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Abstract 

Brick manufacturing is traditionally a small-scale and improperly managed 
industry. Air pollutants, i.e. particulate matters (PM), carbon monoxide (CO) and 
sulfur dioxide (SO2) were mainly emitted during the brick firing process. The area 
of Bang Pu, Nakhon Si Thammarat in southern Thailand was observed to have 
high numbers of the operating kilns. With substantial low height and 
conventionally unorganized industry, the nearby communities would be exposed 
to the adverse environmental and health impacts from local air pollutions. This 
paper was designed to develop a database of air pollutant emissions and to assess 
pollutant dispersion of PM10, CO and SO2 from brick kilns in Bang Pu, Nakhon Si 
Thammarat. Air pollution emission was estimated mainly using IPCC and USEPA 
guidelines. An AERMOD modeling system was used to simulate pollution 
dispersions. Results showed that emissions for each brick kiln including PM10, CO 
and SO2 were ranged between 0.0346–0.0751, 1.3022–3.3603 and 0.1736–0.4481 
g/s, respectively. For pollutant dispersions, simulated concentrations for a 
maximum 1-hour, 24-hour and annual averages were as follows: PM10 (13, 1 and 
0.2 µg/m , respectively); CO (487, 35 and 6 µg/m , respectively); and SO3 3

2 (64, 5 
and 1 µg/m3, respectively). The overall assessment showed that the concentrations 
of pollutants (PM10, CO and SO2) met the National Ambient Air Quality Standards 
of Thailand. However, for long term health impact reduction, the appropriate 
prevention and mitigation measures should be implemented to control the 
concentrations of air pollutants from brick kilns in the area. 
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1 Introduction 

Brick making in Thailand is traditionally a small scale or family industry which 
relies mainly on biomass fuel, i.e. firewood and rice husks [1, 2]. The design of 
the brick kilns is rather simple – a traditional open-top updraft kiln. It has been 
seen, since 1990, particularly in the south of Thailand, that all industries were 
wood-based and open top brick kilns [2]. Until now, from our field survey in 2012 
at Nakhon Si Thammarat, we found that wood was used as their only source of 
fuel for all kilns in the Bang Pu area. It appears that the kilns and technology have 
remained unchanged for the past decade and, subsequently, air pollutants would 
be emitted into the atmosphere and cause adverse impacts on the local 
communities and the environment. 
     Air pollutants, particularly particulate matters (PM), carbon monoxide (CO) 
and sulfur dioxide (SO2) are products of the combustion processes [3, 4] and 
produced during the brick firing operations. PM and CO are mainly emitted from 
the incomplete combustions while SO2 is dependent on sulfur content in fuels [3]. 
These pollutants are generally included in the criteria pollutants of ambient air 
quality standards of national and international guidelines [5–7]. Exposures to these 
pollutants were observed to have caused increases in morbidity and mortality [8, 
9]. Lack of emission control devices enhances the possibility of contact with the 
air pollutants. 
     At Bang Pu, Nakhon Si Thammarat (BP NST), Thailand as mentioned earlier, 
there were a total of 44 brick kilns in the area (10 km x 10 km) and all kilns were 
wood-based fuel utilization. Without surface air quality monitoring stations in all 
receptors and limited information on air quality data in the area, impact assessment 
of local air pollutions on human health would be inaccessible. Dispersion models 
offer a solution to estimate air pollutant concentrations of the metrics in the model 
domains. AERMOD, the American Meteorological Society and US 
Environmental Protection Agency Regularly Model, is widely used for short-range 
(up to 50 km.) air pollution dispersions [10–15]. 
     This paper presents the development of an emission inventory and the impact 
assessment of air pollution concentrations from brick kilns using the AERMOD 
modeling system. 

2 Materials and methods 

2.1 Study area 

The study area was set up to be 10 km x 10 km covering the brick manufacturing 
in the BP NST (see Figure 1). There were around 44 brick kilns. BP NST is 
situated in the south of Thailand with a tropical climate with dry and wet seasons. 
Dry season is February to April with northeast (NE) monsoon. Wet season can be 
classified into 2 periods: May to October with southwest (SW) monsoon and 
November to January with NE monsoon [16]. As of 2012 record, the annual 
average temperature for BP NST is 27.3°C. Average relative humidity is 83% and 
annual rainfall is 2,870 mm [16]. 
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Figure 1: Study area. 

     All brick kilns found in BP NST were traditionally open top-updraft kilns (see 
Figure 2). This type is a simple technology with firewood consumption that is 
passed from one generation to another. As seen in Figure 2(a), the open top kilns 
were designed to be equipped with 2 layers of roof that allowed air flow from the 
kilns to the atmosphere. From the field survey, the height of kilns was around 2–
5 m. The width and length were also varied depending on the desired production 
yield. Maximum width and length of the kilns in BP NST were 7 m and 14 m, 
respectively. The sketch in Figure 2(b) shows a clearer picture of the kilns with 2 
main components: loading and unloading door, and fire tunnels. Green bricks were 
fed inside the kiln and firewood was burnt in the fire tunnels along the wall. The 
firing processes in tunnel kilns were started by brick drying, preheating, firing and 
cooling which were continuously and simultaneously processed [1]. Time spent 
for one cycle/batch of brick firing processes was around 4–5 days before starting 
the next cycle. 
 

 
(a)     (b) 

Figure 2: Traditional open top-updraft kiln: (a) photograph and (b) sketch. 
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2.2 Research design 

The methodology framework of this study is indicated in Figure 3. Emission 
estimation was the foremost step to obtain the emissions of pollutants for the three 
selected species including PM10, CO and SO2. The next step, AERMOD pre-
processors, AERMET and AERMAP were run to produce meteorological fields 
and terrain data. Finally, AERMOD, the core module, was then compiled from the 
emission data (loading rates), stack data, meteorological data and terrain data to 
produce the pollutant concentrations in the specified 10 km x 10 km modelling 
domains in BP NST. 
 

 

Figure 3: Framework of methodology. 

2.2.1 Emission estimate 
There has been a lack of emission monitoring at the stacks/kilns since the 
monitoring requires a large amount of financial support. Thus, estimated emission 
data is required for this study. Emissions of air pollutants are basically calculated 
using eqn (1) where i is type of pollutant; Emi is emission of pollutant i (mass per 
time); ARi is activity rate of data related emission of pollutant i (activity unit per 
time); EFi is emission factor for pollutant i (mass per activity unit) [17]. Types of 
pollutants covered by the emission estimates are PM10, CO and SO2. 
 

Emi = Σ (ARi x EFi)                                            (1) 

2.2.1.1 Activity rate of data  Activity rate of data refers to the amount of fired 
bricks produced or firewood utilization per unit of time. These data were collected 
during the field survey of all brick kilns in the study area. Tonnes of fired bricks 
produced were used for PM10 estimates while tonnes of firewood utilization were 
then converted to the energy content-based unit that is in TJ and used for CO and 
SO2 estimates.  

2.2.1.2 Emission factors  Emission factors (EF) are expressed in the unit of 
kg/tonne for PM10 and kg/TJ for CO and SO2, respectively. Details of emission 
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factors used for brick kiln emission estimation is indicated in Table 1. EFs were 
mainly gathered from the US EPA [18] and IPCC [19] emission inventory 
guidelines. EFs for PM10 and CO are normally collected based on source 
samplings for various types of fuels and technologies of brick kilns [18, 19]. For 
SO2, EF is mainly derived from sulfur content of the fuels. Thus, for wood-based 
kilns, SO2 was considered to be rather low (267 kg/TJ) when compared to coal-
based kilns (4,540 kg/TJ) [21]. 

 

Table 1:  Emission factors (EF) used in brick kiln emission estimation. 

Pollutants EF for Firewood (kg/TJ) 

PM10 
a 0.63 kg/tonne 

CO 2,000 

SO2 267 
a kg per tonne of fired brick produced, US EPA [18]. Other EFs are from IPCC [19]. 

2.2.2 AERMOD modelling processes 
The model domain was set up to be the Cartesian 50 x 50 grids of 200 m. (10 km 
x 10 km) covering all brick kilns in BP NST. AERMOD, the core model, is 
designed based on the Gaussian equation to simulate pollutant concentrations and 
dispersions from point, area and volume sources. AERMOD is proposed for short-
range domain (50 km x 50 km) [13, 14, 20]. The reason is that the model assumes 
conservation of mass from sources. In other words, no chemical reaction takes 
place in the model simulation. Thus, within short-range, the atmospheric reaction 
would be less and considered insignificant [12]. AERMOD comprised two main 
pre-processors: AERMET and AERMAP. 

2.2.2.1 AERMET  AERMET is the meteorological pre-processor. AERMET 
was developed to produce the suitable format of meteorological data for 
AERMOD [20]. Outputs from the AERMET module consisted of surface 
meteoroidal data and upper air data. Surface meteorological data in 2012 were 
mainly taken from the Thai Meteorological Department (TMD), Thailand and the 
global data network at University of Wyoming for Nakhon Si Thammarat station. 
Upper air data were taken from the National Oceanic and Atmospheric 
Administration (NOAA) at http://esrl.noaa.gov/raobs/. 

2.2.2.2 AERMAP  AERMAP is a terrain pre-processor. AERMAP processes 
available Digital Elevation Data (DEM) and creates a file suitable for use within 
AERMOD [20]. DEM files for the study area were obtained from the global data 
archive at ASTER GDEM (http://gdem.ersdac.jspacesystems.or.jp/). The DEM 
provides 30 m in resolution to create the elevation and hill height for stacks and 
receptors in the modeling system. 
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3 Results and discussion 

3.1 Emission estimate 

Emission inventory plays an important role in air quality management programs 
and serves as the necessary information for model simulations. To assess the 
impacts of brick kiln emissions on the local air quality, the updated local database 
was conducted. Lack of detailed emission data would increase uncertainty in the 
modeling study. 
     In this section, brick kiln emissions were estimated in BP NST where a large 
quantity of bricks is produced weekly and simultaneously throughout the year. The 
emission estimates were prepared for the base year of 2012. Species of air 
pollutants included in this study were PM10, CO and SO2. Estimated emissions are 
shown in Table 2. 

Table 2:  Total emission estimates for brick kilns in BP NST in 2012. 

Source 
Emission estimate (Mg/year) 

PM10 CO SO2 

Brick kilns 71 2,720 363 
 
     Emissions of brick kilns in BP NST including PM10, CO and SO2 were 71; 
2,720 and 363 Mg/year, respectively. We found a rather high estimation of CO. 
The reason is that EF of CO for wood-based kilns was high since it tended to have 
incomplete combustion [18, 19]. To include the emission estimates into AERMOD 
modeling system, annual estimation data were converted to loading rates (g/s) for 
each pollutant of all 44 kilns. Thus, PM10, CO and SO2 loading rates ranged 
between 0.0346–0.0751, 1.3022–3.3603 and 0.1736–0.4481 g/s, respectively. 
     Emission estimates could pose a large uncertainty in terms of, mainly, the 
activity rates of data and emission factors applied for the calculation [23, 24]. 
Comparing the estimated emissions with other studies in the same domain was 
proposed for the uncertainty assessment [23]. However, in this study, the activity 
rates of data were gathered by field survey for the key parameters, i.e. types of fuel 
utilization, tonnes of bricks produced, control devices and periods of firing 
processes, and the relevant data, i.e. stack parameters (temperature, velocity, 
dimensions and coordinates). For emission factors, we applied the values from the 
scientific publications, i.e. IPCC [19] and US EPA [18] which were well 
documented and mentioned globally. With the small domain and local sources of 
air pollutants, comparison with other studies would be unattainable. Based on the 
data and processes of calculation, the uncertainty in our estimated emissions would 
be explainable and acceptable for further modeling study. 

3.2 Modelling of PM10, CO and SO2 

AERMOD modelling system was applied to simulate concentrations and 
dispersions of PM10, CO and SO2 over BP NST in 2012. Maximum concentrations 
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for 1-hour, 24-hour and annual averages are shown in Table 3 and can be 
summarized as follows: PM10 )13, 1 and 0.2 µg/m3, respectively(; CO (487, 35 and 
6 µg/m3, respectively); and SO2 (64, 5 and 1 µg/m3, respectively). The simulated 
concentrations for PM10, CO and SO2 were well below the NAAQS of Thailand 
and WHO air quality guidelines (see also Table 3). 

Table 3:  Summary of AERMOD modelling results. 

Pollutant 
Maximum concentration (µg/m3) 

1-hour average 24-hour average Annual average 

PM10:  
- Simulation 
- NAAQS 
- WHO 

 
13 
n.s. 
n.s. 

 
1 

120 
50 

 
0.2 
50 
20 

CO:  
- Simulation 
- NAAQS 
- WHO 

 
487 

34,200 
30,000 

 
35 
n.s. 
n.s. 

 
6 

n.s. 
n.s. 

SO2:  
- Simulation 
- NAAQS 
- WHO 

 
64 
780 
n.s. 

 
5 

300 
20 

 
1 

100 
n.s. 

NAAQS (National Ambient Air Quality Standards in Thailand) [5]; WHO (World Health Organization 
Air Quality Guidelines) [7, 22]; n.s. = not specified. 

 
     It is interesting to highlight that the maximum simulated SO2 concentrations 
accounted for around 8% of standard value for 1-hour average (NAAQS) and 
around 25% of standard value for 24-hour average (WHO). Exposures to SO2 (for 
24 hours) as the low concentrations as 5–10 µg/m3, were significantly associated 
with adverse health impacts and daily mortality [7]. 
     For PM10, maximum simulated concentration for 1-hour average was 13 µg/m3. 
It was the lack of data reported the known health impacts for 1-hour exposures 
since the adverse health impacts of PM10 were mainly associated with the long 
term [7]. Simulated PM10 concentrations for 24-hour and annual averages in this 
study were rather low when compared with NAAQS and WHO guidelines. 
     Exposures to CO would contribute to adverse impacts in a very short term (15 
minutes, 30 minutes, 1 hour and 8 hours) [22]. Simulated CO concentrations for 
1-hour, 24-hour and annual averages were close to CO backgrounds which range 
between 60 and 140 µg/m3 [22] and rather low comparing to the standards. 
     In terms of spatial analysis, the dispersion pattern of the pollutant is shown for 
SO2 as indicated in Figure 4. The annual prevailing wind directions (Figure 4(d)) 
were NE and SW with the dominant wind speeds of 2–6 m/s (average wind speed 
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was 2 m/s). Since the kilns were located along 5 km both sides of the road in BP 
NST, the expansion of the plume would not be very consistent with wind 
directions. This is due to added up concentrations from one kiln to others. 
Maximum concentrations of pollutants (PM10, CO and SO2) were mainly found at 
the locations near the sources. 
 

 
 

Figure 4: Dispersions of simulated SO2 concentrations (µg/m3) from brick kilns 
in BP NST (10 km x 10 km) for (a) 1-hour average, (b) 24-hour 
average, (c) annual average and (d) the wind rose diagram in 2012. 

3.3 Discussion: toward local air quality and health impact assessment 

Although the preliminary simulated pollutants from 44 brick kilns in this study 
were well below the NAAQS and WHO air quality guidelines, maximum 24-hour 
SO2 concentration (5 µg/m3) was close to threshold values (5–10 µg/m3) [7]. 
Locations of maximum simulated concentrations were found to be near the 
sources. With the simple design, low height and increasing demand of bricks, but 
without the control device, local workers and communities were classified as a 
risk group for adverse health impacts of air pollutions. 
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     However, this study used estimated emissions for modelling input that could 
be a source of uncertainty. Future investigation should focus on emission 
monitoring to obtain the actual emissions. Modelling applications for different 
years would be another suggestion to produce the concrete dispersion pattern. 

4 Conclusions 

There were 44 bricks kilns located in the area of 10 km x 10 km BP NST. All kilns 
were simply designed with open top-updraft type with fuel wood utilization. 
Estimated emissions for PM10, CO and SO2 in 2012 were 71; 2,720 and 363 
Mg/year. For AERMOD modelling application, simulated maximum 
concentrations for 1-hour, 24-hour and annual average were as follows: PM10 )13, 
1 and 0.2 µg/m3, respectively(; CO (487, 35 and 6 µg/m3, respectively); and SO2 
(64, 5 and 1 µg/m3, respectively). All simulated concentrations were well below 
the NAAQS of Thailand and WHO air quality guidelines. 
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