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Abstract

This research examined the dispersion of total suspended particulate matter (TSP),
particulate matter with a diameter less than 10 pum (PM,,), hourly averaged concentrations of
nitrogen dioxide (NO,) and sulfur dioxide (SO,) from 4 cement manufacturers in Kaeng Khoi,
Saraburi, Thailand. The dispersion was considered within a 25-km distance from the Siam City
Cement Public Company Limited (SCCC), a reference point, by both measurement and modeling
using the American Meteorological Society-Environmental Protection Agency Regulatory Model
(AERMOD), a Gaussian plume model, and the California Puff Dispersion Model (CALPUFF), a
Gaussian-puff model. For a cement plant with an electrostatic precipitator at the cement stack, the
concentration of TSP can be reported in terms of PM10 concentration. From the AERMOD and
CALPUFF simulations, the 24-hour averaged concentration of PM,,, the maximum 1-hour
averaged concentrations of NO, and SO, at 12 receptors and 2 semi-permanent monitoring stations
of the Pollution Control Department (PCD) stayed within the National Ambient Air Quality
Standards (NAAQSs) of Thailand, while the maximum 1-hour averaged concentration of NO,,
which was not measured during 7 days for the EIA, exceeded the NAAQS.

The performances of the AERMOD and CALPUFF were validated by the Quantile-
Quantile plots of 1-hour averaged NO, concentrations in dry and wet seasons. The 1-hour
averaged NO, concentrations in dry season were mostly fitted to the middle line
(measured = simulated) compared to those in wet season indicating that the model prediction in

dry season was closer to the measurement due to high NO, deposition reactions in wet

III



environment. However, the performances of both the AERMOD and CALPUFF were still
inconclusive because the measurement data from the EIA reports using in the simulation were
obtained in a short period of 1 week. Therefore, the real-time hourly concentrations of NO, were
analyzed to confirm the prediction by the model. By using the CALPUFF, it was found that the
trajectories or plumes of NO, concentrations in dry season dispersed to the north of the domain,
sometimes switched to the west and/or the east of the domain, whereas in wet season, the
trajectories of NO, concentrations moved to the west of the domain to Na Phra Laan and Kao Noi
areas. This study shows that the air circulation and NO, dispersion in Kaeng Khoi are not
controlled only by local and seasonal winds but also the complex topography of the study areas.
Furthermore, by the CALPUFF it was observed that the locations of 12 receptors were not always
hit by the NO, trajectories in both seasons. As a result, suitable locations of the receptors should

be considered. As a result, suitable locations of the receptors should be considered.

v



Acknowledgements

The author would like to express her gratitude to Assoc. Prof. Dr. Anchaleeporn W.
Lothongkum (Thesis advisor) and Dr. Vanisa Surapipith (Thesis co-advisor) for their support and
fruitful advice to complete this work. The assistance and the licensed ISC-AERMOD View
version 4.6.2 from the Siam City Cement Public Company Limited are also acknowledged.

Research grant IUG50K0021 from the Royal Golden Jubilee (RGJ), Thailand Research
Fund (TRF) is highly appreciated.

Sincere thanks go to Mr. Thanit Pulivekin, Executive Consultant, the Siam City Cement
Public Company Limited, for his contribution, encouragement and helpful suggestions.

The author would like to thank Assist. Prof. Dr. Kraichat Tantrakarnapa, the Department
of Environmental Health Sciences, Faculty of Public Health, Mahidol University for his
suggestions and providing the licensed ISC AERMOD View version 5.4.

The author is very grateful to Prof. Dr. C. Jerry Lin, the Department of Civil Engineering,
Lamar University, Beaumont, Texas for his kind contribution and helpful suggestions during her
stay at Lamar University for 6 months.

Deep appreciations also go to the Air Quality and Noise Management Bureau, Pollution
Control Department, the Ministry of Natural Resources and Environment for providing monitored
air quality and meteorological data, particularly allowing Dr. Vanisa Surapipith to serve as the
co-advisor; the Thai Meteorological Department for providing meteorological data; and Faculty of
Engineering, King Mongkut’s Institute of Technology Ladkrabang for providing facilities.

Last but not least, the author would like to acknowledge her family for their love and

unlimited support.

Kanyanee Seangkiatiyuth



Thai abstract

List of Figures

Chapter 1 Introduction

Contents

VI

Page
............................................................................................................................ 1
_____________________________________________________________________________________________________________________ III
_______________________________________________________________________________________________________________ v
_______________________________________________________________________________________________________________________________ VI
........................................................................................................................ IX
______________________________________________________________________________________________________________________ XII
________________________________________________________________________________________________________ 1
L1 Rational e 1
L SMUAY ATCaS e 3
1.3 Research objectiVes. . 4
1.4 Scope of the stUAY e S
LS OIS e 7
Chapter 2 Theoretical and literaturereviews . 8
2.1 Cementmanufacture ., 8
2.2 Emission factors ... ..., 16
2.3 Cement manufacturersin Thailand ... . . 17
2.4 Dispersion MOAels e 20
2.4.1 General descriptions of dispersionmodels_. ... ... ... 20
242 Gaussianmodels e 20
2.5 Model selection ... . e, 24
2.6 General featuresof the AERMOD________ 24
2.7 General features of the CALPUFF. 27
2.8 Meteorological factors . e 29
PR I T Y 29
2.8.2 Relative humidity i ] 30
PRI 3 I TR 31
2.8.4 Temperature 31



Contents (cont.)

Page

2.8.5 Precipitation. 31
2.8.6 Celling Meigit e 31
2.8 7 CloUd COVET. . oo 31
2.8.8 Global radiation. ... 32

2.9 Morphological and elemental analysis_ ... ... 32
2.10 Literature TeVIEWS .. . e 34
2.10.1 Air pollutions inSaraburi ... .. 34

2.10.2 The applications of Gaussian dispersion models in air pollution____35

Chapter 3 Methodology 42

3.1 Emission inventory 42

3.1.1 Estimation of the emissions from cement manufacturers

byemission factors 42

3.2 Model domain .. ... e 44
3.3 MEASUTEINCIIES .. ... o oo em e eemeemeae s 46
3.3, Stack sampling 48
3.3.2 Ambient airmonitoring. 48

3.4 Morphological and elemental analysis by the SEM/EDX ... ... ... .. 50
3.5 Study of meteorological factors ... ... 51
3.6 Estimation of air pollutants by airmodelings ... ... ... ... 54
3.6.1 Estimation by the AERMOD .. . .. 54
3.6.2 Estimation by the CALPUFF_____ . . . 35
3.6.3 Model output analysis e 59
Chapter 4 Results and discussion, .. e, 61
4.1 Emission inventory of the cement manufacturers in Thailand .. 61
4.2 Stack sampling and ambient air monitoring ... 65
4.2.1 Stack sampling e 66

VII



Contents (cont.)

Page

4.2.2 Ambiant air monitoring. . 67

4.3 SEM/EDX micrographs of particulate matter . .. . 88
4.4 Meteorological factoranalysis_ ... ... 91
4.4.1 Meteorologicaldata . . o) 91
4.4.2 Meteorological outputs from the CALMET . ... ... . 96

4.5 Estimation results of air pollutants ... 113
4.5.1 Estimation of air pollutants by the AERMOD_______...._. . ... 113
4.5.2 Estimation of air pollutants by the CALPUFF_______.__.._ ... ... ... ... 139

4.5.3 Ground concentration distribution analysis by the CALPUFF 170

Chapter 5 Conclusions and recommendations ... ... ... 182
5.1 ConClUSIONS. e 182
5.2 Comments and recommendations_.__.__.__.__.._.._..._._.__._.._.._..... 183
RETCIOIICOS ettt 185
YN T 1T O 196
Appendix A: Industries and populationin Saraburi___________.___.___._.__.___.__..__. 197
Appendix B: Emission factors._.______.._..... ..., 198
Appendix C: Details of the AERMOD inputdata ... 200
Appendix D: Details of the CALPUFF inputdata__.___..___.__.._...._.._. ... . 204
Appendix E: Wind fields by the CALMET. . . 211
Appendix F:  Ground concentration of NO2 by the CALPUFF ... . .. .. 219
Appendix G: Gaussianplume. . 227
Bl Ay e 232

VIII



List of Tables

Tables Page

1.1  Air pollutant emissions from cement production units reported by the Holcim (U.S.) Inc__ 2

2.1  Average energy of the dry and wet processes (GJ/tOn) ] 9
2.2 National ambient air quality standards in Thailand and WHO’s guidelines______. ... ... ... 11
2.3  Emitting standards for the cementkilnsin Thailand_________ ... 12
2.4  Emission factors for nitrogen oxides. .. ... e, 14
2.5 Cementcompaniesin Thailand 18
2.6 Classification of wind directions e, 30
2.7 Elemental compositions in yellow particulate matter ... .. 34
3.1  Clinker and cement from cement manufacturers in Thailand ... .. .. ... 44
32  Model domains in this StUAY. 46
3.3  The geometry of the stacks of 4 cement manufacturers in KaengKhoi________._.._.. . . 47
3.4  The geometry of the stacks of 3 cement manufacturers in Nah Phra Laan_______...... . . 47
3.5 Summary of stack sampling methods ..., 48
3.6  Sampling methods at air monitoring stations_________________._____.._.._ . 49
3.7  The 12 receptor sites Of SCCC 50
3.8 Locations and details of the meteorological stations ... . 52
3.9 Input data for the AERMOD modeling System, . 55
3.10 Summary of the AERMOD model setting .. . . e, 56
3.11 Input data for the CALPUFF modeling system ... . 58
3.12 Summary of the CALPUFF model setting .. .. 58
4.1 PM emissions from cement manufacturers . . 62
4.2 PM emissions from cement manufacturers in KaengKhoi ... 62
4.3  Emissions of NO,, SO,, CO and NMVOCs from cement manufacturers ... 63

4.4  Emissions of NO,, SO,, CO and NMVOCs from cement manufacturers in Kaeng Khoi 63

4.5 Emissions of heavy metals from cement manufacturers___________ ... . 63
4.6 Emissions of heavy metals from cement manufacturers in Kaeng Khoi ... 64
4.7 Emissions of dioxins from cement manufacturers_________...._ ... 64
4.8 Emissions of dioxins from cement manufacturers in Kaeng Khoi ... .. 64

IX



List of Tables (cont.)

Tables

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26

Annual emissions due to energy consumption in industrial facilities

Annual emissions from stack samplings of the 4 cement manufacturers

in Kaeng Khoi

Number of rainy days

Meteorological stations for the AERMET

Summary of the maximum 1-hour averaged concentration of NO,

by the AERMOD version 4.6.2

The maximum simulated 1-hour averaged concentrations of NO, by the

AERMOD version 4.6.2 without and with precipitation

The maximum simulated 1-hour averaged concentrations of NO, by the

AERMOD version 4.6.2 using measured and simulated upper air data

The maximum simulated concentrations of 1-hour and 24-hour averaged

by the AERMOD versions 4.6.2

The maximum simulated 1-hour averaged pollutant concentrations

by the AERMOD versions 4.6.2 and 5.4

The maximum simulated 24-hour averaged pollutant concentrations

by the AERMOD versions 4.6.2 and 5.4

The maximum simulated 1-year averaged pollutant concentrations

by the AERMOD versions 4.6.2 and 5.4

Comparison of the performances of the AERMOD versions 4.6.2 and 5.4

Page

66

74

74

88

91
96

96
97

114

117

119

122

125

125



List of Tables (cont.)

Tables

4.27

4.28

4.29
4.30

4.31

4.32

4.33

4.34

4.35

4.36

4.37

4.38

4.39

The maximum simulated 1-hour and 24-hour averaged PM,, concentrations

by the AERMOD version 5.4

The maximum simulated 1-hour averaged NO, concentrations in dry and wet seasons by

the AERMOD version 4.6.2

Details of 5 case studies for the simulation by the CALPUFF
Summary of the maximum 1-hour averaged concentrations of PM,,
by the CALPUFF
Summary of the maximum 24-hour averaged concentrations of PM,,
by the CALPUFF
Summary of the maximum 1-hour averaged concentrations of NO, by

the CALPUFF

Summary of the maximum 24-hour averaged concentrations of NO, by

the CALPUFF

Summary of the maximum 1-hour averaged concentrations of SO, by

the CALPUFF

Summary of the maximum 24-hour averaged concentrations of SO, by

the CALPUFF

The maximum of 1-hour averaged NO, concentrations in dry and wet seasons
predicted by the CALPUFF
The maximum simulated 1-hour averaged concentrations by

the AERMOD and CALPUFF

The maximum simulated 24-hour averaged concentrations by

the AERMOD and CALPUFF

he maximum simulated 1-year averaged concentrations by

the AERMOD and CALPUFF

XI

131
139

140

140

148

149

156

156

163

179

180

180



List of Tables (cont.)

Tables Page
Al Industries in SarabUI e, 197
A.2 Districts, areas and population in Saraburi,________.___.__.._._ e 197
B.1 Tier 1 emission factors for source category 2.A.1 Cement production ... 198
B.2 Tier 2 emission factors for source category 1.A.2.f.i, Cement production ... .. 199
C.1 Examples of hourly surface data in terms of SAMSON format

G.1
G.2

for the RAMMET View Program . e 200
Equations for the variation of O, and O, with stability class._._.._._......_._._..... ... 227
The wind speed exponent at different stability classes.___..__..___._..__..__...___.._...__......_.... 228

XII



Figures
1.1  Locations of the cement manufacturers in Kaeng Khoi, Saraburi_ ... ... .
1.2 The structures of this StUAY. . e
2.1  Flow chart of cement production ...
2.2 Transport scales of the pollutants . e
2.3 Locations of the cement plants of each company in Thailand ... .. ... ..
2.4 Market share of cement manufacturers in Thailand ...
2.5 Typical Gaussian plume dispersion of pollutants from an elevated source ...
2,6  Graphical representation of puff modeling approach_ ...
2.7 AERMOD modeling SyStem . . e
2.8 CALPUFF modeling System . e
29 The SEM image of a graphitized pollen grain contaminant particle ... .
2.10 Yellow particulate matter and sulfurpowder____________ .. ...
2.11 Morphological images of palm and sunflowerpollens_ . ... ...
3.1  Procedures of research methodology. ... ... e
3.2 Modeldomainsin Saraburi_ .. e
3.3 Semi-permanent monitoring and meteorological stations of the Pollution Control
Department in Saraburi e
3.4  TSPand PM, samplers. ... . e
3.5 Meteorological stations of the Thai Meteorological Department ...
3.6 Data flow of the AERMOD modeling system, . ... ... .
3.7 Data flow of the CALPUFF modeling system, ... ... ...
4.1 Locations of the Nah Phra Laan and Kao Noi stations and cement manufacturers
inKaeng KOO e
4.2  Box plots of hourly averaged concentrations of PM,, NO,, SO,, COand O,
monitored at Nah Phra Laand and Kao Noi stations during 2005-2007_______....._. ..
4.3  Wind direction against hourly averaged concentrations of PM,, NO,, SO,,

List of Figures

CO and O, concentrations monitored at Nah Phra Laan station in dry season,

XIII

49

50

52

54

57

67

69

70



List of Figures (cont.)

Figures Page
44  Wind direction against hourly averaged concentrations of PM,,, NO,, SO,,

CO and O, concentrations monitored at Nah Phra Laan station in wet season_ ... 71
4.5 Wind direction against hourly averaged concentrations of PM,;, NO,, SO,,

CO and O, concentrations monitored at Kao Noi station in dry season_ ... . 72
4.6 Wind direction against hourly averaged concentrations of PM,,, NO,, SO,,

CO and O, concentrations monitored at Kao Noi station in wet season,.____.................... 73
4.7 Locations of 12 receptors nearby 4 cement manufacturers________..__........_ ... 74
4.8 Group 1 receptors in the west of the domainindryseason ... ... 76
4.9  Group 1 receptors in the east of the domainindry season ... ... 77
4.10 Group 2 receptors in the west of the domainindryseason___.._......__........._.._ ... 78
411 Group 2 receptors in the east of the domainindry season ... .. 79
4.12 Group 3 receptors in the west of the domainindryseason________...._ ... ... 80
4.13 Group 3 receptors in the east of the domainindryseason ... ... 81
4.14 Group 1 receptors in the west of the domain in wetseason___..._.........................._.._ 82
4.15 Group 1 receptors in the east of the domaininwetseason ... .. 83
4.16 Group 2 receptors in the west of the domainin wetseason ... 84
4.17 Group 2 receptors in the east of the domain in wetseason_.__.__.___.__._____._..__._._.._._._._. 85
4.18 Group 3 receptors in the west of the domaininwetseason_ ... 86
4.19 Group 3 receptors in the east of the domain in wetseason_.__.__..__..__...__.__.._..._....._..._... 87
4.20 SEM micrograph of the reference fiber filter .., 88
4.21 SEM micrographs Of TSP e 89
4.22 SEM micrographs of PIM g oo et eeeee e e eeeneeean 89
4.23 SEM micrographs of individual PM , .. .. e 90
4.24 EDXresult of TSP at 1eCePtOr 7 e 90
4.25 EDXresult of PM g at 1eceptor 7 e 91
4.26 The coverage of surface meteorological data from 4 stations in 2007 92

XIvV



List of Figures (cont.)

Figures

4.27

4.28

4.29

4.30

4.31

4.32

4.33

4.34

4.35

4.36

4.37

4.38

4.39

4.40

441

442

4.43

Windroses of 4 stations in 2007
Percentages of calm winds at 4 stations in 2007

Monthly rain precipitation data in 2007

Scatter plots of simulated and measured temperatures at 3 stations
without rain precipitation in 2007
Scatter plots of simulated and measured wind speeds at 3 stations
without rain precipitation in 2007
Scatter plots of simulated and measured wind directions at 3 stations
without rain precipitation in 2007
Scatter plots of simulated and measured temperatures at 3 stations
with rain precipitation in 2007
Scatter plots of simulated and measured wind speeds at 3 stations
with rain precipitation in 2007
Scatter plots of simulated and measured wind directions at 3 stations
with rain precipitation in 2007
Surface wind field simulated by the CALMET on March 2, 2007
Surface wind field simulated by the CALMET on November 4, 2007
Contours of the maximum 1-hour averaged concentrations of NO, by
the AERMOD version 4.6.2 using the surface data from 4 stations
Contours of the maximum 1-hour averaged concentrations of NO, by
the AERMOD version 4.6.2 without and with wet deposition
Contours of the maximum 1-hour averaged concentrations of NO, by

the AERMOD version 4.6.2 using measured and simulated upper air data
Contours of the maximum 1-hour averaged concentrations of PM,, by
the AERMOD version 4.6.2 with wet deposition
Contours of the maximum 1-hour averaged concentrations of NO, by

the AERMOD version 4.6.2 with wet deposition

98

100

101

102

103

105

109

116

118

120

122

123



List of Figures (cont.)

Figures

4.44

4.45

4.46

4.47

448

4.49

4.50

4.51

4.52

4.53

4.54

Contours of the maximum 1-hour averaged concentrations of SO, by
the AERMOD version 4.6.2 with wet deposition

Contours of the maximum 1-hour averaged concentrations of PM,; by

Contours of the maximum 1-hour averaged concentrations of PM,, by the AERMOD

version 5.4 in Kaeng Khoi and Nah Phra Laan

Contours of the maximum 24-hour averaged concentrations of PM,, by the AERMOD

version 5.4 in Kaeng Khoi and Nah Phra Laan
1-hour averaged concentration of NO, in dry season
1-hour averaged concentration of NO, in wet season
The Q-Q plots of hourly monitored NO, and simulated NO, in dry season by
the AERMOD

The Q-Q plots of hourly monitored NO, and simulated NO, in wet season by
the AERMOD
Time-series plots of simulated PM,, concentrations at Nah Phra Laan station for

cases 1 and 2 by the CALPUFF (left axis) with hourly precipitation (right axis)

4.55 Time-series plots of simulated PM,; concentrations at Kao Noi station for cases 1 and

2 by the CALPUFF (left axis) with hourly precipitation (right axis))

4.56 Time-series plots of simulated PM,, concentrations at Nah Phra Laan station for

cases 2 and 3 by the CALPUFF (left axis) with hourly precipitation (right axis)

4.57 Time-series plots of simulated PM,; concentrations at Kao Noi station

4.58

for cases 2 and 3 by the CALPUFF (left axis) with hourly precipitation (right axis)

Time-series plots of simulated PM,, concentrations at Nah Phra Laan station for

cases 3 and 4 by the CALPUFF (left axis) with hourly background ozone (right axis)

XVI

126

126

127

128

129

132

134

137

138

141

141

142

142

143



List of Figures (cont.)

Figures Page
4.59 Time-series plots of simulated PM,, concentrations at Kao Noi station for cases 3

and 4 by the CALPUFF (left axis) with hourly background ozone (right axis) 143

4.60 Time-series plots of simulated PM,, concentrations at Nah Phra Laan station for

cases 4 and 5 by the CALPUFF (left axis) with hourly background ozone (right axis)._.__144

4.61 Time-series plots of simulated PM,, concentrations at Kao Noi station for cases 4

and 5 by the CALPUFF (left axis) with hourly background ozone (right axis) 144

4.62 Contours of the maximum 1-hour averaged concentrations of PM,,

case 1 by the CALPUFF 145

4.63 Contours of the maximum 1-hour averaged concentrations of PM,, by the CALPUFF

4.64 Contours of the maximum 1-hour averaged concentrations of PM,, by the CALPUFF

4.65 Contours of the maximum 1-hour averaged concentrations of PM,; by the CALPUFF
case 4 146

4.66 Contours of the maximum 1-hour averaged concentrations of PM,, by the CALPUFF

case 5 147

4.67 Time-series plots of simulated NO, concentrations at Nah Phra Laan station

for cases 1 and 2 by the CALPUFF (left axis) with hourly precipitation (right axis) 149

4.68 Time-series plots of simulated NO, concentrations at Kao Noi station
for cases 1 and 2 by the CALPUFF (left axis) with hourly precipitation (right axis) 149

4.69 Time-series plots of simulated NO, concentrations at Nah Phra Laan station

for cases 2 and 3 by the CALPUFF (left axis) with hourly precipitation (right axis)__._._.. 150
4.70 Time-series plots of simulated NO, concentrations at Kao Noi station

for cases 2 and 3 by the CALPUFF (left axis) with hourly precipitation (right axis) 150

4,71 Time-series plots of simulated NO, concentrations at Nah Phra Laan station for cases 3

and 4 by the CALPUFF (left axis) with hourly background ozone (right axis) ... 151
4.72 Time-series plots of simulated NO, concentrations at Kao Noi station for cases 3

and 4 by the CALPUFF (left axis) with hourly background ozone (right axis) 151

XVII



List of Figures (cont.)

Figures Page

4.73

4.74

4.75

4.76

4.77

4.78

4.79

4.80

4.81

4.82

4.83

4.84

Time-series plots of simulated NO, concentrations at at Nah Phra Laan station
for cases 4 and 5 by the CALPUFF (left axis) with hourly background

ozone (right axis) 152

Time-series plots of simulated NO, concentrations at Kao Noi station
for cases 4 and 5 by the CALPUFF (left axis) with hourly background

ozone (right axis) 152

Contours of the maximum 1-hour averaged concentrations of NO,

by the CALPUFF case 1 153

Contours of the maximum 1-hour averaged concentrations of NO,

by the CALPUFF case 2 153
Contours of the maximum 1-hour averaged concentrations of NO,

by the CALPUFF case 3 154

Contours of the maximum 1-hour averaged concentrations of NO,

by the CALPUFF case 4 154

Contours of the maximum 1-hour averaged concentrations of NO,

by the CALPUFF case 5 155

Time-series plots of simulated SO, concentrations at Nah Phra Laan station

for cases 1 and 2 by the CALPUFF (left axis) with hourly precipitation (right axis) 156

Time-series plots of simulated SO, concentrations at Kao Noi station

for cases 1 and 2 by the CALPUFF (left axis) with hourly precipitation (right axis)_______. 157
Time-series plots of simulated SO, concentrations at Nah Phra Laan station

for cases 2 and 3 by the CALPUFF (left axis) with hourly precipitation (right axis)_______. 157
Time-series plots of simulated SO, concentrations at Kao Noi station

for cases 2 and 3 by the CALPUFF (left axis) with hourly precipitation (right axis)...___ 158
Time-series plots of simulated SO, concentrations at Nah Phra Laan station

for cases 3 and 4 by the CALPUFF (left axis) with hourly background

ozone (right axis) 158

XVIII



List of Figures (cont.)

Figures

4.85

4.88

4.87

4.88

4.89

4.90

4.91

4.92

4.93

4.94

4.95

4.96

4.97
4.98

Time-series plots of simulated SO, concentrations at Kao Noi station
for cases 3 and 4 by the CALPUFF (left axis) with hourly background
ozone (right axis)
Time-series plots of simulated SO, concentrations at Nah Phra Laan station
for cases 4 and 5 by the CALPUFF (left axis) with hourly background
ozone (right axis)
Time-series plots of simulated SO, concentrations at Kao Noi station
for cases 4 and 5 by the CALPUFF (left axis) with hourly background
ozone (right axis)
Contours of the maximum 1-hour averaged concentrations of SO,
by the CALPUFF case 1
Contours of the maximum 1-hour averaged concentrations of SO,
by the CALPUFF case 2
Contours of the maximum 1-hour averaged concentrations of SO,
by the CALPUFF case 3
Contours of the maximum 1-hour averaged concentrations of SO,
by the CALPUFF case 4
Contours of the maximum 1-hour averaged concentrations of SO,
by the CALPUFF case 5
NO, concentrations in dry season
Simulated maximum 1-hour averaged concentrations of NO, in wet season
by the CALPUFF
The Q-Q plots of hourly monitored NO, and simulated NO, in dry season
by the CALPUFF
The Q-Q plots of hourly monitored NO, and simulated NO, in wet season
by the CALPUFF

XIX

Page

161

161

162

162

164

166



List of Figures (cont.)

Figures Page
4.99 Time-series plots between 1-hour averaged of monitored and simulated NO, at
receptor 3 181

4.100 Time-series plots between 1-hour averaged of monitored and simulated NO, at

TECCP 0T B e e a e et e neaee 181
D.1  Meteorological modeling: CALMET modeling flow diagram__________.._.._._._.._..._....._..... 196
E.1  Surface wind field simulated by the CALMET on March 24,2007 ... ... 210
E.2  Surface wind field simulated by the CALMET on October 12,2007 ... ... .. .. 214
F.1  Plumes of NO, simulated by CALPUFF on March 24,2007 ... ... ... 218
F.1  Plumes of NO, simulated by CALPUFF on October 12,2007 ... ... 222
G.1 NO, ground concentration of 6 stability classes__........................_ ... 230



Chapter 1

Introduction

1.1 Rational

Saraburi, a province located about 100 km north-east of Bangkok, is one of an important
industrial areas in Thailand. There are 1,420 industrial sites distributed in 13 districts such as
mining, stone crushing, cement and concrete manufacturers, automobile parts industry,
agriculture, etc. Most of the industry sites, of about 335, 217 and 206, are located in Nong Kae,
Kaeng Khoi and Chaloem Phra Kiat districts, respectively [1]. More details of the industries in
Saraburi are shown in Appendix A.

Large area of Nah Phra Laan (NPL), a sub-district of Chaloem Phra Kiat, has been
confronted the emission of particulate matter (PM) and covered by smog from the mineral and
crushing industries for years. As a result, many projects from academic and government sectors
concerning the PM impacts on this area were operated [2-7]. For a sustainable control of PM
emissions, Nah Phra Laan was thereby announced as the pollution control zone by the Pollution
Control Department (PCD), the Ministry of Natural Resources and Environment in 2006 [8].
Currently, many public activities concerning the reduction of PM throughout the year such as
cleaning days, the competition and campaign of PM emission control, etc have been launched.
However, high PM concentrations in the atmosphere over the National Ambient Air Quality
Standards (NAAQSs) of 120 p.g/m3 are found randomly at times [9].

Although there are big 4 cement manufacturers (the Siam Cement Public Company
Limited: SCG, Siam City Cement Public Company Limited: SCCC, TPI Polene Public Company
Limited: TPIPL, and Thai Pride Cement Company Limited: TPCC) located in Kaeng Khoi
district, a few projects on air pollution by academic and government sectors have been studied in
Kaeng Khoi. Some projects are available in the connecting areas (Nah Phra Laan in Chaloem Phra
Kiat district). However, such studies are not enough to provide the strategies for pollution
prevention and control in Saraburi. In general, each cement company is requested to report the
potential air pollution on the communities nearby the company in the Environmental Impact
Assessment (EIA) report, at least twice a year and otherwise case-by-case reports. Even the

activities in Kaeng Khoi district are not similar to those in Nah Phra Laan, there are possible
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Incomplete combustion can lead to emissions of specific hazardous organic air pollutants,
although these pollutants are generally emitted at substantially low levels. These emissions, for
example, VOCs, ammonia, hydrogen chloride and heavy metals depend on types of fuels [19].

Even though there are various emissions from cement manufacturers, the most commonly
selected air quality indicators for urban and industrial air pollution are criteria air pollutants such
as PM,,, NO,, SO, and CO while the secondary air pollutants such as PM, ;, aerosols and O,, are
increasingly concemed. Other air pollutant indicators of potential impacts are, for example,
polycyclic aromatic hydrocarbons (PAHs), benzene, toluene, ethylbenzene and xylenes (BTEX),
chlorinated compounds, polychlorinated dibenzodioxins (PCDDs) and Polychlorinated
dibenzofurans (PCDFs), VOCs and other heavy metals such as arsenic (As), cadmium (Cd),
copper (Cu), lead (Pb), mercury (Hg) and nickel (Ni). Some of these indicators are related to air
pollution standards, the permit emissions and air quality guideline values. These indicators give
the ideas to assess health impacts. Two legislation standards in Thailand are as follows:

- National Ambient Air Quality Standards (NAAQSs) written in terms of concentration
(pg/m3 or ppm (parts per million)), and

- National Source Performance Standards (NSPSs) written in terms of mass emission per
unit of time or unit of production (g/min or kg of pollutant per ton of production produced)
[20-25].

Both standards are established to protect the public health. The Thai government has set
up the NAAQSs to consider acute and chronic effects of the principal pollutants, i.e., TSP, PM,,,
PM,,, Pb, NO,, SO,, CO and O,. The NAAQSs along with the guidelines on air quality of the
World Health Organization (WHO) as shown in Table 2.2 are higher than the WHO’s guidelines
because their impacts on socioeconomic and the implementation of the control measures are also
taken into account. In case of the NSPSs, they have been established according to the industrial
types. For example, the allowable emissions from cement kilns in Thailand are listed in Table 2.3.
The emissions of TSP, NO, and SO, are mainly permitted under the differential limitation
depending on their toxicity to the public. Moreover, the new cement kilns are forced to reduce
their emissions by cutting their allowable emissions. Lately, many countries have launched
policies to control air pollution in their countries. For example, the U.S. EPA has issued the policy
to protect Americans’ health in January 2010 by reducing the allowance emissions of air pollution
from the country-wide cement kilns [24]. According to the U.S. EPA, by 2013 the cement

manufacturers are expected to reduce annual emissions from present as follows:



- Hg 7,470 kg (92%),

- total hydrocarbons 10,600 tons (83%),

- PM 11,500 tons (92 %),

- acid gases measured as hydrochloric acid 5,800 tons (97%), and

- SO, 110,000 tons (78%).

Table 2.2 National ambient air quality standards in Thailand and WHO’s guidelines [21-22].
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Pollutants Average in period of time Standard values, ug/mJ (ppm)
Thailand WHO?’s guidelines
PM, 24h <50 <25
Annual <25 <10
PM,, 24h <120 <50
Annual <50 <20
TSP 24h <330 -
Annual <100 -
NO, 1h <320(0.17) <200(0.11)
Annual <57(0.03) <40 (0.02)
so, 10 minutes - <500(0.19)
1h <780 (0.30) -
24h <300 (0.12) <20(0.008)
Annual <100 (0.04) -
0, l1h <200 (0.10) -
8h <140 (0.07) <100 (0.05)
Annual <100 (0.04) -
co 1h <34,200(3) -
8h <10,260 (9) -
Lead (Pb) 1 month <15 -

is not available




Table 2.3 Emitting standards for the cement kilns in Thailand [23].
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Kilns of cement types Emissions, mg/m3 (ppm)

TSP NO, S0,
Existing kiln (built before 19" January 2004)
Grey cement <300 < 1,129 (600) <131 (50)
White cement <300 < 1,129 (600) < 1,571 (600)

New kiln (built after 19" January 2004)

Grey cement

<120

<941 (500)

<131 (50)

White cement

<120

< 941 (500)

< 1,309 (500)

Note: All emissions were reported under dry condition with excess oxygen 7% at 25 °C and 760 mmHg.

The emissions from industrial and other activities give impact not only to the local area
but also to the regional, continental and global scales. The small particle pollutants such as fine
PM, CFCs, HCFCs and GHGs can be transported globally as shown in Figure 2.2. Furthermore,

various complex physical and chemical processes may involve during their transportation [25].
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Figure 2.2 Transport scales of the pollutants [25].

The pollutants emitted from the burning process of the cement kiln are described in brief.
1) pPM
The PM emitted from the cement kiln is solid, fine-grained and high alkaline component.
It can be removed from the exhaustible gas of the cement kiln by the control devices such as

cyclone, bag filter, electrostatic precipitator, etc [20]. A large amount of PM can be sent back to
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the cement production process as secondary raw materials. Practically, some PM can be reused
directly, while some require a treating process before sending back. The PM, which is not
returned to the production process, is typically disposed in land-based disposal units, i.e., landfills,
waste piles, or surface impoundments. But some of the emitted PM is sold for beneficial reuse.
Generally, the PM emitted from the cement kiln ranges in size with diameters from 0.12-100 pm
[26]. In Thailand, TSP, PM,, and PM, ; have been considered and limited their concentrations in
atmosphere to protect public health. Actually, the TSP is used as an indicator for PM because TSP
emissions include the components of PM,; and PM, .. The U.S. EPA classifies the size of PM
according to the potential to cause health problems. Two particle pollution categories are:

- coarse particles: 2.5-10 um in diameter, and

- fine particles: smaller than 2.5 pm in diameter.

The U.S. EPA is practically concerned the particles of their diameters 10 pm or smaller,
particularly, less than 2.5 pm because they can pass through the nose and throat to the lungs
[27-28].

(2) NO,

The NO, is typically referred to a mixture of such compounds as nitric oxide (NO) and NO,.
Normally, the NO, is harmful to respiratory system, and its ambient concentration is set in
accordance with the NAAQSs. The NO and NO, are involved in photochemical reactions and
rapidly exchange. Therefore, the NO, emission standards in ambient air have been considered in
terms of NO,. In the cement production process, NO, is generated in burning zones of the cement
kiln and the precalcination vessel. Virtually, all thermal NO, is generated in the region of the
flame at the highest temperature, approximately from 1,650 °C to 1,980 °C. The amount of
generated NO, depends on types of fuels [17, 29]. As shown in Table 2.4, coal generates the
largest amount of NO, and gives the lowest heating value comparing to those of fuel oil and
natural gas. However, due to dramatic increase of fuel oil price, most cement plants have changed
their burning systems to match up with the combination of coal and waste fuels. So far, it is still
unclear about the air pollution impact as no existing reports on this issue. For example, the
SCCC'’s kilns operate at a temperature of 1,800 °C and can burn all types of fuels including the

municipal wastes.
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Table 2.4 Emission factors for nitrogen oxides [17, 30-32].

Sources Averaged NO,_ emissions Heating values
(kg/ton of burned fuels) (MJ/kg)
Coal 9.1 26-30
Fuel oil 8.7 42-43
Natural gas 4.7 46-47

(3) SO,

Sulfur oxides from the combustion processes includes lower sulfur oxides (S,0, S,0, and
840,), sulfur monoxide (SO), sulfur dioxide (SO,), sulfur trioxide (SO,) and higher sulfur oxides
(80,,, where 0 <x < 1). SO, is the predominant pollutant species in combustion products from
the burning zone of cement kiln at high temperature and is used as a precursor for SO,
concentration. SO, is a colorless gas with sharp odor and extremely corrosive in the presence of
water. It is a very aggressive pollutant and can damage vegetation and the respiratory systems of
human beings and animals. Sulfur is generally found in the cement kiln from fuels and other raw
materials such as shale, limestone, etc. Therefore, the potential emissions of SO, depend basically
on sulfur cycles (from lower sulfur oxides, SO, SO,, SO, to higher sulfur oxides), which are
influenced by sulfur contents in fuels and raw materials, and the production process (wet or dry
process). It is possible to reduce SO, emissions from the combustion by the following methods:

- pre-treatment by removal or reduction of sulfur in the fuels, and R

- post-treatment by applying alkaline scrubbers to remove SO, from the combustion

gases. Normally, the SO, can react with CaO in raw materials to form calcium sulfite

(CaO + SO, —> CaS0,) during calcination and combustion processes in the cement kiln [29].

(5) CO,

The CO, is a typical GHG causing global warming and climate change. It shares 77% of
all GHGs in the world. The amount of CO, in the atmosphere has increased from 280 ppm to 380
ppm since the beginning of the industrial age of 1800 C.E. [33-35]. The CO, emissions mainly
come from thermal and power generating industries (35%), cement industry (22%) and road
transport (18%). Other sources of CO, emission are non-road transport, refinery and
energy-related industries, etc [33, 36]. Of all the CO, emission of 22% from cement industry, 60%

comes from calcination and 40% comes from combustion [37-38]. The calcination process
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thermally decomposes CaCO, to CaO and CO,. It should be noted that substantial quantities of

CO, emissions are generated from the calcination of limestone or other calcareous materials [37].

(6) Dioxins

Dioxins are carcinogen. Apart from many other adverse health effects, tumor
development, birth defects, reproductive disorders, immune system disorders and skin disorders
are caused by exposure to dioxins. They are generated from precursor molecules from incomplete
combustion at high temperatures and later react further in the lower temperature region of the
combustion chamber. Dioxin is claimed to form at a temperature of 250-450 °C. With either
lower or higher temperature inhibits dioxin formation. In common cement production, dioxins are
rarely generated because of very high temperature combustion. This critical temperature of
250-450 °C occurs when the combustion gases are cooled in flue ducts, heat exchangers, air
pollution control equipment or the stack. Hence, the reduction of flue gas temperature in the
pollution control device below 250 °C can substantially control dioxin formation in cement kilns
[39-40].

Many cement manufacturers have been using waste tires and other wastes containing
chlorine compounds as the secondary fuels to save the energy cost, however, burning wastes and
primary fuels (mostly coal) results in incomplete combustion and enhances dioxin formation.
According to a case study of “Holcim’s Trident Kiln”, it was found that burning waste tires
increased dioxin emissions by 60%. Other studies by the U.S.EPA also revealed that using waste

tires significantly increased the emissions of cancer-precursor dioxins [10].

(7) YOCs

The VOCs are aliphatic or aromatic hydrocarbons with low molecular weight of alcohols,
ketones, esters and aldehydes. The emissions of VOCs to the atmosphere can cause the following
problems.

- irritation of mucous membranes of the respiratory systems

L}

photochemical smog

reduction of the ozone layer
Even the VOCs are minor contaminants in combustion process but some VOCs such as
styrene (CgH,) and limonene (C, H,) can react with NO, or O, to produce new oxidation products

and secondary aerosols which can cause sensory irritation symptoms. Unspecified VOCs are
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important in smog generation. In cement manufacture, it is possible to find VOCs in exhaust gases
of the rotary kiln from a low temperature pyrolysis of organic matters in raw materials. It is
necessary to emphasize that VOCs emissions cannot be controlled without modifications of the
combustion process, for example, by post-treatment techniques, e.g., thermal oxidation and/or

catalytic oxidation [29].

(8) Heavy metals

Heavy metals in fuels and raw materials are found in cement clinker and solid wastes,
e.g., ash, PM from cement plants. The emissions of metal compounds from cement kilns can be
classified into three groups as follows:

- volatile metals, i.e., mercury (Hg) and thallium (T1),

- semi-volatile metals, i.e., antimony (Sb), cadmium (Cd), lead (Pb), potassium (K),
selenium (Se), zinc (Zn) and sodium (Na), and

- nonvolatile metals (refractory metals), i.e., arsenic (As), barium (Ba), chromium (Cr),
copper (Cu), manganese (Mn), nickel (Ni), vanadium (V) and silver (Ag).

Although the partitioning of metal groups is affected by kiln operating conditions. The
nonvolatile metals are mostly found in the clinker, while the volatile and semi-volatile metals are
discharged to the primary exhaust stack and the bypass stack, respectively. Among the above
metals, mercury is seriously concerned because it can enter an aquatic system and accumulate in

the food chain [29, 41].

2.2 Emission factors

The volumes of emissions can be estimated by the emission factors (EFs) which are
basically a ratio of mass of a pollutant emitted to a measured level of source activity. The EFs
relate the quantity of a pollutant released to the atmosphere with an activity associated with the
release of that pollutant, e.g., pounds of particulate emitted per ton of oils or coals, kilograms of
particulate emitted per megagram (Mg) of oils or coals. The EFs facilitate the estimation of the
emissions from various sources of air pollution. In most cases, these factors are simply averaged
from all available data (e.g., activities and pollutants from cement plants using oil or coal based
on the standards of each location) and generally assumed to represent the long-term averages

of all equipment and facilities which are used in the source category [42).
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The general equation to calculate the typical emissions is:

E = A xEF @.n
where:
E = Emissions (e.g., Ib or kg of each pollutant/year)
A = Activity or production rate (e.g., ton or megagram of oils or
coals/year)
EF = Emission factor (e.g., b of each pollutant/ton of oils or coals)

The EFs are the database for the emission inventories (EIs) which report all of the
emissions from industrial activities and transportation. The Els are published on papers and
websites such as Emission Database for Global Atmospheric Research (EDGAR) [43], Global
Emissions Inventory Activity (GEIA) [44], Transport and Chemical Evolution over the Pacific
(TRACE-P) [45], Regional Emission Inventory in Asia (REAS) [46], U.S. EPA, European
Environment Agency (EEA), Intergovernmental Panel on Climate Change (IPCC), etc.

Although Els to estimate the emissions from several sources are available but no database
of any cases in Thailand exist. Thus, it is necessary to select the most suitable Els (case-by-case
basis) for the industries in Thailand. In this work, the potential emissions from the cement
manufacture are estimated in accordance with the European Monitoring and Evaluation Program

(EMEP)/EEA air pollutant emission inventory guidebook-2009 [42).

2.3 Cement manufacturers in Thailand

In Thailand, the primary cement product is called grey or portland cement. Grey cement
is a fine powder consisting of a mixture of four basic materials: lime, silica, alumina and iron
compounds. The most common cement production system in Thailand is dry process using the
rotary kiln since it consumes- less energy than wet process [11]. Only the Thai Sathapana
Co., Ltd., which is the smallest cement manufacturer, still operates the semi-wet process with
the shaft kiln. Coals and gases, which may be supplemented by waste-derived fuels such as waste
tires, waste oils, solvents and other similar materials, are used as fuels by almost cement
manufacturers [10, 17].

There are 9 grey cement companies of which the cement plants are distributed throughout

Thailand. The total annual clinker and cement production capacities of all cement companies are

71932
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about 46.8 and 56.5 Megaton (Mton), respectively [11]. However, the actual cement production is
30 Megaton which is about 53% of full capacity. From Table 2.5 and Figure 2.3, the SCG Group
is the biggest cement manufacturer in Thailand. There are 5 cement plants under the cooperation
of the mother company, namely SCG Cement Company Limited. One of all is located in Kaeng
Khoi, Saraburi where the natural resources of limestone and shale are. In Kaeng Khoi, the SCCC

is the largest cement manufacturer followed by the TPIPL and SCG.

Table 2.5 Cement companies in Thailand [11, 47].

Cement companies Founded Production capacities Foreign partnership Stock holdings

(Mton/year) (Country) (%)
SCG Cement Company 1998 23.2 - -
Limited
Siam City Cement Public 1968 14.8 Holcim group (Switzerland) 32
Company Limited
TPI Polene Public Company 1987 9.1 - -
Limited
Asia Cement Public 1989 5.0 Italcementi group (ltaly) 25
Company Limited (ACC)
Jalaprathan Cement Public 1956 23 Italcementi group (Italy) 37
Company Limited (JCC)
Cemex (Thailand) Company 1990 0.8 Cemex group (Mexico) 99
Limited (CMEX)
Thai Pride Cement Company 2005 1.0 [talian Thai Development 99
Limited Public Company Limited

(ITD) (Thailand and Italy)
Thai Sathapana Company No data 0.2 No data No data
Limited
Samukkee Cement Limited 1991 0.1 - -
Total 56.5
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SCG Cement Co,, Ltd.

Samukkee Cement Ltd.

‘ Jalaprathan Cement Pic.

Thai Sathapana Co., Ltd.

~~~~~~~~ ; SCG Cement Co., Ltd.

....... Siam City Cement Plc.
----------- ’ Asla Cement Plc.
TPI Polene Plc.
Thai Pride Cement Co., Ltd.
Cemex (Thailand) Co., Ltd.

Jalaprathan Cement Plc.

Figure 2.3 Locations of the cement plants of each company in Thailand [11].

After the economic recession in Thailand in 1997, some cement companies were
forged alliances with foreign companies. The joint venture companies are Holcim Group,
Italcementi Group, Cemex Group, and Italian Thai Development Public Company Limited
(ITD). Details of the cement companies in Thailand are shown in Table 2.5. At present, the
internal market of cement manufacturers in Thailand focuses on grey and mixed cements
while the export market concentrates on clinkers and grey cement. Refer to the market share in
Thailand in Figure 2.4, the SCG shares the largest internal market of 38% followed by SCCC
(27%), TPIPL (18%), ACC (9%) and JCC (4%) and others-Cemex (Thailand) Co., Ltd., TPCC,
Thai Sathapana Co., Ltd., and Samukkee Cement Ltd (4%).

SCG 38%

TPIPL 18%

Figure 2.4 Market share of cement manufacturers in Thailand [47].
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2.4 Dispersion models

2.4.1 General descriptions of dispersion models

Dispersion model is a tool to predict the potential impacts of the pollutants from the
existing sources for air quality management. Actually, the models are mathematical equations
operating through the computer simulations [20, 48-50]. Various computer software programs to
simulate the dispersion of pollutants are used. The simulation results depend on the selected
mathematical equations for types of the dispersions, i.e., types of pollutants (PM, NO,, SO, etc.)
or plume/puff dispersion. These mathematical equations simulate the transport, diffusion,
chemical transformation, physical interactions and removal of pollutants in the atmosphere with
the typical solutions being expressed as the concentrations at receptor locations at the simulation
time. To calculate the emission concentration of each pollutant, usually the selected air dispersion
model requires the following typical input data, i.e.,

- meteorological conditions, i.e., wind speed and direction, the amount of atmospheric
turbulence or stability class and the ambient air temperature

- characteristics of the emission sources, i.e., source location and height, location and
diameter of vent stack, pollutant emission rate and exit velocity

- the topographies of source and receptor locations

- location, height and width of any obstructions (such as buildings or other structures) in
the trajectories of the emitted pollutants.

To date, several air dispersion models are accepted worldwide. Many of them are
developed and accepted by the U.S. EPA. All approved regulatory models are listed in the
Guideline on Air Quality Models [12].

2.4.2 Gaussian models

The Gaussian models are widely used for estimating the concentration of the pollutant at
a point downwind from one or more emission sources. Various software programs in the Gaussian
model are developed based on the Gaussian equations. Equation 2.1 is the basic equation of the
Gaussian model. It has been developed for more effective simulation of the pollutant dispersion.

The widely used models are Gaussian plume and Gaussian puff [49-50].
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- 2
C(x,y,z,t) = 0 expl—~ (x—ut)z_{l_] +(-z_]2 (2.1)
3/2 2i{ o o o
(2m)" 0,0 y0z * 7 f
where
C(xy,z1) = downwind concentration at a point (x,y,z,t) (g/ms)
Q = emission rate of pollutant (g/s)
0,0, C, = dispersion coefficients along x, y, z directions (m)
u = mean wind speed at x direction (m/s)
y = lateral distance (m)
z = vertical distance (m)

(1) Gaussian plume model

Gaussian plume model have been using in the U.S. since mid-1960s. It is considered as a
well-understood, easy-to-apply and internationally-approved computational approach to calculate
the concentration of a pollutant at a certain time and location [51]. It is a steady-state dispersion
model consisting of a group of the formulas based on the steady-state condition. The formulas of
the Gaussian plume model do not depend on time, although they do represent an ensemble time
average. The meteorological conditions are assumed to remain constant during the instantaneous
dispersion from source to a receptor. The pollutant emissions and meteorological conditions vary
hourly but the model calculations in each hour are independent. In principle, the plume
characteristics of the model depend on emissions and meteorological conditions and do not
change over time. The steady-state models calculate the hourly-averaged concentration in the
ambient from source data and meteorological conditions that are uniform across the modeling
domain. The Gaussian plume equation is shown in Equation 2.2.

Figure 2.5 shows the Gaussian distribution of pollutant concentrations in the horizontal
and vertical directions with the maximum concentration at the center of the plume. This model
basically describes the transport and mixing of the pollutants by assuming that the dispersion of
pollutants by plume spread results from molecular diffusion. The pollutant concentrations in

horizontal and vertical plume dimensions are distributed normally in bell shape curve [50-54].

,O U o, 207;

2 2
Clx,y,z)= P — 0 exp| — ____(y — y2°) }expl:— ————-—(Z _ Z;’) :I (2.2)
no 2
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where
C (x,y,z) = downwind concentration at a point x,y,z (g/m3)
Q = emission rate of pollutant (g/s)
10} » O, = plume dispersion coefficients at lateral and vertical distances,
respectively (m)
u = mean wind speed along the downwind of x direction (m/s)
y = lateral distance (m)
z = vertical distance (m)

(X, ~Y, 0)

Figure 2.5 Typical Gaussian plume dispersion of pollutants from an elevated source [53].

(2) Gaussian puff model

Even though Gaussian plume models are used commonly in the U.S. and other countries
worldwide for regulatory impact assessments, the efforts have been made to increase
computational efficiency of pollutant dispersion. The Gaussian puff model in Equation 2.3 has
been developed to remedy the limitations attributing to steady-state models. The Gaussian puff
model simulates a release of puff series in the space at time by varying wind field and assuming a
continuous emitting plume or instantaneous cloud of pollutants. The puffs are assumed to have
Gaussian or bell-shaped concentration profiles in their vertical and horizontal planes. The puffs
are represented by interlocking circles that become larger further away from the releasing point,

as shown in Figure 2.6. This enables the model to account for a variety of effects such as spatial
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variability of meteorological conditions, causality effects, dry deposition and dispersion over
different land surfaces, plume fumigation, low wind-speed dispersion, transformation of pollutant

and wet removal [49, 54].

2
C _ o . exp[_ %][d_] exp{_ l}[_c_} 2.3)
2no .0 y Ox 2] o,
g _ n a oxp _l(He +2nh)2
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where
C = ground-level concentration (g/m’)
Q = mass of pollutants in the puff (g)
d, = distance from the puff center to the receptor in along-wind direction (m)
d, = distance from the puff center to the receptor in cross-wind direction (m)
= vertical term of the Gaussian equation (m)
H, = effective height of the puff center (m)
n = multiple reflections of puff
h = mixed-layer height (m)
O, = standard deviation in along-wind direction (m)
6) y = standard deviation in cross-wind direction (m)
O, = vertical standard deviation (m)
S = distance travel by the puff (m)

+ Releasing point

Figure 2.6 Graphical representation of puff modeling approach [54)].
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2.5 Model selection

At present, a variety of air dispersion models are available for users. Each air dispersion
model is suitable for the evaluation of a certain source impact. The selection of a model to fit the
characteristics of the releasing source is an important concern, Key factors to choose the most
appropriate model are for example [49, 54-56]:

- downwash issue

- availability of resources, e.g., meteorological data, topographic data and source
characteristics

- land-sea interface

- detail and accuracy of the database, e.g., air quality and meteorological data

- accuracy for analysis and level of detail, e.g., domain size

- technical competency of model users

- meteorological and topographical complexities of the area such as characteristics of
wind flows and elevation of the study area.

The selection of suitable air dispersion models in this current work, i.e., the American
Meteorological Society-Environmental Protection Agency Regulatory Model (AERMOD) and the
California Puff Dispersion Model (CALPUFF), is based on the regulatory and recommendation
by the U.S. EPA.

2.6 General features of the AERMOD

AERMOD is the steady-state plume model developed as a next-generation model to
ISCST3. The basic equation of this model is Gaussian plume equation. It can incorporate more
complexity algorithms and concepts such as planetary boundary layer theory and advanced
methods to cope with complex terrain. The AERMOD is used to evaluate the dispersion at a
distance not over 50 km from the emission source [12-13]. Generally, the AERMOD is composed
of three parts: the AERMOD Terrain Preprocessor (AERMAP), the AERMOD Meteorological
Preprocessor (AERMET) and the AERMOD dispersion module. The AERMAP processes the
terrain data in conjunction with a layout of receptor and sources for the AERMOD control files.

The AERMET formats the meteorological data for the AERMOD. Currently, there are various
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sources of the AERMOD models, e.g., the U.S.EPA, Lakes Environmental Software, Scientific
Software Group (SSG), etc. It is claimed that all commercial versions of the AERMOD are based
on the mathematical model similar to the version of the U.S.EPA [57-59].

This work, the ISC-AERMOD View, which is a commercial AERMOD by the Lakes
Environmental Software, is selected because it is an easy-to-operate software and requires the
simple format input data. The ISC-AERMOD View is a user-friendly interface for four U.S. EPA
air dispersion models, i.e., ISCST3 model, ISC-PRIME model, AERMOD model and AERMOD-
PRIME model. Similar to the AERMOD version of the U.S.EPA, the commercial AERMOD
consists of the AERMAP, a preprocessing unit, and the AERMET, a meteorological unit. The
POST View and WRPLOT View are postprocessing units which are used to view the output of
the AERMOD and AERMET. These additional units are available in the commercial version.
Some graphical programs, however, can be applied to view the outputs of the AERMOD program.
Examples of graphical programs are such as Surfer, ArcGIS, etc. The AERMOD modeling system

is summarized in Figure 2.7.

Source dats dals gical data
Data input
AERMAP RAMMET VIEW
Preprocessing
Meteorological AERMET
modeling
Dispersion AERMOD dispersion model
modeling

Postprocessing WRPpLOT POST VIEW

Graphics!

program

Figure 2,7 AERMOD modeling system.

The 3 main parts of the AERMOD are as follows:
(1) AERMOD

The AERMOD is a dispersion model itself with the main function of calculating outputs.



26

(2) AERMAP

In case of the applications to elevated terrain, the user must input a hill height scale along
with the receptor elevation. The U.S. EPA AERMAP terrain-preprocessing program can be used
to generate hill height scales as well as terrain elevations for all receptor locations. Two types of
intermediate result files are used for debugging purposes. One contains information related to the

model results and the other contains grid profiles of meteorological variables.

(3) AERMET

The AERMET meteorological preprocessor will format meteorological variables/data for
the deposition algorithms in the AERMOD. The additional variables include the precipitation
code, precipitation rate, relative humidity, surface pressure and cloud cover. These additional
variables are automatically included after the standard variables for each hour and do not require
any additional inputs. The precipitation data are required for wet deposition calculations in the
AERMOD and can be obtained from the SAMSON, HUSWO or ISHD (TD-3505) formats which
are supported by the AERMET. The meteorological data file for new deposition algorithms is
read as a free format file. Each field on a record is separated from adjacent fields by a comma or
by one or more spaces. The input meteorological data file consists of a header record that includes
the latitude and longitude, surface station name, upper air station name, the on-site station name
and the AERMET version date [13, 56-61].

Each subsequent record is composed of the surface data and upper air data.

- Surface data are meteorological data measuring near the earth’s surface directly by
instrumentation, i.e., wind speed (WS), wind direction (WD), relative humidity (H), ambient air
temperature (T), dew point (DP), precipitation, ceiling height (CH), cloud cover (CC) and global
radiation. The surface data are formatted in the National Climatic Data Center (NCDC) CD-144
format or the Solar and Meteorological Surface Observational Network (SAMSON) format.

- Upper air data are meteorological data measuring in the vertical layers of the
atmosphere. The upper air data are in formatted of the standard NCDC TD-6201 data format or
the NCDC, CD-ROM Forecast Systems Laboratory (FSL) rawinsonde data format before using as
the input of the AERMET.
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2.7 General features of the CALPUFF

CALPUFF is a multi-layer, multi-species non-steady-state puff dispersion modeling
system that simulates the effects of time-varying and space-varying meteorological conditions on
pollution transport, transformation and removal. It can be applied on scales of tens to hundreds of
kilometers. The CALPUFF is designed specifications for the modeling system including the
capability to treat time-varying point and area sources, inert and chemical pollutants, rough or
complex terrain situations and long range transport.

The CALPUFF model was originally developed by the Sigma Research Corporation
(SRC) in late 1980s under the contract with the California Air Resources Board (CARB) and was
first issued in 1990. The SRC subsequently became part of the Earth Tech, Inc. Since the
CALPUFF has been designating as a preferable air quality model by the U.S. EPA, the Earth
Tech, Inc. is selected as the model-designated distributor. The ownership to distribute and
maintain the model has switched from the Earth Tech, Inc. to the TRC Environmental
Corporation since April 2006 [62-64].

To date, the CALPUFF has been used in a wide variety of applications by registered
users worldwide in more than 105 countries [63]. In Thailand, the CALPUFF is not popular for
the Environmental Impact Assessment (EIA) because it operates with meteorological input data
from at least 3 meteorological stations and its operating system is rather complex. Since the
domain in this work is on the mountain area classifying as the complex terrain, the CALPUFF is
one of suitable programs for such area. The CALPUFF modeling system includes three main
components, i.e., CALMET, CALPUFF and CALPOST. More details about these components are

described below.

(1) CALMET

CALMET is a meteorological model which includes a diagnostic wind field generator
containing objective analysis and parameterized treatments of slope flows, kinematic terrain
effects, terrain blocking effects, a divergence minimization procedure, a micro-meteorological
model for overland and overwater boundary layers. The CALMET model obtains the necessary
control information and input meteorological data from a number of different input files. The
control file (CALMET.INP) contains the data that define a particular model run such as starting

date and time, horizontal and vertical grid data and model option flags. Geophysical data
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including terrain elevations, land use and surface characteristics are read from a formatted data
file so-called GEO.DAT. The meteorological input to CALMET can be obtained from either
actual observations or other meso-scale meteorological models such as MMS (the Fifth-
Generation National Center Atmospheric Research (NCAR)/Pennsylvania State University (Penn
State) Mesoscale Model) or Weather Research and Forecasting (WRF) or a combination of both.
For actual observations, the minimum requirements, e.g., wind speed, wind direction, relative
humidity, pressure, temperature, cloud cover and ceiling height are observed from at least
3 surface stations. In addition to the aforementioned parameters, the upper air profiles from
radiosondes launching twice a day (or higher frequency of data from wind and temperature
profilers) are required. The outputs of the CALMET can be expressed by the PRTMET, a
postprocessing program. The PRTMET can display user-selected portions of the meteorological

data file produced by the CALMET meteorological model [63-64].

(2) CALPUFF

CALPUFF is the air dispersion module that simulates the transport and dispersion of
pollutants emitted from model sources as puffs by using the temperature and wind field generated
by the CALMET. The simulation is based on the Gaussian Puff formulation with options to select
various dispersion coefficients for the growth of each puff from emission sources at time (hourly
or less). Parameters and effects such as pollutant species, type of source, receptor location, plume
rise effect, land use effect and terrain effect are required to set in the program. The primary output
files from the CALPUFF contain either hourly concentrations or hourly deposition fluxes which
are evaluated at selected receptor locations. The outputs are in the forms of CONC.DAT,

DFLX.DAT or WFLX.DAT depending on the sort of output user obtaining from the CALPUFF.

(3) CALPOST

CALPOST same as PRTMET is the postprocessing program for processing the outputs
from the CALPUFF like PRTMET. The outputs of the CALPOST are shown in terms of grid
values (x,y,z) data files which can be converted into a picture by a graphical program illustrating
the dispersion and differential concentrations of the pollutants from model sources. Without using
other graphical programs, therefore, the outputs from the CALPOST are numerical values and

rather difficult to analyze.
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There are different sources of the CALPUFF modeling system, for example, the Earth
Tech, Inc., Lakes Environmental Software, Scientific Software Group, etc. In this work, a free-of-
charge CALPUFF PROfessional Beta 5.2.0 by the Earth Tech, Inc. is selected. This software is
designed for estimating the impacts of the pollutants in mountain area and can be downloaded

from www.src.com. The CALPUFF modeling system is summarized in Figure 2.8.

Source Geological
Data input data data dats
Preprocessing
Meteorological
modeling modet
Dispersion CALPUFF
modeling model
PRTMET CALPOST
Postprocessing postp
Graphical program Graphical
{optionat) program

Figure 2.8 CALPUFF modeling system.

2.8 Meteorological factors

2.8.1 Wind

Wind speed and direction are two important measurements. The wind speeds and
directions at the surface and aloft can help to predict the transportation of pollutants. The wind
speed is generally recorded in knots or meters per second (m/s). In contrast to t'he oceanography,
wind directions in meteorology discipline are not given in reference to the direction in which they
are blowing, but rather the direction from which they are blowing. The westerly wind blows from
west to east, whereas the northerly wind blows from north to south. The wind direction is
generally measured in degrees due north but in the AERMOD modeling format it is in ten of
degrees. The simplest way to measure the wind speed and direction at the earth's surface is by

using wind cups and vanes, respectively.
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Similarly, windrose (a graphical plot of wind speed and direction) is used to view how
the wind is distributed at a particular location. Windrose contains each spoke in color-coded bands
that show wind speed ranges. The windroses typically use 16 cardinal directions such as north
(N), north northeast (NNE), northeast (NE), etc. and may be subdivided into as many as 32
directions. In terms of angle measurement in degrees, north corresponds to 0° to 360°, east to 90°,

south to 180° and west to 270° [65-66]. The wind directions are classified in Table 2.6.

Table 2.6 Classification of wind directions [66).

Abbreviation Wind direction Degrees
N north 0°
NNE north northeast 22.5°
NE northeast 45°
ENE cast northeast 67.5°
E east 90°
ESE cast southeast 112.5°
SE southeast 135°
SSE south southeast 157.5°
S south 180°
SSwW south southwest 202.5°
SW southwest 225°
WSW west southwest 247.5°
w west 270°
WNW west northwest 292.5°
NwW northwest 315°
NNW north northwest 337.5°
2.8.2 Relative humidity

The relative humidity (RH) is a term most frequently used to express the amount of
moisture in the air. It is a weight ratio between actual water vapor and water vapor at saturation
and is usually expressed in percentage. The value can change by adding or removing moisture,

and by increasing or decreasing temperature [65).

Relative humidity = mass of water vapor x 100 (2.4)

mass of water vapor at saturation
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2.8.3 Pressure

Air pressure is the force exerted by air molecules on a particular surface. The pressure at
the surface is measured by a barometer. Among many types of barometers, the most common
barometer for meteorological purposes is the mercury barometer. Air pressure is commonly
expressed in millibars (mbar) or inches of mercury (in Hg). The sea level pressure is typically

1,013 mbar or about 30 in Hg [65].

2.8.4 Temperature

Ambient air temperature is a parameter that affects plume rise, atmospheric conditions,
direction of the local winds such as in-land and sea breezes showing the effects of hills and
valleys. The decrease in temperature with height is called lapse rate, which indicates an index of
the dispersion capacity of the atmosphere. Three conditions of lapse rates are as follows:

- neutral condition: actual lapse rate = adiabatic lapse rate

- unstable condition or superadiabatic: actual lapse rate < adiabatic lapse rate

- stable condition or subadiabatic: actual lapse rate > adiabatic lapse rate [50-53].

2.8.5 Precipitation
Precipitation is the quantity of water or snow falling to the earth at a specific place within
a period of time. In Thailand, the precipitation is, normally, rain reported in millimeter (mm). Air

pollution can be removed by wet deposition because of the precipitation [65].

2.8.6 Ceiling height

Ceiling height or cloud layer height is the distance between the ground level to the cloud
base. The ceiling height is determined by several methods but estimation is the most frequent
method. It is acceptable to determine the ceiling heights of low scattered cloud layers or higher
cloud layers. More accurate methods such as launching a balloon are required when the cloud
layer forms a ceiling, especially if the layer height is below 3,000 feet because the balloon moves

up very fast [65].

2.8.7 Cloud cover
The amount of cloud cover and the duration of its presence determine the amount of

sunshine reaching the ground, and thereby, determine the ground heat flux contributing to the
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turbulence kinetic energy which controls the mixing of air pollution. The cloud cover is reported
in 0-10. The lowest number, 0, indicates clear sky, 1-5 is scattered or is partly cloudy (10-50 % of

the sky is covered by clouds), 6-8 is mostly cloudy, 9 is overcast and 10 is obscured [49].

2.8.8 Global radiation
Global radiation is the total short-wave radiation from the sky falling onto a horizontal
surface on the ground. It includes direct solar radiation and diffuse radiation resulting from

reflected or scattered sunlight [65].

2.9 Morphological and elemental analysis

The scanning electron microscope (SEM) shows the image sample surface by scanning it
with a high-energy beam of electrons in a raster scan pattern. The SEM provides a highly detailed
topographical view of a material at high magnifications. A wide range of magnifications from
about 10 times is possible. The magnified image can be captured for further evaluation. The SEM
can be coupled with the Energy Dispersive X-ray (EDX) to analyze the elemental chemical
composition of the samples. The SEM/EDX is commonly used in such a field, e.g., metallurgy,
failure analysis, composite manufacturing, geology, corrosion, material characterization, etc.

Some examples of SEM/EDX in environmental applications are shown below.

The SEM/EDX can be used to analyze the PM in the atmosphere to investigate its
possible impact to the human’s health, According to the image in Figure 2.9, the SEM was
applied to analyze the morphological properties of the graphitized pollen grain contaminant
particle. The image of the pollen was magnified and then the EDX was applied to find its element.
The results of EDX showed that the pollen grain contained mainly carbon with small amounts of
oxygen and sulfur [67].

The Pollution Control Department, Thailand applied the SEM/EDX to analyze the yellow
PM in Bang Saphan district, Prachuap Khiri Khan [68]. The images of yellow PM were magnified
between 65x and 400x% to study their morphological properties and elemental compositions. It was
found that the yellow PM was irregular shape. Some morphological images were similar to those
of palm and sunflower pollens, as shown in Figures 2.10-2.11. The results of the EDX showed
that main elemental compositions of the yellow PM were C and O and small amount of Ca, as

shown in Table 2.7. From the images by the SEM and the elemental composition by the EDX, it
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Table 2.7 Elemental compositions in yellow particulate matter [68].

Elements Sampling date/Amount of element (%)
11" 13" June 2008 7"- 9" August 2008
Carbon (C) 49.00 - 68.63 57.85-68.43
Oxygen (O) 28.72-37.86 28.85-35.13
Calcium (Ca) 0.56-2.48 0.42-3.88

2.10 Literature reviews

2.10.1 Air pollution in Saraburi

As mentioned in Chapter 1, Saraburi has suffered from air pollution impact for more than
10 years, particularly the area in Nah Phra Laan with existing mining, stoning and cement
industries. The following works by academic and government sectors showed their concern to the
problems and seek proper solutions to control the pollutant impacts in Nah Phra Laan.

Phajon-Aripai K. [2] studied PM,, dispersion from stone-crushing plants in Nah Phra
Laan by the Industrial Sources Complex Short Term model (ISCST). Most of the simulation
results were under the observations. Underestimation by the model was attributed to the
calculation without significant emission sources from transportations because the Nah Phra Laan
was located near the complex terrain of mountain chains. The ISCST model is known to suit the
flat terrain not the mountain area. Therefore, it is possible to obtain errors from the program.

Moondee et al. [3] reported the effects of TSP and PM,, on the students’ health in Nah
Phra Laan. The TSP and PM,, in the ambient air were collected from the schools located near and
far from quarry and stone-crushing industries. The health data were revealed that the prevalence
of all respiratory symptoms of the students in Nah Phra Laan was statistically significant higher
than those of the students outside Nah Phra Laan.

During 2005-2006, the PCD employed the SECOT Company Limited, an environmental,
safety and monitoring company to establish the emission inventory (EI) for the investigation of
PM impact around the industrial areas in Nah Phra Laan [7]. It was reported that most PM,, came
from the transportations, stone-crushing industries, cement industries, mineral industries and
residential activities of 43.25%, 36.00%, 20.06%, 0.67%, and 0.02%, respectively. In 2008,
Pimonsree [6] updated the EI of the PCD and applied the Hybrid Particle and Concentration

Transport model (HYPACT) with Lagrangian option and the Regional Atmospheric Modeling
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System (RAMS) to evaluate the PM,, dispersion in Nah Phra Laan. The model results showed that
high PM,, concentrations were in the industrial areas, particularly at downwind direction.

Above research works showed the awareness of PM impact and the efforts to reduce PM
concentrations in the atmosphere at Nah Phra Laan. However, there are a few research projects on
air pollution in Kaeng Khoi district, the adjacent area to the east of Nah Phra Laan, where 4 major
cement plants are located.

Hung [69] studied the impacts of the emissions from the selected cement kiln of the
SCCC using secondary fuels such as activated carbon, papers, plastics, rags and fabrics. The
measurement results showed the concentrations of TSP and benzene at 7 receptors of 191-220
g/m3 and 1.9-5.2 g/ms. Polychlorinated biphenyls (PCBs) congeners were 9.6-13.7 mg/mJ. All
emissions of HCI, CO, NO_ and SO, were in the permitted values of the cement kilns in Thailand.
In 2008, Prakitcharoensuk [70] applied the Industrial Sources Complex Short Term model
(ISCST3) to study the impact of the PCBs emissions from the selected cement kiln. It was
reported that the highest PCB concentration was observed at the east of the domain. The
geography of Kaeng Khoi is identified the complex area as it is plateau consisting of mountain
chains and the surrounding areas near the Kao Yai Natural Park. As a result, the ISCST3 was not
proper to estimate the impacts of the PCBs emissions in this area. Thereby, the AERMOD and

CALPUFF were recommended.

2.10.2 The applications of Gaussian dispersion models in air pollution

Justification to use a simple or complex atmospheric dispersion model depends on types
of pollutants, numbers of releasing sources, domain size and locations (near the sea or mountain
area), etc. In this current work, the AERMOD and CALPUFF Gaussian models are reviewed.

The following examples show the applications of AERMOD.

Sax and Isakov [71] estimated variability and uncertainty in predicted hexavalent
chromium concentrations generated by welding operations at a shipbuilding and repair facility in
California, USA by the ISCST3 and AERMOD. From a practical perspective uncertainty is most
important at receptors with highest predicted concentrations. In this case study, emissions were
the primary source of uncertainty. They found that both models were sensitive to the location of
emission sources, meteorological and model parameters. Simplified modeling approaches may
lead to errors in pollutant concentration estimates, especially in close proximity to the emission

sources where predicted concentrations are highest.
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Caputo et al. [72] compared the results from 3 models: Gaussian plume model
(AERMOD and Hybrid Plume Dispersion Model (HPDM)), segmented Gaussian plume model
(PC Code System from Maria (PCCOSYMA)) and Lagrangian model (Hybrid Single-particle
Lagrangian Integrated Trajectory (HYSPLIT)). The meteorological data were generated by the
RAMS. It was reported that the main differences of the outputs from 3 models were originated in
the sensible heat flux and friction velocity computation, whose values impact directly on the
Monin-Obukov length and mixing height calculation. These differences and the strong
dependence of the results on them indicated that more development to improve the algorithms for
the calculations of meteorological variables (mainly during stable conditions) should be done.

Venkatram et al. [73] estimated the sulfur hexafluoride (SF,) tracers which were sampled
at several receptors within 20 m from the emission source by the Industrial Source Complex -
Plume RlIse Model Enhancements (ISC-PRIME) dispersion model and AERMOD/Plume Rlse
Model Enhancements (PRIME). The evaluation by both models indicated that the highest
concentrations were overestimated but the lower range of the concentrations was underestimated.

Bhardwaj [74] reported that the predicted results by the AERMOD were very close to the
observed values when the AERMET was run with the twelve sectors’ land use parameter values
around three kilometers at the meteorological site. Furthermore, the AERMOD was highly
sensitive to the input data for 1-hour and 3-hour averaged periods. Less impact in the variation in
predicted concentrations for annual averaged period and 24-hour averaged period with respect to
data specification of the study areas was observed.

Orloff et al. [75] applied the ISCST3 and AERMOD to predict hydrogen cyanide (HCN)
concentration in the atmosphere around the gold heap leach field. They reported that the major
sources of uncertainty in the model predictions were the complex terrain of the area and the
uncertainty in the emission rates of HCN from the leach field.

Stein et al. [76] combined 3 models of the Community Multi-scale Air Quality (CMAQ),
HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) and AERMOD in a hybrid
modeling applications. Each model was subjected to (i) the CMAQ was applied to provide the
regional background concentrations and urban-scale photochemistry, (ii) the HYSPLIT was
applied to provide the spatially resolved concentrations of the selective sources, and (iii) the
AERMOD was applied to simulate mobile emissions from the selected major roads. It was found

that the hybrid modeling approach showed a somewhat better statistical performance than the high
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resolution nested Eulerian model. However, the differences were evident between modeling
methods and available monitoring site data.

Kesarkara et al. [77] applied the AERMOD coupling with Weather Research and
Forecasting (WRF) to predict the impact of PM,, in Pune, India. The comparison of observed and
simulated concentrations showed that the model generally underestimated the concentrations over
the city. It might because the data from this case study were not sufficient to conclude the
suitability of regionally averaged meteorological parameters for running the AERMOD. The
additional simulations with different WRF parameterizations along with an improved pollutant
source data must be added for enhancing the reliability of the AERMOD/ WRF modeling system.

Isakov et al. [78] applied the AERMOD to simulate observed tracer concentrations from
a tracer field study conducted in Wilmington, California, USA using four different sources of
inputs (i) onsite measurements, (ii) National Weather Service measurements from a nearby
airport, (iii) readily available forecast model outputs from the Eta Model, and (iv) readily
available and more spatially resolved forecast model outputs from the Fifth-Generation National
Center Atmospheric Research (NCAR)/Pennsylvania State University (Penn State) Mesoscale
Model, known as MMS5, prognostic model. The results indicated that comprehensive models such
as MMS5 and Eta have the potential of providing adequate meteorological inputs for currently used
short-range dispersion models such as the AERMOD.

Mazur et al. [79] applied the AERMOD to predict hourly ground-level concentrations of
total gaseous mercury (TGM) emissions from the coal-fired power plants located on the Lake
Wabamun area at Genesee and Meadows sites in Alberta, Canada under normal operating
conditions. The Genesee site but not Meadows site was directly affected by the coal-fired power
plants and SO, with the occurrence of the north-west winds. The AERMOD modeling predicted
that TGM emissions from the coal-fired power plants under normal operating conditions could
influence their relevant hourly ground-level concentrations in ambient air.

Venkatram et al. [80] used the AERMOD to estimate the contribution of traffic-genérated
emissions of the selected VOCs such as benzene, 1,3-butadiene and toluene to ambient air
concentrations at downwind receptors ranging from 10 m to 100 m from the edge of a major
highway in Raleigh, North Carolina, USA. The results demonstrated the suitability of the
formulation in AERMOD to estimate the concentrations of mobile source emissions near

roadways.
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Zou et al. [81] studied the effectiveness of the AERMOD at different time scales in
estimating of SO, concentrations in Dallas and Ellis counties, Texas, USA. They reported that the
8-hour, daily, monthly, and annually averaged SO, concentrations by the simulation matched their
respective observed concentrations much better compared with the simulated 1-hour and 3-hour
averaged SO, concentrations. The AERMOD performed better in simulating SO, concentrations
when combined point and mobile emission sources were used as model inputs rather than using
point or mobile emission sources alone. Furthermore, the AERMOD performed much better in
simulating the high end of the spectrum of SO, concentrations in the study area compared to the
results of 1-hour, 3-hour, 8-hour and 24-hour scales.

Worldwide applications of the CALPUFF are reviewed as follows:

Doolgindachbaporn [82] applied the CALPUFF to simulate 1-hour and 24-hour averaged
concentrations of SO, from the Mae Moh thermal power plant, Lampang, Thailand. It was
reported that no impact was observed from new units (12 and 13) which operated under 95%
efficiency of the desulfurization. About 5,000 g/s of SO, emitted in the morning and 10,000 g/s in
the afternoon.

Godfrey and Clarkson [83] applied the CALPUFF/CALMET in a complex orographic
and very stable polar environment to confirm the measurement of plume trajectories under worst
case conditions from Scott Base, Ross Island, Antarctica. CALMET was used to predict the
meteorological fields of two characteristic low dispersion days and CALPUFF was used to predict
the pollutant footprint and trajectory for each event. The model output is shown to be realistic by
the trajectories of constant density balloons.

Barna and Gimson [84] examined the inter-suburb dispersion of PM in Christchurch,
New Zealand during a wintertime particulate pollution episode. The dispersion was simulated by
the CALPUFF/CALMET/RAMS/ modeling system using the data from a detailed emission
inventory of home heating, motor vehicles and industry. It was found that the peak concentrations
of PM occurred at night when particulate emissions from wood- and coal-burning domestic
heating appliances were at a maximum and emitted to a stable boundary layer.

Levy et al. [85] applied the CALPUFF dispersion model with meteorological data
derived from the National Oceanic and Atmospheric Administration’s (NOAA) to evaluate
primary and secondary PM from nine power plants in Illinois, USA. The simulated results
indicated that the public health was affected significantly by long-range transport and the

emissions from the power plants.
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Surapipith [86] used the CALMET/CALPUFF to analyze the pollution and meteorology
over the European Black Triangle, Krusne Hory (Czech) or Erzgebirge (German) mountain area.
The large brown coal fired power plants in the valley, adjacent to the Krusne Hory, were
considered as key sources of NO,, SO, and PM. It was reported that the transport of air pollutants
was very sensitive to wind direction under the right stable conditions. In addition, increasing flue-
gas temperature or stack height could increase SO, concentration in some parts of the mountain
plateau.

Jiang et al. [87] applied a photochemical Eulerian grid modeling system, consisting of
MMS5/CALMET/California Photochemical Grid Model (CALGRID) to evaluate ozone in the
Puget Sound region of Washington State. Within the receptor grid, the process analysis showed
that ozone concentrations increased during the day as chemical production exceeded the net
effects of deposition and vertical diffusion. Concentrations decreased after mid-afternoon when
horizontal advection began to dominate the other processes. When applied along the air mass
transport path, process analysis showed that during most of the day, chemical production was
larger than the other processes and caused the air mass ozone concentration to steadily increased
during transport downwind of the urban core. The simulated results indicated that the ozone
concentration depended on VOC/NO, ratio in the atmosphere.

Elbir [88] used CALMET/CALPUFF to predict SO, emissions from industrial and
domestic heating sources in [zmir, the third biggest province in Turkey. Statistical analyses were
carried out to evaluate the model performance by comparing the predicted and measured time
series of sulfur dioxide concentrations at four monitoring stations. It was reported that the overall
model performance for four monitoring stations was acceptable with an accuracy of 68%. The
agreement of model predictions and measurements was better for two urban monitoring stations
compared with the other urban stations.

Kanokkarnjana [89] applied the CALPUFF/CALMET and the ISCST3 to evaluate NO,,
SO, and PM,, dispersions in the Laem Chabang Industrial Estate, Chonburi, Thailand. Two
different case studies were investigated by the CALPUFF (i) fresh water and (ii) seawater. The
fresh water case, with no effect function in the coastal area, was used to inspect the performances
of CALPUFF and ISCST3. The 1-hour maximum concentrations of NO,, SO, and PM, outputs
from the ISCST3 were 2065, 2132 and 165 p.g/mJ, respectively. In case of fresh water, the
1-hour maximum concentrations of NO,, SO, and PM,, by the CALPUFF were 611, 1437 and

243 p.g/mJ. The corresponding values of the seawater case were 603, 1198 and 203 p.g/m’,
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respectively. Both models indicated that these maximum concentrations occurred at the western
part of Laem Chabang during the modeling period.

Song et al. [90] applied the CALPUFF to evaluate PM,, in Beijing, China. They reported
that cold air from the northwest or north intruded over Beijing for 4 days in winter accompanied
by high wind speeds. The PM,, was, in addition, swept out of Beijing after the cold fronts and
accumulated again once the winds stopped until the next cold air intrusion.

Wang et al. [91] applied the CALPUFF and ISCST3 to predict downwind odor
concentrations and back-calculating area source odor emission rates. The comparison between the
predicted and field sampled downwind concentrations indicated that the CALPUFF model could
fairly well predict average downwind odor concentrations. However, the ISCST3 tended to
underpredict downwind odor concentrations when compared to the measured concentrations. Both
the CALPUFF and ISCST3 models failed to predict peak odor concentrations using the constant
average emission rate. The odor emission rates obtained by back-calculating fluxes using the
CALPUFF and ISCST3 models with the same field measurements of downwind odor
concentrations were significantly different.

Yang et al. [92] used a coupled regional air quality modeling system to investigate the
time spatial variations in airborne particulate matter, the influences of complex terrain and
meteorological conditions upon boundary layer structure and PM,, concentration distributions.
Analysis of model results illustrated that the pollutants emitted from Mentougou, China could be
transported to Beijing municipal area along certain transport pathways. The PM,, concentration
distributions showed heterogeneity characteristics. Contributions of the Mentougou sources to the
PM,, concentrations in Beijing municipal area were up to 0.1-15 p.g/ms.

Indumati et al. [93] used CALMET/CALPUFF modeling to study atmospheric dispersion
of SO, pollutant over land—water-land interface. They reported that the default scheme to handle
inhomogeneous surfaces by the CALMET/CALPUFF could not manipulate the different
turbulence characteristics over such surfaces. An alternative method was suggested to incorporate
different turbulent characteristics over inhomogeneous surfaces by using the appropriate
atmospheric stability category over different surfaces. It was also shown that the effect of water
body on the ground level concentration decreased as the distance from the water body increased.

Maclntosh et al. [94] compared the deposition of cadmium (Cd), lead (Pb) and zinc (Zn)
predicted by the CALPUFF. The results demonstrated that the CALPUFF could provide
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reasonably accurate predictions of the patterns of long-term air pollutant deposition in the near-
field associated with emissions from a discrete source in complex terrain.

The following works are examples of using Gaussian dispersion model to evaluate the
pollutants from cement manufacture.

Goyal et al. [95] applied two different air quality models, IITST, a combination of the
Gaussian plume and Gaussian puff models, and ISI (ASME), a Gaussian plume model, to predict
monthly averaged TSP concentrations over the industrialized cities of India. They reported that
the IITST model was more appropriate to estimate particulates than the ISI.

Baroutian et al. [96] studied the dispersion of PM,, from continuous sources of the
Kerman Cement Plant, and the dispersion conditions by using the Gaussian plume model that
incorporated source related factors and meteorological factors. The result showed that the
concentrations of PM,; in the ambient air (590-1,370 m from the stacks) were higher than the
annual averaged concentration of PM,, by the WHO’s guidelines.

Silvester et al. [97] used the computational fluid dynamics (CFD) to investigate the
dispersion and deposition of fugitive mineral dust particles generated during rock blasting
operations. The results indicated that the retention of the particles in ambient depended on wind
direction under neutral conditions. In addition, the retention was highest at the longest distance

from the blast location to the downwind pit boundary in the study.



Chapter 3

Methodology

This chapter describes 3 consecutive steps to study the impacts of pollutants from 4
cement manufacturers of the cement complex on the communities nearby Kaeng Khoi, Saraburi.
Firstly, the potential emissions from the cement manufacturers in the study areas were estimated
by preparing the input data for the AERMOD and CALPUFF in 1-year period. The hourly
releasing rates of TSP, PM,, NO, and SO, from the stacks of each cement manufacturer were
simulated. Secondly, meteorological data and the concentrations of pollutants in the ambient were
analyzed. The morphological properties and elements of the TSP and PM,, collected at the
selected receptors were characterized by the SEM/EDX. Finally, the meteorological fields were
simulated by the CALMET to generate wind fields in the areas. The concentrations of pollutants
were simulated by the AERMOD and CALPUFF to understand their dispersion during typical
episodes. The simulated and measured concentrations were compared to verify the model

performance. Details of these steps are summarized in the flow chart as shown in Figure 3.1.

3.1 Emission inventory

3.1.1 Estimation of the emissions from cement manufacturers by emission factors

As mentioned in Chapter 2, types and volumes of the emitted pollutants from cement
production depend on cement or clinker production. The pollutant emissions could be estimated
by using the emission factors (EFs). In this work, the emissions were estimated according to the
European Monitoring and Evaluation Program (EMEP)/EEA air pollutant emission inventory
guidebook-2009 which is widely used by the national level of European Union (EU) [42). The
emissions from the production of clinker and grey cement were considered by Equation 3.1.
Annual production of clinker and cement of the cement manufacturers in Thailand are shown in

Table 3.1.
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Figure 3.1 Procedures of research methodology.
Epollutant= ARproduction x EFpollutant (31)
where
E totant = the emission of a pollutant in a year (kg/annum)
AR iction = the annual production of clinker or cement (in ton)
EF oitutant = the emission factor of the pollutant (kg pollutant/ton clinker

or ton cement), Appendix B
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Table 3.1 Clinker and cement from cement manufacturers in Thailand [1,11].

Production (Megatons/year)

No Cement company Type of process Location
Clinker Cement

1 Jalaprathan Cement Public Dry process with Cha-am, Phetchaburi 1.13 1.19
Company Limited rotary kiln

2 Jalaprathan Cement Public Dry process with Takhli, Nakhon Sawan 1.10 1.15
Company Limited rotary kiln

3 Cemex (Thailand) Company Dry process with Chaloem Phra Kiat, Saraburi 0.80 0.84
Limited rotary kiln

4 TPI Polene Public Company Dry process with Kaeng Khoi, Saraburi 8.58 9.07
Limited rotary kiln

7 Thai Sathapana Company Limited | Semi-wet process Pak Tho, Ratchaburi 0.09 No data

with the shaft kiln

8 Siam Cement (Thung Song) Dry process with Thung Song, 6.57 6.91
Company Limited rotary kiln Nakhon Si Thammarat

9 Siam Cement (Kaeng Khoi) Dry process with Kaeng Khoi, Saraburi 6.94 7.30
Company Limited rotary kiln

10 | Siam Cement (Tha Luang) Dry process with Ban Mo, Saraburi 292 3.07
Company Limited rotary kiln

11 Siam Cement (Kao Wong) Dry process with Phra Phutthabat, Saraburi 3.65 3.84
Company Limited rotary kiln

12 | Siam Cement (Lumpang) Dry process with Chae Hom, Lampang 2.01 211
Company Limited rotary kiln

13 Siam City Cement Public Dry process with Kaeng Khoi, Saraburi 14.05 14.78
Company Limited rotary kiln

15 | Asia Cement Public Company Dry process with Phra Phutthabat, Saraburi 4.75 499
Limited rotary kiln .

16 | Thai Pride Cement Company Dry process with Kaeng Khoi, Saraburi 091 0.96
Limited rotary kiln

17 | Samukkee Cement Limited* Dry process with Pak Chong, Nakhon 0 0.12

rotary kiln Ratchasima
Total 53.49 56.35

*Samukkee Cement Limited has not operated the kiln since the plants were started up. It operates only grinding clinker units.

3.2 Model domain

Figure 3.2 and Table 3.2 show model domains in this study. All of the domains covered

the areas nearby the cement manufacturers in Kaeng Khoi. The ISC-AERMOD View has been

developing for years and version 7.0 is the latest version [57]. In this work, the ISC-AERMOD

View Version 4.6.2 and 5.4 (Lakes Environmental Software, Waterloo, Ontario, Canada) were

used. The ISC-AERMOD View version 4.6.2 is for the domain size of 39.5 km x 39.5 km while
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Table 3.12 Summary of the CALPUFF model setting (cont.).

CALPUFF
Plume element modeled as puff
Dispersion option Pasquill-Gifford coef. (rural, ISC curves) and McElroy-Pooler coef. (urban)

Terrain adjustment method applied to grid  partial plume path adjustment

and discrete receptors

Discrete receptors see Table 3.7

Number of stacks PM, - 14
NO,-14
SO,- 14

Output units pg/m’

3.6.3 Model output analysis

The outputs of the AERMOD, CALMET and CALPUFF in the study area were analyzed
consecutively as follows:

(1) CALMET performance for surface meteorology was checked by the scatter plots of
the measured and simulated meteorological parameters, i.e., temperature, wind speed and wind
direction. In addition, the wind speeds and directions from the CALMET were plotted to check
the wind fields.

(2) The maximum concentration of each pollutant was simulated by each case to consider
the impacts of the pollutants in the study areas.

(3) The impact areas, where the simulated pollution concentrations were highet than the
values in NAAQSs, were calculated by the ARC GIS 9.3.

(4) The populations in the impact areas were calculated by the following Equation.

People (persons) = Impact area (km”) x Population density (persons/kmz) (3.3)
The population density of Kaeng Khoi was 79 persons/km2 [15].

(5) The concentration-time series were plotted to compare the hourly of pollutant
concentrations of the monitoring pollutants and the simulation results from the AERMOD and
CALPUFF.

(6) The Quantile-Quantile plots (Q-Q plots) between the monitoring data and the
simulation results from AERMOD and CALPUFF were used to verify the model performance.

The Q-Q plots were created by ranking the hourly measured and simulated concentrations, then
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pairing them by rank. The ranked vectors were subsequently plotted as a conventional scatter
diagram. The middle line of the Q-Q plot with a unit slope showed equal concentration of the
measurement and the simulation. The other two lines (below and above the middle line) marked
half levels and double levels of the measurement and the simulation show half-under and
double-over predictions, respectively [99]. Good agreement between the measured and simulated
concentrations was indicated by all data were in line with the middle line. Possible model
transport problems were designated by the lowest and highest model concentrations deviated from
the middle line. The offsets of the median values showed a more serious problem where
atmospheric reactions or deposition mechanisms might not be included in the simulation model.
(7) The simulated plumes of 1-h averaged concentration of NO, by the CALPUFF in the

study area were plotted to indicate the area of high impact.



Chapter 4

Results and discussion

In this chapter, the ambient air quality, particularly in the areas nearby 4 cement
manufactures in Kaeng Khoi, Saraburi were analyzed by measurement and compared with the
simulation results from the AERMOD and CALPUFF software models. The measured and
simulated concentrations of pollutants in ambient air were finally compared with the permit
values by the National Ambient Air Quality Standards to evaluate the air pollutant impact on the

study areas.

4.1 Emission inventory of the cement manufacturers in Thailand

The emission inventory of cement manufacturers in Thailand were based on the kiln
capacities as detailed in Table 3.1. The estimation was calculated according to the European
Monitoring and Evaluation Program (EMEP)/EEA Air Pollutant Emission Inventory Guidebook-
2009. The calculation of the pollutant emissions by Equation (3.1) provided the average amount
of pollutants releasing to the atmosphere. These fundamental results facilitate the cement
manufacturers and the government to establish proper strategies for pollution prevention and
control.

PM is mainly air pollutant from cement production. Without electrostatic precipitator
(ESP), the cement manufacturers in Thailand emitted TSP, PM,, and PM, ; with enormous volume
of 12,397,458; 5,635,208; and 6,198,729 tons/year, respectively. About 78% of the PM emissions
from the cement manufactures in Thailand were from Saraburi and 60% of that came from Kaeng
Khoi where 4 cement manufacturers were located [11]. The SCCC released the highest total
volume of the PM followed by TPIPL, SCG and TPCC. The calculated PM emissions are shown
in Tables 4.1 and 4.2,
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Table 4.1 PM emissions from cement manufacturers.

Pollutants Kaeng Khol (tons/year) Saraburi (tons/year) Thailand (tons/year)
TSP 7,065,080.0 9,869,816.0 12,397,457.6
PM,, 3,211,400.0 4,486,280.0 5,635,208.0
PM, 3,532,540.0 4,934,908.0 6,198,728.8

Table 4.2 PM emissions from cement manufacturers in Kaeng Khoi.

Cement plants Emissions (tons/year)
TSP PM,, PM,,
SCCC 3,252,480.0 1,478,400.0 1,626,240.0
TPIPL 1,996,280.0 907,400.0 998,140.0
SCG 1,605,120.0 729,600.0 802,560.0
TPCC 211,200.0 96,000.0 105,600.0
Total 7,065,080.0 3,211,400.0 3,532,540.0

From the methodology in section 3.1, other pollutants emitted during the cement
production were NO,, SO,, CO and non-methane volatile organic compounds (NMVOCs), heavy
metals and dioxins. The total emissions of NO,, SO,, CO and NMVOCs from cement
manufacturers in Thailand were 82,905; 20,004; 106,974 and 5,349 tons/year, respectively. The
calculated emissions of NO,, SO, and CO are shown in Tables 4.3 and 4.4.

Normally, heavy metals, typical As, Cd, Cr, Cu, Hg, Ni, Pb, Se and Zn, cannot be
eliminated by burning at high temperature. In cement production, heavy metals are released from
cement kiln with solid wastes [17, 29]. A few of them might come along with PM emitted from
the stacks. The emissions containing heavy metals posed a significant health risk. All of them are
estimated based on the cement productivity, following the methodology in section 3.1. The
calculated results are shown in Tables 4.5 and 4.6.

Burning process in cement production is at high temperature up to 1,400 °C. 1t is
possible that dioxins , e.g., Benzo (a) pyrene, Benzo (b) fluoranthene, Benzo (k) fluoranthene,
HCB, Indeno (1,2,3-cd) pyrene, PCB and PCDD/F are formed during the process. The calculated

dioxins are shown in Tables 4.7-4.8.




Table 4.3 Emissions of NO_, SO,, CO and NMVOCs from cement manufacturers.
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Pollutants Emissions (tons/year)
Kaeng Khoi Saraburi Thailand
NO, 47,240.1 66,023.0 82,905.0
S0, 11,398.6 15,930.7 20,004.2
Cco 60,955.0 85,191.0 106,974.2
NMVOCs 3,047.8 4,259.6 5,348.7

Table 4.4 Emissions of NO,, SO,, CO and NMVOCs from cement manufacturers in Kaeng Khoi.

Pollutants Emissions (tons/year)
NO, SO, co NMVOCs
SCCC 21,781.4 5,255.6 28,105.0 1,405.3
SCG 10,749.3 2,593.7 13,870.0 693.5
TPIPL 13,295.1 3,208.0 17,155.0 857.8
TPCC 1,414.4 3413 1,825.0 91.3
Table 4.5 Emissions of heavy metals from cement manufacturers.
Pollutants Emissions (tons/year)

Kaeng Khoi Saraburi Thailand
As 0.808 1.13 1.42
Cd 0.244 0.341 0.428
Cr 1.25 1.75 2.19
Cu 1.97 2.76 3.46
Hg 335 4.69 5.88
Ni 1.49 2.09 2.62
Pb 2.99 4.17 5.24
Se 0.771 1.08 1.35
Zn 12.9 18.1 22.7




Table 4.6 Emissions of heavy metals from cement manufacturers in Kaeng Khoi.

Pollutants Emissions (tons/year)
SCccC SCG TPIPL TPCC
As 0.372 0.184 0.227 0.0242
Cd 0.112 0.0555 0.0686 0.0073
Cr 0.576 0.284 0.352 0.0374
Cu 0.909 0.449 0.555 0.0590
Hg 1.55 0.763 0.944 0.1
Ni 0.689 0.340 0.42 0.0447
Pb 1.38 0.680 0.841 0.0894
Se 0.356 0.175 0.217 0.0231
Zn 5.96 2.94 3.64 0.387
Table 4.7 Emissions of dioxins from cement manufacturers.
Pollutants Emissions (tons/year)
Kaeng Khoi Saraburi Thailand
Benzo (a) pyrene 0.00198 0.00277 0.00348
Benzo (b) fluoranthene 0.00853 0.0119 0.015
Benzo (k) fluoranthene 0.00235 0.00328 0.00412
HCB 0.335 0.469 0.588
Indeno (1,2,3-cd) pyrene 0.00131 0.00183 0.0023
PCB 0.0305 0.0426 0.0535
PCDD/F 0.00152 0.00213 0.00267
Table 4.8 Emissions of dioxins from cement manufacturers in Kaeng Khoi.
Pollutants Emissions (tons/year)
SCCC SCG TPIPL TPCC
Benzo (a) pyrene 9.13x10™ 4.51x10 5.58x10™ 5.93x10°
Benzo (b) fluoranthene 3.93x10° 1.94x10” 2.40x10° 2.56x10*
Benzo (k) fluoranthene 1.08x10° 5.34x10" 6.60x10™ 7.03%10°
HCB 1.55x10" 7.63x10° 9.44x10” 1.00x10”
Indeno (1,2,3-cd) pyrene 6.04x10™ 2.98x10™ 3.69x10™ 3.92x10”
PCB 1.41x10? 6.94x10” 8.58x10° 9.13x10™
PCDD/F 7.03x10™ 3.47x10" 4.29x10" 4.56x10°
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Pham Thi Bich Thao [100] calculated the emissions of PM,,, NO,, SO,, CO, submicron
black carbon (BC), ammonia (NH,), non-methane volatile organic compounds (NMVOCs), and
submicron organic carbon (OC) from energy-consumed industries by using the document guide,
namely Compilations of Air Pollutants Emission Factors, known as AP-42 EFs and IPCC. The
central regional, where the cement complex is located, showed the largest total emissions,
followed by the eastern region as shown in Table 4.9. The calculated results implied that cement
manufacturers consumed high energy and released high emissions. However, we cannot compare
the results from this work with ours because of different emission factor database. Their
estimations did not classify specific types of industries. They used emission factors from several
sources (the AP-42 EFs, IPCC and EIA reports) without measurement data from the emission
sources, while this work applied the EMEP/EEA Air Pollutant Emission Inventory Guidebook-
2009. From this point, Thailand should provide the EFs databases of each industry for being able

to control air pollution for less pollutant impact and high air quality.

Table 4.9 Annual emissions due to energy consumption in industrial facilities by region in

Thailand [100].
Region Emissions (tons/year)
PM,, NO, SO, Cco BC NH, NMVOCs oC
(as NO)

Central 135,300 74,600 | 301,400 | 118,100 5,200 1,000 21,300 5,600
Eastern 58,300 20,200 | 119,300 21,600 1,300 300 5,600 1,300
Northern 9,400 6,000 19,200 16,600 400 100 2,800 400
Northeastern 14,800 5,900 18,200 26,500 700 100 3,300 700
Southern 13,800 4,600 18,800 10,300 500 100 500 500
Total 231,600 | 111,300 | 476,900 | 193,100 8,100 1,600 33,500 8,500

4.2 Stack sampling and ambient air monitoring

In this part, the concentrations of the pollutants sampled at the stacks and in ambient air
were reported and discussed. The measurements at the stacks were formally known as ‘stack
sampling’ whereas in the ambient were ‘ambient air monitoring or monitoring’. To evaluate the

impact of pollutant emissions from cement manufacturers, both stack sampling and ambient air
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monitoring were measured. The emitting and monitoring results were compared to find the

emission impacts on the communities.

4.2.1 Stack sampling

According to the EIA reports, the stack samplings of TSP as PM,;, NO, and SO, from
cement manufacturers in Kaeng Khoi in terms of mass of each pollutant/volume were converted
to mass of pollutant/time in tons/year and g/s. Their annual emissions were shown in Table 4.10.
With the electrostatic precipitators of 99.99% efficiency at the stacks, TSP released from the
stacks can be considered as PM,, [20, 48]. From Table 4.10, the SCG emitted the highest PM,, in
Kaeng Khoi, whereas, the SCCC with high temperature combustion emitted the highest NO,.
From the EIA reports of 4 cement manufacturers, they released SO, much lower than NO,, TSP
and PM,; because SO, in flue gas reacted with CaCO, in raw materials during cement
combustion. The total emission rate of SO, in 2007 was about 315 tons/year or 10 g/s or in terms
of concentration 1-12 mg/ms, which was lower than the permit of the Department of Industrial
Works, Ministry of Industry of 131 mg/ms. From Table 4.10, TPCC, the smallest cement

manufacturer in this area, emitted very low emissions of TSP as PM,;,, NO, and SO,.

Table 4.10 Annual emissions from stack samplings of the 4 cement manufacturers in Kaeng Khoi

[101-104].
Cement Emission rates, tons/year (g/s)

manufacturers TSP (as PM,) NO, (as NO) S0,
SCCC 1,037.0 25,897.1 147.7
(329 (821.2) 4.7

TPIPL 1,161.0 9,857.0 146.9
(36.8) (312.6) .7

SCG 2,012.4 7,022.2 16.7
(63.8) (222.7) (0.53)

TPCC 75.4 462.0 3.6
(2.9) (14.6) 0.1)
Total 4,285.8 43,238.3 3149
(1,35.9) (1,371.1) (10.0)
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4.5.4 Comparison results between the AERMOD and the CALPUFF

The simulated results from the commercial AERMOD, ISC-AERMOD View versions
4.6.2 and 5.4 and the free accessible CALPUFF, CALPUFF PROfessional Beta 5.2.0, were
compared. The maximum concentrations simulated by the CALPUFF were higher than those
obtained by the ISC-AERMOD View version 4.6.2 at every averaged scale but were lower than
those obtained by the ISC-AERMOD View version 5.4, as shown in Tables 4.37-4.39.

Time-series plots of the monitored and simulated of NO, concentrations by the
AERMOD version 4.6.2 and the CALPUFF PROfessional Beta 5.2.0 are shown in Figures
4.99-4.100. The AERMOD and CALPUFF could simulate NO, peaks at the receptors located in a
short- and long- distance from the reference point. For example, a number of NO, peaks were
generated at the receptor 6, 2.5 km away from the reference point, and at the receptor 11, 7.5 km
away from the reference point. In dry season, some parts of NO, plumes landed on the receptors
3 and 11. More NO, peaks were detected by the CALPUFF than by the AERMOD. As a result, it
revealed that the AERMOD provided the statistical calculation whereas the CALPUFF detected

hourly time values.

Table 4.37 The maximum simulated 1-hour averaged concentrations by the AERMOD and

CALPUFF.
Maximum
Model Pollutants concentration UTM (X,Y) (km) Local station time
(Hg/m’)
AERMOD PM,, 96.0 720.00,1621.50 4/01/2007 at 10.00 a.m.
Version 4.6.2 NO, 561.7 722.50, 1618.50 26/12/2007 at 900 a.m.
S0, 5.5 730.50, 1621.00 10/10/2007 at 11.00 a.m.
AERMOD PM,, 579.4 723.00, 1621.00 8/09/2007 at 300 a.m,
Version 5.4 NO, 3,820.2 730.00, 1621.50 17/01/2007 at 9.00 p.m.
S0, 60.3 730.00, 1621.00 25/12/2007 at 4.00 a.m,
CALPUFF PM,, 276.2 721.75, 1618.75 21/10/2007 at 6.00 a.m.
NO, 3,7303 723.25,1617.25 19/10/2007 at 5.00 a.m.
S0, 23.6 723.25,1617.25 19/10/2007 at 5.00 a.m,
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Table 4.38 The maximum simulated 24-hour averaged concentrations by the AERMOD and

CALPUFF.
Maximum Location of the
Local station time of
Model Pollutant concentration maximum impact in
the maximum impact
(Hg/m) UTM (X,Y) (k)
AERMOD PM,, 11.4 719.50, 1621.00 25/05/2007
Version 4.6.2 NO, 63.5 727.50,1618.00 24/06/2007
SO, 0.6 730.00, 1621.00 24/12/2007
AERMOD PM,, 89.5 725.00, 1618.50 5/01/2007
Version 5.4 NO, 625.6 725.00, 1619.00 11/01/2007
SO, 113 730.00,1620.50 17/02/2007
CALPUFF PM,, 31.6 728.25, 1620.25 19/1122007
NO, 323.2 723.25, 1617.75 18/01/2007
SO, 4.2 728.25, 1620.25 19/11/2007

Table 4.39 The maximum simulated 1-year averaged concentrations by the AERMOD and

CALPUFF.,
Maximum concentration Location of the maximum
Model Pollutant
(Ug/m®) impact in UTM (X,Y) (km)
AERMOD PM,, 29 719.50, 1621.00
jon 4.6.2
Version NO, 163 725.50, 1619.50
SO, 0.1 728.50, 1621.50
AERMOD PM,, 12.1 709.50, 1630.00
Version 5.4 NO, 74.9 730.00, 1620.50
SO, 1.4 730.00, 1620.50
CALPUFF PM,, 59 728.25, 1620.25
NO, 434 728.25, 1620.25
SO 0.7 728.25, 1620.25
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Figure 4.99 Time-series plots between 1-hour averaged of monitored and simulated NO, at
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Figure 4.100 Time-series plots between 1-hour averaged of monitored and simulated NO, at

receptor 11.



Chapter 5

Conclusions and recommendations

5.1 Conclusions

Gaseous and particulate air pollutants are troublesome to human beings. For the study
areas of the cement complex in Kaeng Khoi, Saraburi, NO, contributes a major air pollution
emission although the monitoring results of TSP, PM,;,, NO, and SO, show no serious air
pollution in the areas. Nevertheless, Nah Phra Laan-the connecting area faces serious PM,,
emission. Higher PM,, concentration in the ambient air than the permit by the National Ambient
Air Quality Standards (NAAQS) of Thailand is regularly observed. Knowing the location of the
source relative to the receptor would allow us to estimate the pollutant concentration at a
particular downwind receptor using a dispersion model.

In this work, the American Meteorological Society-Environmental Protection Agency
Regulatory Model (AERMOD) and the California Puff Dispersion Model (CALPUFF)
demonstrate that the 24-hour averaged concentration of PM,,, the maximum 1-hour averaged
concentrations of NO, and SO, from the cement complex in Kaeng Khoi are in the NAAQS. In
the mean time, PM,, and SO, do not show significant impact on the nearby communities but NO,
is of most concern because the hourly averaged concentrations of NO,, not in 7 days of the EIA
measurement, exceed the permit by the NAAQS. This may bring Kaeng Khoi a new risky area in
the near future if serious pollutant-emission-regulating mechanisms are not active.

The performances of the AERMOD and CALPUFF were validated by the
Quantile-Quantile plots of 1-hour averaged NO, concentrations in dry and wet seasons. Compare
to wet season, the simulated 1-hour averaged NO, concentrations in dry season agreed well with
their monitoring data. It was attributed to the effects of NO, deposition reactions in wet
environment. The CALPUFF is known to be more suitable for a complex terrain than the
AERMOD because it is a multi-layer, multi-species and non-steady-state dispersion modeling. It
contains the reactive modules which can calculate chemical reactions of the NO,, SO,, VOCs, etc
in the atmosphere. Moreover, the CALPUFF detects hourly time variations whereas the
AERMOD provides the statistical simulation. Difficult-accessible or inaccessible locations of the

receptors made them not possible to detect and distinguish the air pollutants emitting from the
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cement complex exactly. The trajectories or plumes of the simulated 1-hour averaged
concentrations of NO, can help to determine the areas of high impact. It should be noted that the
air circulation and NO, dispersion are not controlled only by local and seasonal winds but also the
complex topography of the study areas. Because the locations of the receptors were not always
hit by the trajectories of NO, plumes in dry and wet seasons so the concentrations of NO, at the
receptors might not be accurate. Suitable locations of the receptors should be considered with

respect to NO, trajectories.

5.2 Comments and recommendations

1. The monitoring for the EIA report should be collected in the middle period of dry and
wet seasons. No emission inventory is provided for Kaeng Khoi so all-inclusive record should be
prepared. The line sources or transportations-related information are highly recommended to be
included.

2. Since a 7-day continuous measurement of NO, concentration in ambient air showed no
significant impact on the environment, in contrast its impact was observed by the simulation. It is
most likely attributed to insufficient monitoring data due to a short-time measurement. Longer
period than 7-day monitoring to assure the air pollution in the area is recommended.

3. Regards to a noticeable difference of the simulation results by the AERMOD,
CALPUEFF and the monitoring pollutant concentrations, it is possible that the maximum pollutant
concentrations do not exist at 12 receptors. It is strongly recommended to set up the receptors
around the cement manufacturers at the pollutant trajectory of highly risk area nearby the
communities.

4. Due to no available precipitation data in Kaeng Khoi, the data collected at Nah Phra
Laan and Kao Noi stations (25 km away from the reference point) were used for the simulations
by the AERMOD and CALPUFF. Consequently, some errors may occur because of the effect of
precipitation. For better outputs from the AERMOD and CALPUFF, the precipitation in Kaeng
Khoi should be collected.

5. The chemical transport regional models, i.e., WRF-chem and CMAQ should be studied
for simulating pollution in Kaeng Khoi as is the complex terrain of mountain areas with various

activities (e.g., transportations, open burning, etc) that affect air pollutant dispersions.
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6. Corresponding to the U.S. EPA, 5-year meteorological data are the minimum
requirement for air dispersion models. Further work to use 5-year meteorological input data with
the AERMOD and CALPUFF for a better simulation of pollutant concentration should be studied.

7. It is recommended to apply meteorological models, e.g., MM5, WRF, RAMS, etc to
predict meteorological data and determine the possible risk areas from the emissions of cement
industry. The simulated results can be used as primary information for preventive management.

8. The concentrated plumes on the ground can be calculated according to the basic
equation of Gaussian plume model as shown in Appendix G. More-refined models such as the
AERMOD and CALPUFF can predict the effect of NO, plume approximately to the actual

dispersion.
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Appendix A

Industries and population in Saraburi

Table A.1 Industries in Saraburi [1].

District Number of industries
. a . 5 -
s | ¢ |& |EE|ly [E3|8 |¢f
"
1 Nong Kae 0 0 0 i 24 1 6 303 335
2 Kaeng Khoi 4 4 3 2 15 7 3 179 217
3 Chaloem  Phra 1 19 57 12 21 0 14 82 206
Kiat
4 Mueang Saraburi 0 1 1 7 14 0 12 131 166
5 Phra Phutthabat 2 7 14 1 23 1 15 97 160
6 Wihan Daeng 0 0 2 4 7 0 13 61 87
7 Sao Hai 0 0 0 4 7 0 30 33 74
8 Ban Mo 1 0 3 0 6 1 12 44 67
9 Muak Let 0 0 0 0 1 0 20 29 50
10 | Wang Muang 0 0 0 0 4 0 15 9 28
11 | Nong Sacng 0 0 0 0 0 0 12 9 21
12 | Nong Don 0 0 0 0 0 0 5 0 5
13 | Don Phut 0 0 0 0 3 0 0 1 4
, Total 8 3 80 31 125 10 157 978 1,420
Table A.2 Districts, areas and population in Saraburi [15].
District Area (km’) Number of homes Population Population denslty
1 Nong Kae 262.9 22,285 63,766 243
2 Sao Hai 1118 6,328 21,086 189
3 Mueang Saraburi 301.6 15,634 49,753 165
4 Chaloem Phra Kiat 150.6 8,635 23,750 158
5 Wihan Daeng 204.5 9,065 30,764 150
6 Ban Mo 203.6 9,234 30,284 149
7 Nong Saeng 87.1 3,366 12,718 146
8 Nong Don 88.1 3352 11,408 129
9 Phra Phutthabat 287.1 8,768 27877 97
10 Kaeng Khoi 801.1 22,066 63,217 79
11 Muak Let 681.4 16,190 44,718 66
12 Wang Muang 338.0 5,029 14,097 42
13 Don Phut 58.7 580 2,050 35
Total 3576.4 130,532 395,488 111




Appendix B

Emission factors

Table B.1 Tier 1 emission factors for source category 2.A.1 Cement production [42].

Tier 1 emission factors

Code Name
NFR source category 2.A1 Cement production
Fuel NA
Not applicable NH,, Aldrin, Chlordane, Chlordecone, Dieldrin, Endrin, Heptachlor,
Heptabromo-biphenyl, Mirex,Toxaphene, HCH, DDT, PCB, PCP, SCCP
Not estimated NO,, CO, NMVOC, SO, Pb, Cd, Hg, As, Cr, Cu, Ni, Se, Zn, PCDD/F,
Benzo(a)pyrene, Benzo(b)fluoranthene, Benzo(k)fluoranthene,
Indeno(1,2,3-cd)pyrene, Total 4 PAHs, HCB
Pollutants Values Units 95% confidence References
interval
Lower | Upper
TSP 220 kg/Mg cement produced 110 440 European
commission (2007)
PM,, 100 kg/Mg cement produced 100 400 European
commission (2007)
PM,, 110 kg/Mg cement produced 55 220 European
commission (2007)
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Table B.2 Tier 2 emission factors for source category 1.A.2.£.i, Cement production [42].

Tier 2 emission factors

Code Name
NFR source category 1LA.2f.i | Stationary combustion in manufacturing industries and
construction
Fuel coal/pet. coke/gas/oil/recovered wastes

Technologies/practices

Cement manufacture

Region or regional

conditions

NA

Abatement technologies

NA

Not applicable

Aldrin, Chlordane, Chlordecone, Dieldrin, Endrin, Heptachlor, Heptabromo-biphenyl, Mirex,

Not estimated

NH,, TSP, PM,;, PM, ,, Total 4 PAHs

Pollutants Values Units 95% confldence References
fnterval
Lower Upper
NO, 1,550 g/ton clinker 400 6,000 EIPPCB 2007
co 2,000 g/ton clinker 1000 4,000 EIPPCB 2007
NMVOC 100 g/ton clinker 10 1,000 EIPPCB 2007
SO, 374 g/ton clinker 20 7,000 EIPPCB 2007
Pb 0.098 g/ton clinker 0.024 0.4 EIPPCB 2007
Cd 0.008 g/ton clinker 0.004 0.016 EIPPCB 2007
Hg 0.11 g/ton clinker 0.012 0.11 EIPPCB 2007
As 0.0265 g/ton clinker 0.014 0.05 EIPPCB 2007
Cr 0.041 g/ton clinker 0.028 0.06 EIPPCB 2007
Cu 0.0647 g/ton clinker 0.022 0.19 EIPPCB 2007
Ni 0.049 g/ton clinker 0.016 0.15 EIPPCB 2007
Se 0.0253 g/ton clinker 0.016 0.04 EIPPCB 2007
Zn 0.424 g/ton clinker 0.2 0.9 EIPPCB 2007
PCB 1 pg/ton clinker 0.5 10 EMEP/CORINAIR
B3311
PCDD/F 0.05 ng I-TEQ/ton clinker 0.03 0.5 UNEP 2005
Benzo(a)pyrene 0.000065 g/ton clinker 0.000033 | 0.000098 US EPA 1995,
chapter 11.6
Benzo(b)fluoranthene 0.00028 g/ton clinker 0.00014 0.00042 US EPA 1995,
chapter 11.6
Benzo(k)fluoranthene 0.000077 g/ton clinker 0.000039 0.00012 US EPA 1995,
chapter 11.6
Indeno(1,2,3-cd)pyrene 0.000043 g/ton clinker 0.000022 | 0.000065 US EPA 1995,
chapter 11.6
HCB 11 ug/ton clinker 6 17 Kakareka 2005




Appendix C
Details of the AERMOD input data

Table C.1 Examples of hourly surface data in terms of SAMSON format for the RAMMET View

program.
Year Month Day Hour Ceiling Cloud Global P Rain RH WD ws T
Height Cover Radiation (mbar} (mm) {deg) (m/s) {°C)
(ft) (tenths) (wim’)
07 1 01 2000 7 0 996 0 78 204 0.8 20.4
07 02 000 7 0 996 0 77 97 0. 204 |
07 03 000 7 0 995 0 81 08 . 4
07 04 000 7 0 995 0 77 08 8
07 05 000 4 0 995 0 77 04 4
07 06 000 7 0 995 0 77 02 4
07 07 000 5 995 0 80 02 4 8
07 08 000 5 126 997 0 76 04 S .5
07 09 2000 5 327 999 0 66 204 .8 22.8
07 1 10 2000 0 462 1000 0 54 203 2.5 26.3
07 1 2000 0 63! 1000 0 47 200 32 28.2
07 12 2000 10 7 1000 0 43 192 3.2 29.5
07 13 2000 8 782 999 0 43 184 3.1 30.0
07 1 4 2000 8 631 997 0 40 196 2.4 30.3
07 1 1 2000 8 674 997 0 37 75 2 31.2
07 1 1 6 2000 6 421 996 0 36 85 1.5 31.1
07 1 7 2000 6 193 996 0 37 167 0.5 30,5
07 1 8 2000 6 38 996 0 4 111 1.1 28.9
07 1 1 9 2000 5 0 996 0 5 113 1.9 26.7
07 1 1 20 2000 5 0 996 0 57 117 1.5 25.7
07 1 21 2000 5 0 897 Q 65 92 1.1 244
07 1 1 22 2000 6 0 997 0 69 144 0.6 23.4
07 1 1 23 2000 [ 0 996 0 75 197 1 22.1
07 1 1 24 2000 6 0 996 0 79 204 0.8 21.1




Examples of upper air data in terms of FSL format for the AERMET program.
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48455
100

1012
1000
962
925
866
850
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788
767
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646
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507
500
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353
334
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250
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150
143
117
112
106
101
100

1
72518
220
BKK

4

110
448
780
1357
1518
1942
2152
2377
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3500
3801
5032
5133
§750
5860
6912
7590
8525
8932
9710
10028
11000
12490
14290
14577
15746
15983
16304
16574
16630

JaN 2007
13.72 100.55 86
145 35 32767
32767

220 179 0
228 128 180
242 102 222
222 112 265
172 92 222
158 68 210
124 -6 209
116 -114 208
124 -246 207
100 -390 205
88 -402 226
80 -410 243

0 -390 315

-5  -455 321
-31 -521 358
-35 -525 5
-95 -575 359
-137  -607 355
-197 -647 340
-217 -657 333
-275  -705 320
-291  ~711 299
-365 -765 235
-501 -681 220
-667 -847 200
-693 -863 191
-791  -941 154
-801 -971 146
-809 -989 136
~823 -993 127
-823  -993 125
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Examples of upper air data in terms of FSL format can be explained as follows.
FSL Rawinsonde data format

The official FSL data format is similar to the format used by the National Severe Storms Forecast
Center (NSSFC) in Kansas City. The first 4 lines of the sounding are identification and information lines. All
additional lines are data lines. An entry of 32767 (original format) or 99999 (new format) indicates that the

information is either missing, not reported, or not applicable.

--COLUMN NUMBER---
1 2 3 4 5 6 7
LINTYP
header lines
254 HOUR DAY MONTH YEAR  (blank) (blank)
1 WBAN# WMO# LAT D LON D ELEV RTIME

2 HYDRO MXWD TROPL LINES TINDEX SOURCE

3  (blank) STAID (blank) (blank) SONDE WSUNITS
data lines

9 PRESSURE HEIGHT TEMP DEWPT WINDDIR WIND SPD

4

W N0 N W

LEGEND
LINTYP: type of identification line
254 = indicates a new sounding in the output file
1 = station identification line
2 = sounding checks line
3 = station identifier and other indicators line
4 = mandatory level
5 = significant level
6 = wind level (PPBB) (GTS or merged data)
7 = tropopause level (GTS or merged data)
8 = maximum wind level (GTS or merged data)
9 = surface level

HOUR: time of report in UTC
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LAT: latitude in degrees and hundredths
LON: longitude in degrees and hundredths
D: direction latitude ('N' or 'S') or longitude ('E' or 'W') -note this only appears in the online archive
containing international observations.
ELEV: elevation from station history in meters
RTIME: is the actual release time of radiosonde from TTBB. Appears in GTS data only.
HYDRO:the pressure of the level to where the sounding passes the hydrostatic check (see section 4.3).**
MXWD: the pressure of the level having the maximum wind in the sounding. If within the body of the
sounding there is no "8" level then MXWN is estimated (see section 3.2).
TROPL: the pressure of the level containing the tropopause. If within the body of the sounding there is no "7"
level, then TROPL is estimated (see section 3.3)**
LINES: number of levels in the sounding, including the 4 identification lines.
TINDEX: indicator for estimated tropopause. A "7" indicates that sufficient data was available to attempt the
estimation; 11 indicates that data terminated and that tropopause is a "suspected" tropopause.
SOURCE: 0 = National Climatic Data Center (NCDC)
I = Atmospheric Environment Service (AES), Canada
2 = National Severe Storms Forecast Center (NSSFC)
3 = GTS or FSL GTS data only
4 = merge of NCDC and GTS data (sources 2,3 merged into sources 0,1)
SONDE: type of radiosonde code from TTBB. Only reported with GTS data
10 = VIZ "A" type radiosonde
11 =VIZ "B" type radiosonde
12 = Space data corp. (SDC) radiosonde.
WSUNITS: wind speed units (selected upon output)
ms = tenths of meters per second
kt = knots
PRESSURE: in whole millibars (original format)
in tenths of millibars (new format)
HEIGHT: height in meters (m)
TEMP: temperature in tenths of degrees Celsius
DEWPT: dew point temperature in tenths of a degree Celsius
WIND DIR: wind direction in degrees

WIND SPD: wind speed in either knots or tenths of a meter per second (selected by user upon output)
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Details of the CALPUFF input data

Hoaly
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Do Files Files Data(TD-1340
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{TDIMA.DAT)
vation CIGOOMP PXTRACT
Be m.,b-. METSCAN Prociprstion
QA Progrem Dota Extracting
Program
| { Y T
(Surbee Data Surtocz Met. Surface Dats Buarsctrd Houly
TERREL CTGPROC r Alr Daza Ples) Duta Files (with Files H«mmn’
Terram tand Une le (TE-6201 SAMSON carections} (HUSWO Dues {TD-1240
Proceasar Rrocesso Porma) Format) {CD 4 Farnst) Foreat) Format)
(an.DAT)
s — I T T T
1 1§
CSUMM)
MAKEGEO Prognosde READSY SMERGE PMERGE
Wind Field Uppar Alr Surfeer Mer Precipoion
Modet Preprocessor ocemar Peproceam:
MALSAM 4 Geophysical Progsbe Upper Anr Preocemed Sorface Ovowates Duts [ rT— A Terrmn CALMET
Dy Owa File Gredded Wind Data Swfaccl) Meteomlo file PRreci File Wi Corurof Fite
Field ’mu i Deta Fi pestien hmmg:l‘g
{aptional) Fooeat) Mricomlogicat (SMERQE {ophoral)
Duta {optlonal) Forma o Pree
(MM DAT (UPLDAT, Forma) (SEALDAT,
MMIDAT) {UGFD.DAT) (PROA DAT) UPIDAT...) {DAG.DAT) {SURF.DAT) SEALDAT) (FRECIP.DAT) {WIDAT)} {CALMET .INP)
CALMET
Mewowological
Mode!
-
1
Qridded Hourly CAILMET Ouput Test and Debug
Mt Files Lim file Qutpul Flics
CATMET.DAT
o
PACOUT.DATY CALMETLST) (TEST.%)

Figure D.1 Meteorological modeling: CALMET modeling flow diagram [64].
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Land use and elevation data

GEO.DAT 2,0 Header structure with coordinate parameters
2

Produced by MAKEGEQ Version: 2.2 Level: 030402

simplified GEO.DAT

UT™
47N
WGS-G 25-12-2007
100 100 701.000 1593.000 0.50 0.50
KM M
0 - LAND USE DATA - (0 = default categories)

20,20, 20, 20,20,20,20,20,20,20,10,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20
+20,20,20,20,20, 20, 20,20,20,20,20,20,20,10, 20,10, 20, 20,20, 50,50, 50,20, 20, 20,20,20,20,2
0,20, 20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,40,40, 40, 40, 20,20, 20, 20,
20,20,10,20,20,20,20,20,20,20,20,20, 40, 40,20, 20,20,20,20,20,10,10,10,10,10, 20,10, 10,10
,10,20,10,20,20,20,20,20,20,10,20,10,10,20,20,20,20,20,20,20,20,20,20,10,10,10,10,10,1
0,10,20,20,20,50,50,50,50,20,10,10,10,10,20,20,10,10,10,10,10,10,10,10,10, 20,20, 20,20,
20,20,20,20,20,20,40,40,40,40,40,40,40,20,20,20,20,10,20,20,20,20,20,20,20,20,20,20,20
.20,10,10,10,10,10,20,10,10,20,20,20,20,20,20,20,20,20,20,20,20,20,20,10,20,10,10, 20,2
0,20,20,20,10,20,20,10,20,10,20,20,20,10,10,10,20,20,10,10,20,20,20,20,10,10,10,10, 10,
10,10,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,40, 40,40, 40, 40, 40, 40, 20,20
.20,20,10,10,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,20,10,20,20,10,20,10,2
0,20,20,20,20,20,20,20,20,10,10,10,20,10,20,20,20,20,20,20,20,20,20,20,20,20,20,10, 10,
10,10,20,20,10,20,20,20,20,20,20,20,20,10,10,20,20,20,20, ...
1.00000 -- Terrain heights - HTFAC - conversion to meters

100,100,100,100, 100,100,100, 100,100,100,100,100,100,100,125,117,100,100,100,100,100,10
0,100,100,100,100,100,100,100,100,100,100,100,100,100,100,100,100,100,100,100,133,166,
143,119,100,100,100,100,100,100,100,100,100,100,100,100,100,100,100,100,100,109,196,20
0,175,196,202,254, 485,542, 622,734,855, 844, 805,814,797,755,706,700, 644, 613, 695, 700, 700,
702,703,702,703,700,700, 600, 600,600,601,700,700,700,700,...

~ default albedo field

- default Bowen ratio field

- default soil heat flux parameters

- default anthropogenic heat flux field
- default leaf area index field

default z0 field

-~ default albedo field

~ default Bowen ratio field

- default soil heat flux parameters

- default anthropogenic heat flux field
- default leaf area index field

[eNoNeleNoRoNeNeNoNolN ol
1



UP.DAT
1

2.0

Produced by READE2 Version: 5.54 Level: 070627

NONE

2006 364 0 2008 2
F r r r
6201 48455
1013.0,  4.,295.0, O,
928.0, 763.,294.0, 60,
880.0,1219.,291.2, 60,
790.0,2134.,283.0, 345,
770.0,2342.,285.4, 307,
748.0,2584.,286.8, 292,
657.0, 3658.,282.3, 245,
566.0,4877.,275.1, 310,
6201 48455
1013.0, 4.,295.0, O,
928.0, 763.,294.0, 60,
€20.0,1219.,291.2, 60,
790.0,2134.,283.0, 345,
770.0,2342.,285.4, 307,
748.0,2564.,286.8, 252,
§57.0,3658.,262.3, 245,
566.0,4877.,275.1, 310,
6201 48455
1012.0, 4.,295.2, O,
866.0,1357.,290.4, 222,
767.0,2377.,205.6,207,
555.0,5032.,273.2, 315,
6201 48455
1012.0, 4.,295.2, O,
866.0,1357.,250.4,222,
767.0,2377.,285.6, 207,
§55.0,5032.,273.2, 315,

23 500. 2 2

20061230 0

0.0,
s.2,
3.1,
2.1,
2.6,
3.1,
3.6,
5.7,

2006123012

0.0,
2.2,
3.1,
2.1,
2.6,
3.1,
3.6,
5.7,

20061231 0

0.0,
0.5,
4.6,
9.3,

2006123112

0.0,
0.5,
4.8,
9.3,

The above data

56
1000.0, 115.,295.2, 50,
925.0, 791.,293.8, 69,
#50.0,1515,,268.8, S5,
786.0,2171.,262.8, 338,
764.0,2407.,286.4,296,
734.0,2743.,286.1,295,
649.0,3763.,282.0,247,
546.0,5165.,273.1,319,
56

1000.0, 115.,295.2, 50,
925.0, 791.,293.8, 60,
850.0,1515.,288.8, SS,
786.0,2171.,282.8, 338,
764.0,2407.,286.4,296,
734.0,2743.,286.1,295,
§49.0,3763.,282.0,247,
546.0,5165.,273.1,319,

31

1000.0, 110.,296.0,180,
850.0,1515.,288.0,210,
700.0,3138,,283.2, 205,
548.0,5133,,272.7,321,

31

1000.0, 110.,296.0,180,
850.0,1515.,289.0,210,
700.0,3138., 283.2,205,
5428.0,5133.,272.17,321,

2.6,
8.2,
3.6,
2.1,
2.6,
4.1,
3.6,
1.7,

2.8,
8.2,
3.6,
2.1,
2.6,
4.1,
3.6,
7.7,

Header structure with coordinate parameters

31
979.0, 300.,295.4, 53,
912.0, 914.,293.4, 65,
819.0,1829.,285.8, 35,
781.0,2224.,283.2,329,
761.0,2438.,286.5,290,
700.0,3138.,284.4,255,
610.0,4267.,279.3,255,
500.0,5860.,268.1,340,
3

979.0, 300.,295.4, 53,
912.0, 914.,293.4, 65,
£19.0,1829.,285.8, 35,
781.0,2224.,283.2,829,
761.0,2438.,286.5,290,
700.0,3138., 264.4, 255,
610.0,4267.,279.3,255,
500.0,5860.,268.1,340,
16

962.0, 448.,297.4,222,
£802.0,1942.,285.6,209,
6§70.0,3500.,282.0, 226,
507.0,5750.,270.1,358,
16

962.0, 448.,297.4,222,
808.0,1942.,235.§, 209,
670.0,3500.,282.0,226,
507.0,5750.,270.1, 358,

N I N S ]

BN AN WO~

-

1.5,
2.1,
8.8,
9.8,

952.0, 542.,294.4, S6,
905.0, 979.,293.2, 64,
795.0,2077.,283.4, 355,
775.0,2288.,284.2,317,
756.0,2495,,286.8,291,
671.0,3468.,282.8, 248,
601.0,4392.,278.6, 266,

952.0, 542.,294.4, 56,
905.0, 979.,293.2, 64,
795.0,2077.,283.4, 355,
775.0,2288.,284.2,317,
756.0,2495.,286. 8,291,
671.0,3488.,202.8,248,
601.0,4392.,278.6,266,

925.0, 790.,295.4,265,
788.0,2152.,284.8, 208,
646.0,3801.,281,2,243,
500.0,5860.,269.7, S,

925.0, 790.,295.4,265,
788.0,2152.,284.9,208,
646.0,3€01.,281.2,243,
500.0,5860.,269.7, 5,
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6.2,
5.7, °
2.1,
2.6,
31,
3.6,
3.1,

6.2,
5.7,
2.1,
2.5,
3.1,
3.6,
3.1,

™ o o -

w o w N

O oW N
L I
- .

are examples of upper air data which are formatted by the CALPUFF

PROfessional: READ 62 5.2.0.



SURF.DAT 2.0
1

Produced by SMERGE Version: 5.3 Level: 030402

NONE

2007 1 0 2007 365 23

11102

11101

31301
07 1 o0

0.799999 204.000000

1.200000 51.000000

2.057776 100.000000
07 1 1

0.900000 197.000000

0.799999  79.000000

2.057776 100.000000
07 1 2

1.100000 196.000000

1.000000 104.000000

2.057776 100.000000
07 1 3

1.600000 20€.000000

1.000000 75.000000

3.086664 100.000000
07 1 4

1.900000 204.000000

1.500000 74.000000

3.086664 100.000000
07 1 5§

1.500000 202.000000

2.100000 101.000000

3.086664 100.000000
07 1 €

1.400000 202.000000

2.000000 71.000000

0.000000 0.000000
07 1 7

1.900000 204.000000

2,300000 47.000000

0.000000 0.000000

66

66

(13
66
66

66
66
66

66
(13
66

&6
66
66

293.550000
297.850000
297.350000

293.550000
296.750000
297.250000

292.550000
256.650000
297.150000

252.950000
297.050000
297.050000

292.550000
297.550000
297.083333

292.550000
297.650000
297.116667

291.950000
297.450000
297.150000

292.650000
297.650000
297.716667

81
72
52

77
&9
S1

996.052632
993.421083
969.660000

996.052632
993.421053
969.660000

994.736842
992.105263
969.660000

994.736842
992.105263
968.950000

994.736842
992.105263
968.950000

994.736842
993.421083
968.950000

994.736842
993.421053
969.510000

997.368421
994.736842
969.510000

Header structure with coordinate parameters

9999
9999
9999

9999
9999
9999

9999
9999
9999

9999
9999
9999

9999
9999
9999

9999
9999
9999

9999
9999
9999

9999
9999
9999

207

The above data are examples of surface data that are used to prepare the CALMET input

meteorological data. The meteorological data are wind speed (m/s), wind direction (degrees),

ceiling height (hundreds of feet), opaque sky cover (tenths), air temperature (degree K), relative

humidity (percent), station pressure (mbar) and precipitation (mm/h) (9999 is no data). All

surface meteorological data are formatted by written C code on the Visual Studio 2005.
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PRECIP.DAT 2.0 Header structure with coordinate parameters
1
Produced by SMERGE Version: 5.3 Level: 030528
HONE
2007 1 0 2008 2 23 -7 2
11102
11101
2007 1 0 0.000 9999.000
2007 11 0.000 9999.000
2007 1 2 0.000 9%98%.000
2007 1 3 0.000 9999.000
2007 1 4 0.000 9999.000
2007 1 5 0.000 9999.000
2007 1 6 0.000 9999.000
2007 17 0.000 9999.000
2007 1 8 0.000 9999.000
2007 1 9 0.000 9999.000
2007 110 0.000 9999.000
2007 111 0.000 9999.000
2007 112 0.000 9999.000
2007 113 0.000 9999.000
2007 114 0.000 9999.000
2007 115 0.000 9999.000
2007 116 0.000 9999.000
2007 117 0.000 9999.000
2007 118 0.000 9999.000
2007 119 0.000 9999.000
2007 120 0.000 9999.000
2007 1 21 0.000 9999.000
2007 122 0.000 9999.000
2007 123 0.000 9999.000

The above data are examples of rain precipitation data that are used to prepare the

CALMET input data. The unit of rain precipitation data is mm/h.
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'0ZONE', 2, 47, 2007001, 0, 2008002, 0, '5', ‘'test’
12577, 707.537, 1606.814
12471, 701.568, le24.422

2007 1 0 9999.0 9999.0
2007 1 1 7.0 9999.0
2007 1 2 7.0 9999.0
2007 1 3 7.0 8999.0
2007 1 4 0.0 9999.0
2007 1 5 4.0 9995.0
2007 1 6 2.0 9999.0
2007 1 7 7.0 9993.0
2007 1 8 16.0 99939.0
2007 1 8  31.0 9999.0
2007 1 10  43.0 9999.0
2007 1 11  41.0 9999.0
2007 1 12 45.0 9999.0
2007 1 13 S2.0 9999.0
2007 1 14 S8.0 9999.0
2007 115 60.0 9999.0
2007 1 16 59.0 9999.0
2007 1 17 47.0 999%9.0
2007 118 30.0 9999.0
2007 1 19 29.0 9999.0
2007 1 20 14.0 9999.0
2007 1 21 18.0 9999.0
2007 1 22 10.0 9999.0
2007 1 23 2.0 999%.0

The above data are examples of ozone concentrations (ug/ms) that are used for the

CALPUFF running with chemically reactive modules: RIVAD/ARM3 and MESOPUFF
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Appendix G

Gaussian plume

The pollutant concentration at ground level can be predicted by using the Gaussian plume
dispersion equation. From Equation G.1, the effective stack height (H,;,) is the summation of stack
height (H) and plume rise (dH). The plume rise is calculated from Briggs’ Plume Rise equation
(Equation G.2). In the Pasquill atmospheric stability categories A-F in Table G.l, different
equations are selected to calculate plume dispersion coefficients at lateral and vertical distances
(O, and G,). The stability class influenced by atmospheric turbulence can be categorized into
6 stability classes, namely A, B, C, D, E and F. Class A is the most unstable or the most turbulent

atmospheric condition and class F is the most stable or the least turbulent condition.

C(x, V, z) = ——Q——— {exp{— (_z:z_l;lz_ﬂ)i} + expl- (Z%Z;!—Z}Hexp[— %:” (G.1)

2muo 0, ; ; y

where
C (x,y,2) = downwind concentration at a point x,y,z (g/m3)
Q = pollutant emission rate (g/s)
G,,0, = plume dispersion coefficients at lateral and vertical distances,
respectively (m)
Hey = effective stack height (m)
u = mean wind speed along the downwind in x direction (m/s)
y = lateral distance (m)
z = vertical distance (m)

Briggs’ Plume Rise equation

2 &
Fy = ayR, T (TpO - TaO) (G.2)
po
where
F, = initial buoyancy flux (m'/s’)
®, = initial plume speed (m/s)

R, = inside stack radius (m)



Plume rise (dH)

initial plume temperature (K)
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ambient temperature at stack height (K)

gravity acceleration (9.8 m/s’)

075y,

21F

38.71F, ™" F, = 55 m'/s’

s 3 F <55 m's’ (u;= wind speed at height H (m/s))

Table G.1 Equations for the variation of O, and O, with stability class [52].

Stability class O, O,
A: very unstable 0.22x(1+0.0001x)** 0.2x
B: moderately unstable 0.16x(1+0.0001x)** 0.12x
C: slightly unstable 0.11x(1+0.0001x)** 0.08x(1+0.0002x) **
D: neutral 0.08x(1+0.0001x)** 0.06x(1+0.0015x) "
E: stable 0.06x(1+0.0001x)"** 0.03x(1+0.0003x)"
F: very stable 0.04x(1+0.0001x)"** 0.016x(1+0.0003x)"

Note: Equations for the variation of O, and O, are applicable in the range 100 m < x < 10 km.

Wind speed above the ground level affecting the pollutant dispersion can be calculated in

Equation G.3.

where

u(z)

u(z) =, (z/z,)°

wind speed at height z (m/s)

(G.3)

wind speed at height z; measured by an anemometer

height above ground level (m)

height of an anemometer above ground level, 10 m

wind exponent which varies with the stability class in

Table G.2.
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Table G.2 The wind speed exponent at different stability classes [52].

Stability class p
A: the most unstable 0.07
B: moderately unstable 0.07
C: slightly unstable 0.10
D: neutral 0.15
E: stable 0.35
F: the most stable 0.55

The ground distance where the plume from the stack hit the ground can be calculated
according to the basic of Gaussian plume for each stability class. The calculation of the NO,
plume released from the stack No. 1 of the SCCC under the stability class A is shown below.
Given: emission rate (Q) = 98.28 g/s

stack height (H) =95 m

inside stack radius (Ry)) =1.8 m

initial plume speed ((),) = 16.19 m/s

wind speed at height of an anemometer (u,) = 2 m/s

initial plume temperature (T,;) = 433 K

ambient temperature at stack height (T ) =303 K

1) From Equation G.3 and Table G.2, wind speed at stack height of 95 m is

0.07

u (at 95 m) = (2)(95/10)

=234 m/s
2) Calculate F, and H
9.8
F, =16.19(1.8)> ==-(433 -303
b =16.190.8)° == )
= 154.34

0.6/

for F, 2 55, dH = 38.71F,
=38.71(154.34)"%*
=141m

then, H=95+141 = 236m
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3) Find C)'y and O, assume x = 50 m at downwind direction from the stack
From O, = 0.22x(1+0.0001x)"*
= 0.22(50)(1+0.0001(50))**
=10.97m
From O, =0.2x
=0.2(50)
=10m
4) Find the distance of NO, plume from the stack No.1 under the stability class A

From Equation G.1, NO, concentration at 50 m from the stack No 1 is

C(50,0,0)= 98.28 exp| — (0 —236)2 +exp -—(—O—i%—)i exp —ﬂ—
27 x2.34x10.97x10 2x (10)? 2x(10)? 2(10.97)*

=1.07 x 10%g/m’

From the above calculation, the NO, concentrations at ground level under 6 stability
classes are observed at the various closest possible distances. The distances that NO,
concentrations of 6 stability classes hit the ground are plotted in Figure G.1. It can be seen that
the longer distance that the plumes of NO, concentrations landing on the ground varies with the
most unstable class A to the most stable class F. The 1.1-km longest landing distance of NO,
plume on the ground is in the boundary of the SCCC because the stack No. 1 is away from the
residential areas more than 2 km. The basic calculation by Gaussian plume dispersion cannot
identify the impact area from NO, plume. The more-refined models such as the AERMOD and

CALPUFF can predict the effect of NO, plume closer to the actual dispersion.
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A B C D E F
Het= H+dH

dH <

\ Stack

o
H <

\,

50m 60m 80m 120m 700 m 1,100 m

Stability class A B C D E F

Figure G.1 NO, ground concentration of 6 stability classes.
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