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10.0 VOC Emissions

Pro-Designer performs primary volatile organic compound (VOC) emission
calculations from batch manufacturing facilities and secondary emission calculations
from end-of -pipe treatment processes.

10.1 Primary VOC Emissions

Pro-Designer performs volatile organic compound (VOC) emission calculations for
several batch operations that are common in the pharmaceutical and specialty chemical
indutries. Futher, it enables the user to specify and track emissions of particulate and
other regulated compounds for which no mathematical models are availableThe
initialization of emission calculations is done through appropriate dialog windows. For
instance, Figure 10.1 displays the emissions dialog of the Charge operation.
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Figure 10.1: Emissions dialog of the “Charge” operation.

The “Emitted 7’ box is checked by default for all compounds that are specified in the
component database as VOCs. For particulate and non-VOC compounds, for which no
mathematical models are available, the user has the option to specify the “Emission
%"
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The VOC emission models are based on EPA guidelines (OAQPS, Control of Volatile
Organic Emissions from Manufacture of Synthesized Pharmaceutical Products, EPA-
450/2-78-029, December 1978 and OAQPS, Control of Volatile Organic Compound
Emissions from Batch Processes, EPA-453/R-94-020, February 1994). A description of
the current VOC emission models follows:

Displacement - Emission Model

Thismodel isused in the “ Charge” and “ Transfer In” operations. It accounts for
emissions when aliquid mixture is transferred into avessel. The model assumes that
the displaced gas volume is equal to the volume of liquid transferred into the vessel.
The receiving vessel may be empty or contain aliquid mixture from prior operations.
The displaced gasis assumed to be saturated with VOC vapor(s) at the exit
temperature.

The amount of aVVOC compound i emitted during a charge or transfer in operation is
calculated using the following equation:

m = PX g(TMwi) v
where: m; = mass of VOC component i emitted [kg]

pi = vapor pressure of component i at T [Pa]

Xi = mole fraction of component i in the liquid mixture

MW, = molecular weight of component

Vr = volume of displaced gas[m3]
R = ideas gas constant [8,314.5 Jkmol-K]
T = exit temperature [K]

Dividing m; by the cycle time of the unit procedure yields the emission rate in kg/h.
Please note that the rate is averaged over the cycle time of a procedure. If severa
operations of a unit procedure contribute to VOC emissions, the total emissions from
that procedure are combined and averaged over its cycle time.

The vapor pressure, p;, is calculated using Antoine’s equation or DIPPR’s polynomical
expression depending on whether the component properties are retrieved form the
SuperPro or DIPPR databases, respectively.

The exit temperature, T, is set equal to the temperature of the condenser. If no
condenser is available, then, it is set equal to the final temperature of the liquid
mixture (at the end of the addition). The temperature of the liquid mixture may change
if the transferred liquid has a different temperature from that of the initial contents of
the vessel.

Evacuation - Emission M odel

This model isused in the “ Evacuate” and “Vent” operations. It accounts for emissions
when the pressure of avessdl is reduced. The model assumes that there is no leakage of
air into the vessel even if the final pressure is below atmospheric. It is aso assumed
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that there is no temperature change during the operation and that the displaced gasis
saturated with VOC compounds at the exit temperature of the vessal.

The moles of aVVOC compound i emitted during an Evacuation operation are
calculated using the following equation:

p; (X))
P

inert

n

inert

where: n; = VOC component i emitted [kmoles]
pi = vapor pressure of component i at T [Pa]
Xi = mole fraction of component i in the liquid mixture
Ninet = iN€Ert gas(es) removed during the operation [kmoles]
Pinert = average partial pressure of inert gas(es) during the operation [Pa)

Dividing n; by the cycle time of the unit procedure yields the emission rate in kg/h.
Please note that the rate is averaged over the cycle time of a procedure. If severa
operations of a unit procedure contribute to VOC emissions, the total emissions from
that procedure are combined and averaged over its cycle time.

The partial pressure of inert gas(es) is estimated by considering the initial and final
pressure of the system as well as the vapor pressure of the volatile compounds (which
does not change during the operation). The amount of inert gas(es) removed is
estimated using the following equation:

Ninet =V AP/ RT

Where V isthe gas space volume, APis the system pressure change, and T is the exit
temperature. Essentially, it is assumed that during the operation the total number of
VOC moles in the gas space does not change (the emitted moles are replaced by the
newly vaporized ones) and that the pressure change is entirely due to removal of inert
gases.

Gas Sweep - Emission Model

Thismodel isavailablein the “ Gas Sweep”, “React”, “ Crystallize”, and “Vaporize /
Concentrate” operations. It accounts for emissions that are associated with sweeping a
vessel with aninert gas (e.g., nitrogen, air, etc.). The model assumes that the sweeping
gas leaves the system saturated with VOCs at the exit (condenser) temperature.

The moles of aVOC compound i emitted during a Sweeping operation are cal culated
using the following equation:

ni = pi (XI) ninert
P-2.Xp,
j

where: n; = VOC component i emitted [kmoles]
pi = vapor pressure of component i at T [Pal

p; = vapor pressure of component j at T [Pa]
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P = vessel pressure during the operation [Pa]
Xi = mole fraction of component i in the liquid mixture
Ninet = INErt gas flown through the vessel during the operation [kmoles]

If the vessel contains no liquid material but VOCs are present in its vapor space, then
the emission calculations are done using the following equation:

n =P (X)(V)) (1_0.37N)
RT

where: N = number of volumes (multiple of vessel volumes) of sweeping gas
Vr = vessel volume [m’]

Dividing n; by the cycle time of the unit procedure yields the emission rate in kg/h.
Please note that the rate is averaged over the cycle time of a procedure. If severa
operations of a unit procedure contribute to VOC emissions, the total emissions from
that procedure are combined and averaged over its cycle time.

Heating - Emission M odel

This model accounts for emissions that are associated with heating avessel that
contains a mixture of volatile components. During heating under constant pressure, the
gas of the vapor space undergoes expansion and a fraction leaves the vessel through
the vent. Further, during heating there is an increase in the vapor pressure of VOC
compounds. The removed gas (due to expansion) is assumed to be saturated in VOCs
at the average vessel temperature.

The moles of aVOC compound i emitted during a Heating operation are cal culated
using the following equation:

_ Myt (pi )T1 X (pi )T2 X

n, - i
2 P—ij(pj)Tl P_in(pi)T2
J J

where: n; = VOC component i emitted [kmoles]

pi = vapor pressure of component i at T, (inial) or T, (final) temperature [Pal
p; = vapor pressure of component j at T, (inial) or T, (final) temperature [Pal
P = vessel pressure during the operation [Pa]

Xi = mole fraction of component i in the liquid mixture

Ninet = iNErt gas leaving the vessel during the operation [kmoles]

The amount of inert gas leaving the system is estimated using the following equation:
P_in(pj)T1 P_ij(pi)Tz
j _ i

T T,

inert

Vr
N = —
R

where: R = ideas gas constant [8,314.5 JJkmol-K]
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Vr = gas space volume [m’]
T, =initial system temperature [K]
T, = final system temperature [K]

Dividing n; by the cycle time of the unit procedure yields the emission rate in kg/h.
Please note that the rate is averaged over the cycle time of a procedure. If several
operations of a unit procedure contribute to VOC emissions, the total emissions from
that procedure are combined and averaged over its cycle time.

Gas Evolution - Emission M odel

This model accounts for emissions from reaction operations that involve generation
and release of an inert gas. It is assumed that the gas that |eaves the system is saturated
with VOCs at the exit temperature. The mathematical model isidentical to the Gas
Sweep model. Simply, the released gas plays the role of the sweeping gas.

Vacuum - Emission M od€l

In chemical processing, some operations (e.g., reaction, distillation, etc.) are carried
out under vacuum. Under such conditions, a small amount of air leaks into the vessel
and comes into contact with the contents of the vessel. The model assumes that the air
that leaves the system is saturated with VOCs at the exit temperature. The
mathematical model isidentical to the Gas Sweep model. Simply, the leaking air plays
the role of the sweeping gas. The leak rate must be specified by the user.

Drying - Emission Model

Wet cakes recovered from filtration and cetrifugation operations frequently contain
solventsin their intersticial space. The drying of such cakes resultsin emissions. The
emission calculations are based on simple material balances (inlet minus outlet flow).
By default no control device is associated with drying operations. If a control device
(e.g., condenser, absorber, activated carbon column) is required, it should be added
explicitly using a separate unit and directing the vent streams of the dryer to the
control device.

10.2 Secondary VOC Emissions

Pro-Designer is equipped with rigorous models for calculating VOC emissions from
wastewater treatment plants. There are four types of emission calculation modelsin the
current version of the software. The first type includes emissions from tanks and basins
with quiescent surfaces (e.g., equalizers, neutralizers, clarifiers, thickeners, flotation,
and oil separation units). The removal of VOCs from tanks with quiescent surfaces
occurs due to natural volatilization, i.e., mass transfer across open surfaces. The
second type includes emissions from aerated tanks equipped with surface or diffused
aeration systems. The removal of VOCs from such tanks occurs due to surface
volatilization for mechanically aerated systems or due to stripping for tanks with
diffused aeration systems. The third type includes emissions from trickling filters.
Trickling filters are modeled as packed-media systems in which volatilization is the
primary removal mechanism for all VOCs, a conservative assumption for VOCs that
are hiodegradable. Finally, the fourth type includes emission calculation models for
junction boxes. Junction boxes combine wastewater streams flowing into a treatment
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plant. These boxes are usually open to the atmosphere and VOC emissions occur in a
similar manner as emissions from quiescent surface tanks. A description of the VOC
emission models for quiescent and agitated tanks follows below. The emission models
for trickling filters and junction boxes are described as part of their operation models
in the Help Facility (search for the name of those operations).

Quiescent Tanks - Emission Model

Emissions of volatile organic compounds (V OCs) from tanks with quiescent surfaces
(clarifiers, thickeners, equalizers, neutralizers, etc.) occur due to natural volatilization,
i.e., masstransfer across open surfaces. The rate of mass transfer across the air-
wastewater interface is written as follows:

I:\)vol = KL CL A
where: R, (kg/s)

rate of compound removal by volatilization

K, (m/s) = overal masstransfer coefficient
C, (kg/m3) = VOC concentration in bulk liquid
A (m2) = surface area of the tank

K, depends upon both the gas phase as well as the liquid-phase resistances:

1 1 1
— =+

Ko ky Hckg

where k, and k , aretheliquid-phase and gas-phase mass transfer coefficientsin
(m/s), respectively, and H . isthe dimensionless Henry's law constant. The value of

H isretrieved from the chemical component databank.

Two different models have been implemented in order to calculate the individual mass
transfer coefficients of VOCs from quiescent surface tanks. You can either select the

emission calculation model or simply specify the emission percent for aVOC
component.

Thefirst model, which is accepted by the US EPA, utilizes three correlations
formulated by Springer et. al. (1984) to estimate the liquid phase mass transfer
coefficient for aVOC component. These correlations are based upon the wind speed

at ten meters (U ,,) above the liquid surface and the fetch-to-depth ratio (F/D) of the
tank under consideration. "Fetch" isthe linear distance across the impoundment (EPA,
1994).

For F/D < 51.2 (originally developed for 14 < F/D <51.2) ,

0.67
k, =(2.605x10° (F/ D) +1277x1077) U3, (i]

And, for F/D > 51.2,
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0.67
k, =2611x107" U2 ( D, j

ether

where D, and D are the diffusivities of the VOC and ether in water, respectively,

ether

in (m2/s). The above eguations were validated by Springer et al. for U,,>3.25m/s
and may lead to lower accuracy for U ,< 3.25 m/s.

The second model estimates Kk, using the correlations devel oped by Mackay and Yeun
(1983):

k, =10x10™° +341x10™* (U") S¢,*°  for U >03

k, =10x10™° +144x10™* (U")*?*Sc*®  for U <03

Where,

U" =(61+063U,,)° U,

SCL = “L

In both cases, the gas phase mass transfer coefficient is calculated using the equation
developed by Mackay and Matasugu (Hwang, 1982):

k, =10x10° +462x10° U Sc2¥  where Scg =—F¢

pG Da
Where i, and s arethe viscosities of water and air in (kg/m-s), respectively. p,
and pg arethe densities of air and water in (kg/cm3), respectively, and D,, and D

are the diffusivities of the VOC in water and in air in (m2/s), respectively. The values
of U , Mg P, P+ Dy, D,,and D, areretrieved from the component

databank.

The above equations are combined with an overall material balance equation to solve
forC and R,

References
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Agitated Tanks - Emission Model

In agitated tanks, such as aeration basins, VOC emissions result from surface
volatilization and diffused air stripping (if diffused air is used for aeration). The
general material balance equation for a component that biodegrades and is emitted is
given by the following equation:

(Di A
0= (1nput) —(Outpur) (Biochemical} (Sjrface j |2_|ffused|
=\Input UEPUL) | oxidation Volatilization L |r- _ J
Sripping

o 0=QC, -QC-Vr, —K,aVC —Q,K,CF,

where Q isthe liquid flow rate, V isthe reactor volume, Cjp istheinlet concentration,
C isthe outlet concentration which is the same as the concentration in the reactor, rp is
the biodegradation rate, K ais the overall mass transfer coefficient, Qg isthe air flow
rate (in case of diffused aeration), Keq isthe equilibrium constant, and Fst isthe

saturation term (it represents the extent of saturation of the exiting gas stream). In
general, the biodegradation rate is a function of substrate concentration, oxygen
concentration, and biomass concentration. Various expressions are available for the
effect of substrate. The overall equation with a Monod-type substrate expression is

written as follows:
C C
rb = Kmax( j( 2 jx
K, + C/\Kg +C,

where Kmax is the maximum rate constant, K is the half saturation constant for the
substrate, Cq is the oxygen concentration, K g is the half saturation constant for

oxygen, and X isthe biomass concentration. Alternative expressions for the substrate
and oxygen terms are also available. The component databank includes data for Kmax

and K for alarge number of chemical components.
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The overall mass transfer coefficient of aVVOC component is estimated as a function of
the oxygen mass transfer coefficient in wastewater, using a proportionality coefficient,
Yp- Inother words,

(Ki@yoc =Wy (k; @
The value of (KLa)o2 in the wastewater is a user input to the program. Y is given by
the following equation (Hsieh et. al., 1993):

_ 1
l-|'|M_'~IJ 1+ ka

_e
‘ ka

Y isthe dimensionless transfer coefficient proportionality constant and it is calculated
by the following equation (Corsi and Card, 1991):

D02
where D . and D, aretheliquid diffusion coefficients for aVVOC and oxygen in

(m2/s), respectively. The exponent n varies from 0.5 for penetration and surface
renewal theoriesto 1.0 for two-film theory (Corsi and Card, 1991) and istypicaly 0.5
to 0.6 (Mihelcic et. a., 1993). The diffusion coefficients of VOC components are
retrieved from the component databank of the program.

k,aand Kk, a aretheindividual mass transfer coefficients of the VOC in the gas and

liquid phases, respectively, in (s‘l). For mechanically aerated systems, the value of
k,a

9
k, a

is estimated using the following empirical equation (Hsieh et. al., 1993):

k,a
k, a

log (—2=) = - 0.39664 log,, (P/ V) +2.6776

(P/V) represents the mechanical power consumed for surface aeration divided by the
liquid volume of the aeration basin and it is calculated by the program. Alternatively,
you have the option to set the value of kga/ kjaor set the value of thetermin

parenthesis (denoted by RI/Rt on the emission i/o dialog window).

For diffused aerated systems, the Fst term is calculated by the following equation:

vy (K @)o, V
H. Q,

To calculate Y, you have the option to set either the kga/k|a ratio or thetermin
parenthesis (called RI/Rt on the emission i/o dialog window).

Fy =1-exp( )

The equilibrium constant is estimated by:
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_He
= " RT

where Hc isHenry's law constant, R isthe universal gas constant, and T is temperature.

K

The above equations written for each chemical component entering an aeration basin
constitute a set of non-linear equations, which is solved numerically to calculate the exit
concentration and the emission rate of each component.
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10.3

Emissions Report Structure

This report presents information on air pollutant flow from the various procedures of a
flowsheet. For batch processes, the flowrates (in kg/h) represent average flows during
the cycle of aprocedure. For each procedure, the Actual and Permit Allowable
flowrates of the following pollutant categories are included:
a.  Tota Particulate (and its various subcategories),

Total VOC (and its various subcategories),

c.  Acid Gases (and its two subcategories),

c.  Extremely Toxic Gases (ETG) and its two subcategories,
d.  Carbon Monoxide (CO),

e NOX,

f. SO2and

g. BASES

The bottom table of the Emissions Report provides info on total pollutant amounts.

10.4 Emission Limits

You can set emission limits for the various pollutant categories, except for volatile
organic compounts (VOCs) through the dialog that is shown below (select Edit /
Flowsheet Options/ Preferences/ Emission Limits... to bring it up). For VOCs the
emission limit is calculated by the program based on the composition of the various
vent (emission) streams. The emissions report will include warnings if the accumulated
emissions for any of the above categories exceeds the set limit.
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i Emission Limits

Particulates Acid Gazes
Total Particulate [ 0 2265 kash Total &cid Gas | 0.0000 ka‘h
Binlngicall 0.000C kadh HaP-tcid |D.UDDD ka/h
Hadinnuclidel 0.0000 kash
Acid -HAP |IZI.I:IEIEIEI ka/h
.ﬂ.sbestnsl 0.0000 koih cid [non ] .
Diu:u:-cinl 0.0000 ka/h
ETG
LEIEl 0.0000 kadh
=1 I kath Total ETG |IZI.I:IEIEIEI ka/h
I:r+E| 0.0005 ka/h HAP-Gas I 0.0000 kash
et I| ka/h
etal] 0.0045 g Gas [non-HAP) [00000 | kafh
Other F'artiu:ulatel 0.0000 koih
Other
Izer Defined Categaries
Co |1_E!1 44 | kash r |[nu:une] |ooooo kadh
NEI:-:|1_E!‘I 44 [kash r |[nu:une] |oooon  kath
S02[1.8144  kath | [ [lnene] [00000  kath
Base[1.5144  kgth | [T [inone] [00000 kath
k. I Canicel | Help |

Through the above dialog you can introduce four additional used-defined pollutant
categories and specify their [imits. Once a user-defined pollutant category has been
introduced, you can classify any component present in this design case as contributing
to that category (see Pure Component Propertiesin Chapter 3: Pollutant
Categorization).
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