step8 from which material is traruferred fran one unit 

-, for the purpose of determining RACT 

operation to another. 

mode but only for finite duration0 during the courre of a year. 
For example, a rteady-state diotillation operation that functions 
for 1 month would be considered semi-continuous. 

operation8 are conducted on a rteady- state 
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t OD- 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 ptmpsp steam ejectors, and atmospheric vents from 
reactors and other process vessels. 
valve discharges. 
unit operations also would be considered process vents. 

is defined by the following: 
materials are defined for this analysis as those which have a 
vapor pressure less than or equal to 75 “Hg at 20 .C ,  moderate 
volatility materials have a vapor pressure greater than 75 and 
less than or equal to 150 “Hg at 2 0 ’ C ;  and high volatility 
materials have a vapor pressure greater than 150 “Hg at 20’C. - 
To evaluate VOC volatility for single unit operation8 that 
service numerous VOCs or for processes handling multiple V m 8 ,  

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 : 

Vents also include relief 
Equipment exhaust systems that discharge from 

low volatility 

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. 
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 

The cutoff equations are specific to volatility. 
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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 MISSION 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. 
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). 

Engineering estimates should 

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 rat0 i.8 
often the flow that was assumed in the design. 
be aware that oversized gas moving equipment used in manifold8 
may exempt many unit operations and batch processem from the 
cutoff requirements because the flowrates will exceed tho80 
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 w i t h  
the requirements of measuring incoming volumetric flow rate as 
described in GO6(b)(2). 

Regulators 8huld 

G.6 PERFORXANCB 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. 

be used to comply with the percent reduction efficiency 
requirement listed in G.4. 

(b) The following methods in 40 CFR 6 0 ,  Appendix A, shall 

G-5 



(1) Method 1 or lA, as appropriate, for selection of the 
sampling sites if the flow measuring device is a rotameter. 
traverse is necessary when the flow measuring device is an 
ultrasonic prok. 
determination of vent stream VOC composition reduction efficiency 
shall be prior to the control device and after the control 
device. 

No 

The control device inlet sampling site for 

(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) 
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 1-minute intervals between 
measurements throughout the batch cycle. 

control device shall be determined by combining continuou8 
concentration and flow rate measurements at simultaneous point8 
throughout the batch cycle. 

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. 

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 ma.. flow totals by the inlet ma8s flow total. 
G . 7  XONITORING REQUIREMENTS 

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. 

continuous recorder and having an accuracy of f 0 . 5 . C .  

The sampling tine for each run will be the entire 

(ii) The emission rate of the process vent or inlet to tna 

(iii) 

(iv) The efficiency of the control device shall be 

(a) The ovMr or operator of an affected facility that uses 

(1) A temperature monitoring device equipped with a 
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(i) Where an incinerator other than a catalytic incinerator 
is used# a t q r a t u r e  monitoring device shall be installed in 
the firebo%. 

monitoring devices shall be installed in the gas Stream 
immediately before and after the cztzlyst bed. 

a flare to seek to comply with G.4 shall install, calibrate, 
maintain and operate according to manufacturer's specifications 
the following equipment: 

(ii) Where a catalytic incinerator is Used, temperature 

(b) The owner or operator of an affected facility that uses 

(1) A heat sensing device, such as an ultra-violet bear 
sensor or themOCoupl8, at the pilot light to indicate continuou 
presence of a flame. 

The owner or operator of an affected facility that usom 
an absorber to comply with G.4 shall install, calibrate, 
maintain, and operate according to ~~anufacturer's spacificatiOn8 
the following equipment. 

A scrubbing liquid temperature monitoring dovice h8ving 
an accuracy of fl percent of the temperature being monitored 
expressed in degrees Celsius or f0.02 specific gravity unit, each 
equipped with a continuoua recorder, or 

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. 

a condenrrer or refrigeration system to comply with G.4 shall 
install, calibrato, maintain, and operate according to 
manufacturer'm specifications the following equipment: 

with a continuous recorder and having an accuracy of f3, percent 
of the temperature being monitored expressed in degrees Celsius 
of f0.5.CI whichever is greater, or 

concentration level of organic compounds exiting the recovery 

(c) 

(1) 

( 2 )  An organic monitoring device used to indicato tho 

(d) The ownor or operator of an affected facility that usem 

(1) A condenser exit temperature nonitoring device equipped 

( 2 )  An organic monitoring device used to indicate the 
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device based on a detection principle such as infra-red, 
photoionization, or thermal Conductivity, each equipped with a 
continuous recorder. 

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: 

An integrating steam flow monitoring device having an 
accuracy of 210 percent, and a carbon bed temperature monitoring 
device having an accuracy of fl percent of the temperature being 
monitored expre~sed in degrees Celsius or f0.5*C, whichever is 
greater, both equipped with a continuous recorder, or 

concentration level of organic compounds exiting the recovery 
device based on a detection principle such as infra-red, 
photoionization, or thermal conductivity, each equippad w i t h  a 
continuous recorder. 

(e) 

(1) 

( 2 )  An organic monitoring device used to indicate the 

G.8 REPORTING/RECORDKEEPING REQUIREMENTS 
(a) Each batch processing operation subject to this rule 

shall keep records for a minimum of two years of tho following 
emission stream parameters for each proceas 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 km the calculations coupled with 
the expected or permitted (if available) number of emission 
events per year. 
from measurement in accordance w i t h  G.6, this data should bet 
available. 

verifying these values: 

shall keep records of the following parameter8 required to be 
measured during a performance test required under G.4, and 
required to be monitored under G.6. 

If the annual mass emission total is obtained 

(2) 

(b) 

The average flow rate in scfm and documentation 

Each batch processing operation subject to this rule 
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(1) Where an owner or operator subject to the provisions of 
this subpart seeka to demonstrate compliance with G.4 through use 
of either a thermal or catalytia incinerator: 

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 

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 teat, continuous 
records of the flare pilot flame monitoring, and recorda of all 
periods of operations during which the pilot flame is absent. 

this subpart seeks to demonstrate compliance with G.4: 

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 sa" ti- period of 
the performance testing (both measured while the vent stream i 8  

routed normally), or 
Where a condenser is the control device, the average 

exit (product side) temperature measured continuously and 
averaged over the same tima period of the performance twting 
while the vent stream is routed normally, or 

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 

(i) The average firebox temperature of the incinerator (or 

( 2 )  

- 

( 3 )  

(i) 

Where an owner or operator subject to the provisions o f  

Where an absorber is the final control device, the exit 

(ii) 

(iii) Where a carbon adsorber is the control device, the 
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(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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