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Abstract: Air pollution prevention and control is one of the key factors for sustainable Environmental Management System. Among all
air pollutants, particulate matter attracted considerable attention of researchers. Particles smaller than 10 pm (PM10) & 2.5 pm
(PM2.5) are associated with a range of respiratory and cardiovascular diseases. Overall collection efficiency of each one of the air
pollution control devices depends on particle size distribution (PSD) of inlet stream. Existing air pollution control strategies does not
consider PSD of particulate matter emitted into atmosphere and its impact on the environment. In the present work a Mixed Integer
Non Linear model has been presented for selection of optimal air pollution control strategy. Collection efficiency of control
equipments based on PSD has been considered. The Optimization model presented minimizes total cost of air pollution control
strategy including economical and environmental cost meeting prescribed emission norms. The efficacy of the model has been
successfully evaluated using a case study of typical process plant. The model presented can be used for selection of optimal emission
norms with minimum social cost

Keywords: economic cost, environmental cost, particulate matter, optimization, mixed integer Non linear programming.

I. INTRODUCTION:

In recent past looking at adverse health impacts of particulate matter, governments all over the world imposed stringent norms
for both stationary and ambient air quality standards. Particular attention is paid to revise emission norms with respect to PM, s
and PMy, in the ambient air (NAAQM Notification GOI 2009). The increased level of ultra-fine particulate matter (PM,s) is
associated with respiratory and cardiovascular diseases (Donaldson et al. 1998). The health effect of ultrafine particulate
emission has been reviewed and analysed extensively (Lekkas et al. 2008; Oberdorster 2001; Brown et al. 2001; Renwick L. C.
et al. 2001). These studies focused mainly on health effect associated due to Ultra fine particles. Ultrafine particles in general
deposit in all regions of the respiratory tract and also escape detection and clearance by macrophages (Oberdorster 2001; Brown
et al. 2001). Renwick L. C. et al. (2001) investigated whether this slowed clearance after exposure to ultrafine particles was due
to a failure in alveolar macrophage phagocyte. The toxicity study of ultrafine particulate especially with traces of metals has
also been carried out by Zhang Q. et al. (2003). The effect of ultrafine concentration in the ambient air has been studied using
mixed effect model which includes measurement of changes in heart rate, blood pressure and heart rate variability due to
exposure to ambient air particles (Cheng et al. 2003).

Despite this, exact quantification of health cost due to air pollutant emission is a challenging task. Akbar et al. (2003)

proposed a method that assess and value the adverse health impacts of exposure to air pollutants. Method of medical costing
using pollutant tracing (Friedrich et al. 2001) involves dispersion studies of the air pollutants right from the source till its final
impact. Filliger et al. (1999) proposed the ‘at least” approach that includes emission inventories and receptor studies for health
cost estimation of air pollution due to road-traffic. Economic health impact due to air pollution by’ value of statistical life’
approach (Lvovsky et al. 1998) includes capacity of money trading by people using the terms like willingness to pay (WTP) and
value of a statistical life (VOSL) to avoid a statistical premature death. The age effects, underlying health conditions and social
cost have also been taken into consideration. The VOSL is also linked with fractions of years of healthy life lost as a result of
illness or disability which is reported as Disability-Adjusted Life Years (DALY). However, effect of the ultrafine and respective
health cost has not been considered yet for optimal selection of air pollution control strategy.
The best way of reducing the health effect of air pollutants is use of efficient air pollution control strategy. In recent past
considerable efforts have been made for designing of air pollution control devices considering variety of operating parameters.
Existing scenario in general uses control devices like, electrostatic precipitator (ESP), cyclone separator, fabric filter (FF) etc.
(Rao 1994; Jiao and Zheng 2007; Shanthakumar et al. 2008) for collection of particulate matter from stationary sources in
industries. The methodologies have been proposed for estimation of collection efficiencies of control devices for ultrafine
particulate matter (PM,s) (Falaguasta et al. 2008).

The mathematical equation for evaluation of collection efficiency of particulate matter of various particle ranges is in
use since last five decades (White 1963). The collection efficiency of cyclone separator has been presented with semi empirical
model, Lagrange approach, Algebraic Slip Mixture Model (ASMM) & Reynolds stress model for prediction of grade
efficiencies (Zhang and Basu 2004; Wan et al. 2008;Qian et al. 2007;Wang et al. 2003). Recent studies also reported with multi-
region separation model and boundary layer separation theory (Jiao and Zheng 2007; Zhao 2005) for determining the cyclone
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efficiency. Moreover, open literature available with three-dimensional, time-dependent Eulerian—Lagrangian simulations of the
turbulent gas—solid flow in a cyclone separator (Derksen et al.2006; Raoufi et al. 2008). Ji et al (2009) investigated performance
of cyclone sepeartor and grade efficiency for extermly low particle concentration. The study of removal of PM2.5 in ESP has
also been reported in the recent past. ( Falaguasta et al. 2008; Jedrusik et al. 2006; Choi and Fletcher 1997). Studies on
particulate removal efficiencies of bagfilters (Cora MG and Hung YT 2002; Shanthakumar et al. 2008) and scrubbers
(Keshavarz P et al 2008; Li S et al. 2008; Bozorgi Y et al. 2006) were also extensively reported.

Optimization has become a major enabling area and evolved from a methodology of academic interest into a
technology that has and continues to make significant impact in industry (Biegler and Grossmann 2004). Since mid of 20"
century efforts are been made to apply mathematical programming for air pollution control. Kohn (1969) has described a linear
programming based optimisation procedure for reduction of pollutant to prescribed norms with available control devices and
varying production rate. The recent studies take into account economic as well as environmental impact into consideration
(Azapagic and Clift 1995, 1999). An optimization model for selection of suitable control option to minimize pollution load and
maximize the profits has been described by Shaban et al. (1997). The mixed integer linear programming (MILP) model
combines the minimization of costs with minimization of environmental impact that is assessed in terms of life cycle
(Papandreou and Shang 2008). Chandra et al. (2009) proposed a mathematical model that described cost analysis of power
generation from coal based power plant. The model considered quality of coal fed, installation cost, energy cost and
environmental cost in terms of ESP efficiency. However the models reported neither considered health cost for optimal
selection of control options nor they incorporated reduction efficiency of air pollution control equipment for ultrafine.

In this paper a MINLP based optimisation program for selection of optimal air pollution control devices considering particle
size collection efficiency is presented. The objective of the program is minimization of total cost consisting of economics cost
& health cost due to emissions of particulate matter including ultrafine (PM, s & PMyp). Effect of regulatory norms on the total
cost is presented after taking various constraints like available budget and maximum reduction efficiency of control equipments.
The efficacy of the proposed model is illustrated by considering case studies of a typical dye intermediate industry. The model
proposed is generic enough for application for selection of optimal air pollution control strategies. The model presented has
following salient features:
e It considers collection efficiencies of control devices with respect to particle size distribution with a special emphasis
on respirable particulate matter.
e It takes into consideration of multiple pollutants emitted from multiple emission sources and multiple control
equipments to reduce the emissions to desired levels.
e It considers environmental cost due to the emission of the pollutant into atmosphere while minimizing total cost of the
alternatives.

Il. THEORIES

In general air pollution control strategies are selected to meet the norms prescribed by regulator. Recently looking at adverse
health hazards of respirable particulate matter, the removal efficiency of control devices for various ranges of particles became
necessary. Regulatory authorities all over the world also stared prescribing norms including PM2.5 & PM10. The present work
includes the modelling and simulations of air pollution control device to evaluate the fractional efficiency of particulate matter.
These simulated efficiencies of control devices for various ranges of particles were considered for optimal selection of air
pollution control strategy.

A. Modelling and simulations of air pollution control devices:

The commercial software’s Aspen plus®, MATLAB® and CAMCAD® were used for modelling and simulation of
major air pollution control devices presented in this paper. The simulations have been done to evaluate collection efficiencies of
control devices for various particle size diameters. The application of single air pollution control device has been simulated for
collection efficiency with changing particle size. The collection efficiencies of Cyclone separator, Bag filter and Electrostatic
precipitator for various particle diameters are shown in Fig. 1. It can be observed that as particle diameter increases the
collection efficiencies of all the control devices increase. Collection efficiencies of these control devises becomes a limiting
factor while selecting the control devise for removal of ultrafine particulate matter. Pollution control devises are used in series
if single control equipment is not sufficient enough to remove pollutants to required levels.
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Figure (1): Particulate Matter Collection Efficiency of typical air pollution control devices.

Collection efficiencies of two air pollution control devises arranged in series are presented in Fig. 2. Similarly Collection
efficiencies of three air pollution control devises arranged in series are presented in Fig. 3. From Fig. 2 & 3 it can be observed
that when control devises are used in combination their overall particulate collection efficiency is better. It is to be noted that
pollutants emitted from the sources consists of particulate matter of different size. More over these pollutant gases consist of
gaseous pollutants along with particulate matter. Hence, it is necessary to evolve optimal control strategy that removes
pollutants to achieve regulatory norms.
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Figure (2): Particulate Matter Collection Efficiency of two air pollution control devices in series.
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Figure (3): Particulate Matter Collection Efficiency of two air pollution control devices in series.

B. Development of Model

The model developed includes emission of particulate matter as well as gaseous emissions from multiple pollution sources.
Multiple air pollution control devices were considered to control emissions from each source. The collection efficiencies of the
control devices with respect to particle diameter simulated in above section is considered. Cost associated with control devices
like set-up and operating cost are considered. Moreover, pollutants emitted into the atmosphere have their impact on human
health. The model also considers health cost due to emission of pollutants. Therefore the total cost includes set up and operating
cost of air pollution control devices together with health cost. The objective of the model is optimal selection of the control
devices so as to reduce the total cost, meeting prescribed regulatory norms. The mixed integer non linear programming model
is presented with an objective function to minimize the total cost for the selection. The indices, variables and parameters used in
developing the model are presented prior to the model development.

Sets

i pollution source.

j air pollution control devices.

n multiple pollutants.

Variables

Xj; = binary variable indicating whether control equipment j is selected on source i (Xj; =1) or not (Xj; = 0)

Parameters

CJ- Installation cost of control device j.

Pij Operating cost of control j when applied over source i.

HC, Health cost of the pollutant p in INR per kg of pollutants emitted.

B Budget available for the air pollution control system.

L Length of time horizon, for which, the control device is applied.

Qi Flow rate of the flue gas through sources i in m?/s.

Cin Emission concentrations of pollutant p from source i in mg/m®.

Rijn Reduction capacities for control devices j operated over source i for pollutants p.

Cili, Allowable emissions of pollutant p from source i in mg/m?®.
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C. Economic cost consideration:

Evaluation of economical cost associated with air pollution control devices is a crucial task. In general economic cost is broadly
classified as Installation/set up cost and operation cost. The installation cost includes cost of material procurement, erection &
commissioning etc. Whereas cost incurred during operation like labour cost, maintenance, power consumption etc. are considers
as operational cost. Based on this classification the installation and operational cost of air pollution control devices are presented
using equation 1 & 2.

Installation cost

chjxij oy
i

ZZ Pi,-Xi,-[(1+icom)“ _1A+icom)*im} )

The term i, indicates the combination of local interest rate and inflation effect, whereas n is number of years of operations
which control device, j is operated over source i.
In the equations 1 & 2 for operating and installation cost, if a control option j is not selected for application over any particular

sources i then X i = 0 and becomes 1 when control equipment is selected.

Operating cost

D. Environmental cost consideration:

The uncontrolled air pollutants emitted into atmosphere affect environment and human health. Such health effect associated
with pollutant emissions are taken as cost to environment. The method based on dispersion model (Friedrich et al. 2001) has
been considered in the present paper to value the adverse effect of the uncontrolled emission. Friedrich et al. (2001) used
numbers based on year of life lost (YOLL) thus significantly lower than value of statistical (VSL) for same dose response
function. VSL is the collective willingness to pay for avoiding a small risk of an anonymous premature death. Friedrich et al.
(2001) has therefore calculated the value of a YOLL on theoretical grounds by considering VSL as the net present value of a
series of discounted annual values. The ratio of VSL and the value of a YOLL thus obtained depend on the discount rate. Also
Nonfatal and fatal cancers (depending on the YOLL for each cancer type) has been considered.

The health impact associated with emission of pollutant n is expressed here as Indian rupees per unit amount of pollutant
released into atmosphere, HC,. The concentration of pollutant n generated from source i is C;,. While the concentration of the
pollutant n emitted into atmosphere through stationary source i is C1;,. The pollutants are emitted through sources i with flow
rate Q;. The total length of time for which air pollution control equipments j operates over sources i is (L- Tins)-

Therefore the health cost associated with emission of the pollutants from the outlets of the air pollution control devices is

Health cost = ZZ HC,CL, Qi (L —Tig) @)
p

i
Objective function is to minimize the total cost which includes operating, installation and health cost.
Minimize

Z;P”x”((mmm)n -1 (1+imm)*imm)+z;cjx” +Z;HCnC1in(L—Tmst) @)
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E. Constraints:

1. The inlet concentrations of pollutant n through source i (Cin) shall be reduced to outlet emission standards concentrations
(Clin). This in general is decided by regulatory authority. However, each air pollution control equipment j is associated
with limited collection efficiency (Rijp) to remove pollutant n generated from source i.

C,, *IT, (- Ry, /100)* X ) < C1, o

2. Non negativity constraints.
L=0 (6)
Xij =0orl
3. As per the need of regulatory compliance at least one pollution control device has to be installed on each one of the sources.

The constraint given in equation 5 ensures that for each source i there will be at least one control equipment j installed.
However, this can be relaxed with affecting the performance of the model.

> Xy =1 (7)
i

4. The total cost includes installation, operation & health cost, which shall not exceed the allotted budget. This constraint also
can be relaxed without affecting the performance of model in case where budgetary limit does not exist.

{ZZ PX(L=Tp) + DD CIXy+D.>" HCpKlini(L—Tmst)} <B ®8)
i i ip

I11. MIXED INTEGER NON LINEAR PROGRAMMING SOLUTION:

The objective function indicated in equation 4 minimizes total cost subjected to constraints given in equations 5 through 8. This
mixed integer non linear programme can be solved using suitable commercial software. In the present work General Algebraic
Modelling System (GAMS®) software has been used for simulation. The detailed program starts with definition of indices, sets,
parameters, variables, tables and equations in the required syntax. The software then compiles the model developed using
Discrete and Continuous optimizer program (DICOPT) for solving MINLP problem.

IV. A CASE STUDY: OPTIMAL SELECTION OF AIR POLLUTION CONTROL STRATEGY:

The model presented can be used for optimal selection of air pollution control strategy. The multiple pollutant sources were
considered which emits multiple pollutants. Each of the sources has an option of multiple control options. It is generic enough for
application to select optimal air pollution control option by minimizing total cost including economic and environmental cost. The
effect of variations in particle size diameters on collection efficiencies of control devices has been simulated in previous section.
The model utilizes these data for optimal selection of air pollution control devices to satisfy the outlet norms.

To check the efficacy of the proposed model a case study has been presented. The typical sources of emission from a
pharmaceutical plant have been considered which includes utility section, process emissions and an incineration operation. The
actual data have been collected from four commercially operated pharmaceutical plants in state of Gujarat state India. thrice a year
for four years. The stationary sources considered are monitored for three times a year for four years to cover seasonal as well as
production variations. The other supporting data collected include dimensions of stationary sources like diameter and height of
stacks. The pollutants concentration and flow rates from the stacks are monitored using ‘Vayubodhan’ make stack monitoring kit
and velocity meter VVML1 respectively. The cost associated with commissioning and operation of the control equipments was also
collected as actual. The data presented in this paper are average of the actual data obtained from process plants.

The air pollution control devices considered include cyclone separator, scrubber and electrostatic precipitator. The single
electrostatic precipitator with options of selecting single or multiple electric fields is also considered as a special case. The
installation and operating cost of these devises are presented in Table 1 and Table 2 respectively. Whereas flow rate and emission
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load of air pollutants from stationary source are illustrated in Table 3 & 4 respectively. The pollutants emitted include Particulate
matter of size 2.5, 10 and above 10 microns with sulphur dioxide and oxides of nitrogen. Details of the health cost due to these
pollutant emissions as reported in the literature are presented in Table 5.The collection efficiency of the control devices for various
particulate diameters was simulated using commercial software. The reduction capabilities of these control devices are presented in
Table 6. The health effects of these pollutants have been considered with set up and operational cost of the control devices for the
selection of the optimal air pollution control strategy.

Table No.1 Installation cost for the control devices.

Control Devices Installation cost in Millions USD
Cyclone 0.1
ESP1 0.16
ESP2 0.18
ESP3 0.2
ESP4 0.3
Scrubber 0.08

Table No.2 Operating cost of control devices in Millions USD per annum.

Sources Control devices
Cyclone ESP1 ESP2 ESP3 ESP4 Scrubber
Incinerator 0.04 0.04 0.05 0.1 0.36 0.05
Drier 0.036 0.042 0.044 0.1 0.36 0.05
Boiler 0.044 0.044 0.05 0.12 0.38 0.05

Table No.3 Flow rate of the gas from sources

Stack attached to Flow rate (m°/s)
Incinerator 18
Drier 24
Boiler 22

Table No 4 Concentrations of the pollutants at the inlet of the control device in mg/m.?

Sources Pollutants concentration in mg/m?
PM2.5 PM10 SPM SO, NOy
Incinerator 800 1200 1500 800 500
Drier 650 1000 1150 750 550
Boiler 850 1300 1300 680 670

Table No.5 Details of the health cost due to pollutant emission as reported in the literature (Friedrich et al. 2001).

Type of pollutants Health cost ( USD per Kg of pollutant)
PM2.5 0.09
PM10 0.08
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SPM 0.06
SO, 0.06
NOy 0.056

Table No. 6 Details of efficiencies of air pollution control devices.

Description Reduction capacities of the control devices in % for the given pollutants
PM2.5 PM10 SPM SO, NOx
Incinerator. Cyclone 0.04258 0.06459 0.5025 0.2 0.2
Incinerator.ESP1 0.92134 0.98770 0.9889 0.25 0.25
Incinerator.ESP2 0.98105 0.98890 0.9899 0.25 0.25
Incinerator.ESP3 0.99870 0.99890 0.9998 0.3 0.3
Incinerator.ESP4 0.99980 0.99990 0.9999 0.3 0.3
Incinerator.Scrubber 0.7500 0.8600 0.9500 0.85 0.80
Drier.cyclone 0.04258 0.06459 0.5025 0.2 0.2
Drier.ESP1 0.92134 0.98770 0.9889 0.25 0.25
Drier.ESP2 0.98105 0.98890 0.9899 0.25 0.25
Drier.ESP3 0.99870 0.99890 0.9998 0.3 0.3
Drier.ESP4 0.99980 0.99990 0.9999 0.3 0.3
Drier.Scrubber 0.7500 0.8600 0.9500 0.85 0.80
Boiler.cyclone 0.04258 0.06459 0.5025 0.2 0.2
Boiler.ESP1 0.92134 0.98770 0.9889 0.25 0.25
Boiler.ESP2 0.98105 0.98890 0.9899 0.25 0.25
Boiler.ESP3 0.99870 0.99890 0.9998 0.3 0.3
Boiler.ESP4 0.99980 0.99990 0.9999 0.3 0.3
Boiler.Scrubber 0.7500 0.8600 0.9500 0.85 0.80

V. RESULT AND DISCUSSION:

Three scenarios are considered for simulation study are 1) considering specific emission standards for respirable particulate
matter as well as total suspended particulate matter I1) considering emission norms for only respirable particulate matter I11)
considering regulatory norms for total suspended particulate matter. The MINLP problem has been solved using commercial
solver GAMS and the results obtained are presented in Table 7. Installation cost, operating cost and health cost changes with
change in regulatory norms are evaluated and presented in Fig.4. The health cost due to emission of ultrafine particles is plotted
in Fig.5. The total cost of each control strategy is presented in Fig.6.

From Fig.4 and Table 7 it has been observed that in the operating cost, health cost and installation cost is relatively higher for
respirable particulate matter. Similarly the total cost is also relatively higher for repirable particulate matter. This is due to
selection of optimal air pollution control devices to capture fine particles to prescribed level. It can also be observed that as the
emission norms become stringent all the equipments are selected to reduce the emissions to required levels. Stringent emission
norms lead to high installation and operating cost. On the other hand as expected the health cost decreases as norms becomes
stringent. As the emission norms relaxed beyond 65 mg/m? for total suspended particulate matter the installation cost changes
abruptly. This can be attributed to change in the selection of control equipments. From Fig. 6 it can be noted that total cost
decreased and attains minimum before increasing continuously. The increasing trend is due to increase in health cost due to
relaxed norms. The minimum for the total cost indicates optimal emission norms with minimum social cost.

From Table 7 it can be observed that as the norms are related only for suspended particulate matter relatively low collection
efficiency devices are selected. As expected, when norms are prescribed both on ultrafine particulate matter and total suspended
particulate matter emissions high efficiency control devices are selected. Hence the efficacy of the model is demonstrated using
the simulation case study for selection of optimal control strategy based on the particle size distribution.
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Figure (4): Variations in the cost as a function of particulate matter emission norms.
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Figure (5): Variations in the health cost due to emission of particulate of various ranges.
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Figure (6): Variations in the total cost as a function of particulate matter emission norms.

VI. CONCLUSIONS:

In the present study air pollution control devices are simulated as single and in series considering effect of ultrafine particulate
matter. A mixed integer non linear programming model has been proposed for optimal selection of air pollution control strategy.
The model incorporates economical, environmental and health cost for various control options. It considers multiple sources of
emission and pollutants with variety in particle sizes. Objective of the model was to minimize the total cost with reduction of
pollutants to prescribed level. The best selection strategy for air pollution control which includes operational, installation and
health cost has been presented for the given outlet pollution norms. The strategy proposed has been satisfactorily evaluated by
considering case study of typically operated process plant. The proposed strategy therefore suggests the optimal emission norms

with minimum social cost.

Reference:

1. Akbar S, Kojima M, Pandey KD (2003). World Health Organization briefing note as part of the South Asia program on urban air quality
management. UNDP/World Bank Energy Sector Management Assistance Programme (ESMAP).

2. Azapagic A, Clift R (1995). Life Cycle Assessment and Linear Programming Environmental Optimization of Product System. Computers and
Chemical Engineering. 19, 229-234.

3. Azapagic A, CIift R (1999). The application of life cycle assessment to process optimization. Computers and Chemical Engineering. 23: 1509-1526.

4. Brown DM, Wilson MR., MacNee W, Stone V, Donaldson K (2001). Size-Dependent Pro inflammatory Effects of Ultrafine Polystyrene Particles: A
Role for Surface Area and Oxidative Stress in the Enhanced Activity of Ultrafines. Toxicology and Applied Pharmacology 175: 191-199.

5. Biegler LT, Grossmann IE (2004). Retrospective on optimization. Computers and Chemical Engineering. 28: 1169-1192.

6. Bozorgi Y, Keshavarz P, Taheri M, Fathikaljahi J.(2006). Simulation of a spray scrubber performance with Eulerian/Lagrangian approach in the
aerosol removing process. Journal of Hazardous Materials B137: 509-517

1. Chandra H, Kaushik SC, Chandra A (2009). Impact of Environmental cost on Economics of Thermal power plant. IE (I) journal —EN. 89: 14-19.

2. Cheng TJ, Hwang JS, Wang, PY, Tsai CF, Chen CY, Lin SH, and Chan CC (2003). Effects of Concentrated Ambient Particles on Heart Rate and
Blood Pressure in Pulmonary Hypertensive Rats. Environmental health perspective. 111(2)

ISSN: 2231-5381 http://www.ijettjournal.org Page 93




10.
11.

12.

13.
14.

15.

16.
17.

18.

19.

20.
21.

22.

23.

24.

26.

27.
28.

29.

30.

31
32.

33.

34.

International Journal of Engineering Trends and Technology (IJETT) — Volume 20 Number 2 — Feb 2015

Choi BS, Fletcher CAJ (1997) Turbulant particle dispersion in Electrostatic Precipitators. Inter. Conf. On CFD in mineral and metal processing and
power generation, CSIRO.

Cora MG, Hung YT (2002). Controlling industrial particulate emissions: a practical overview of bag house technology. Environment Quality
Manager.11: 53-64.

Derksen JJ, Sundaresan S, van den Akker HEA (2006). Simulation of mass-loading effects in gas—solid cyclone separators. Powder Technology
163:59-68.

Donaldson K, Li XY and MacNee W (1998) “Ultrafine (Nanometer) Particle Mediated Lung Injury,” Journal Aerosol Science. 29: 553-560.
Falaguasta MCR, Steffens JE, Valdes and Coury JR (2008). Overall collection efficiency of a plate-wire electrostatic precipitator operating on the
removal of PM2.5. Latin American Applied Research 38:179-186.

Filliger P, Texier VP, Schneider J (1999). Health Costs due to Road Traffic-related: Air Pollution An impact assessment project of Austria, France
and Switzerland. WHO Ministerial Conference for Environment and Health, London.

Friedrich R, Rabl A, Spadaro JV (2001). Quantifying the Costs of Air Pollution: the ExternE Project of the EC. Pollution Atmospherique. 77-104.
The Gazette of India Extraordinary, Part-11, Section 3, sub section (i), published by Authority, New Delhi, Monday, November 16, 2009.

General Algebraic Modelling System (GAMS), G070928:1209AP-WIN, Dharmsinh Desai University, Chemical Engineering Department DC6656
License for teaching and research.

Jedrusik M., Swierczok A, Pajak J (2006) Experimental and calculated values of migration velocity as a parameter of precipitation process in
electrostatic precipitators. ICESP X — Australia Paper 8B2

Jiao J, Zheng Y (2007). A multi-region model for determining the cyclone efficiency. Separation Technology. 53: 266-73.

Ji Z, Xiong Z, Wu X, Chen H, Wu H (2009). Experimental investigations on a cyclone separator performance at an extremely low particle
concentration. Powder Technology 191: 254-259.

Keshavarz P, Bozorgi Y, Fathikalajahi J, Taheri M (2008). Prediction of the spray scrubbers’ performance in the gaseous and particulate scrubbing
processes Chemical Engineering Journal 140 ; 22-31

Kohn RE, (1969). A Mathematical Programming Model for Air Pollution Control. Sch. Sci. Math. 487-494.

Lekkas TD, Pilinis C, Politis M (2008). Ultrafine particles (UFP) and health effects. Dangerous. like no other PM review and analysis. Global NEST
Journal, Vol 10: No 3:439-452.

Li S, Li C, Zeng G, Li S, Wang F, Wang D, Lu P. (2008). Simulation and experimental validation studies on a new type umbrella plate scrubber.
Separation and Purification Technology 62 : 323-329

Lvovsky K, Maddison D, Ostro B, Hughes G, Pearce D (1998). Economic Costs of Air Pollution with Special Reference to India. National
Conference on Health and Environment- World Bank study, Delhi, India. 7-9.

Oberdorster G (2001). Pulmonary effects of inhaled ultrafine particles. Int Arch Occup Environ Health 74:1-8

Ortiz FJG, Navarrete B, Canadas L, Salvador L (2007). A technical assessment of a particle hybrid collector in a pilot plan. Chem Eng J. 127: 131-
142.

Papandreou V, Shang Z (2008). A multi-criteria optimization approach for the design of sustainable utility systems. Computers and Chemical
Engineering.32: 1589-1602.

Qian F, Huang Z, Chen G, Zhang M (2007). Numerical study of the separation characteristics in a cyclone of different inlet particle concentrations.
Computers and Chemical Engineering 31: 1111-1122

Rao CS (1994).Environmental pollution control Engineering. Wiley Estern Limited New age International Limited. ISBN 81-224-0301-8.

Raoufi A, Shams M, Kanani H (2009) CFD analysis of flow field in square cyclones. Powder Technology 191:349-357.

Renwick LC, Donaldson K, Clouter A (2001). Impairment of Alveolar Macrophage Phagocytosis by Ultrafine Particles. Toxicology and Applied
Pharmacology 172: 119-127

Shaban HI, Klkamel A, Gharbi R (1997). An optimization model for air pollution control decision making. Environ modell softw.12: 51-58.
Shanthakumar S, Singh DN, Phadke RC (2008). Flue gas conditioning for reducing suspended particulate matter from thermal power stations.
Progress in Energy and Combustion Science. 34: 685— 695.

Wan G, Sun G, Xue X, Shi M (2008) Solids concentration simulation of different size particles in a cyclone separator. Powder Technology 183: 94—
104.

Wang B, Xu DL, Xiao GX, Chu KW, Yu AB (2003) Numerical study of gas solid flow in a cyclone separtor. Third international conference on CFD
in minerals and process industries CSIRO, Melbourne, Australia, 10-12.

White HJ (1963) Industrial Electrostatic Precipitation, Addison-Wesley, MA.

Xia L, Gao Y (2011). Characterization of trace elements in PM2.5 aerosols in the vicinity of highways in northeast New Jersey in the U.S. east coast.
Atmospheric pollution research. doi: 10.5094/APR.2011.005

Zhang Q, Kusaka Y, Zhu X, Sato K, Mo Y, Kluz T, Donaldson K (2003). Comparitive toxicity of standarad nickel and ultrafine nickel in lung after
intratracheal instillation. Journal of occupational health. 45: 23-30.

Zhang R, Basu P (2004) A simple model for prediction of solid collection efficiency of a gas—solid separator. Powder technology. 147: 86-93

Zhao B (2005) Development of a new method for evaluating cyclone efficiency. Chemical Engineering and Processing 44: 447-451.

ISSN: 2231-5381 http://www.ijettjournal.org Page 94




