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Abstract

The study found that within 1 km of the cement factory, the maximum ground-level concentrations of SO:
(2222.28 pg/m®) and NOx (614.70 pg/m?®) exceeded the allowable limits (120 pg/m* and 100 pg/m?,
respectively). It focuses on sulfur oxides and nitrogen oxides, two potentially hazardous gases released during
the cement manufacturing process, which are the primary causes of acid rain. The ground-level concentrations of
these gases are calculated using the three-dimensional Gaussian Plume Model in order to comprehend how they
spread out from a cement factory stack over up to 200 kilometers in various weather scenarios.
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1 Introduction

As the world continues to develop and industrialize, air pollution levels are also increasing, becoming a major
concern due to their numerous harmful impacts. Cement production is crucial for infrastructure development, but
it also adds to atmospheric pollution by emitting hazardous pollutants (Devi et al., 2017). The cement industry
releases approximately 500,000 tons of carbon monoxide, nitrogen oxides, and sulfur dioxide annually, making it
the third-largest industrial source of air pollution (Ali et al., 2015). In addition, these pollutants contribute to the
phenomenon of acid rain. There has not been much research done to measure the spatial dispersion of these
pollutants under various climatic circumstances in Bangladesh, where industrial expansion is happening quickly.
By utilizing the Gaussian Plume Model to estimate the dispersion of SO: and NOy and assess their potential
contribution to the development of acid rain, this work closes that gap. Determining the ground-level
concentrations of SO. and NOy from a cement factory stack, analyzing the effects of climate and atmospheric
stability on pollutant dispersion, and suggesting mitigation measures to reduce acid rain risk and ensure
sustainable industrial growth are the specific objectives of this study.

The Gaussian Plume Model is an efficient mathematical approach for predicting how air pollutants disperse from
a point source such as a stack or chimney by considering factors such as distance from the source, the quantity of
pollutants released, and meteorological conditions like temperature and wind. This model is based on the
principle that the dispersion of pollutants follows a Gaussian or normal distribution. It assumes that the
concentrations of pollutants decline with increasing distance from the source, forming a bell-shaped curve.

Researchers have widely used the Gaussian plume model for a variety of air quality and pollution studies. For
instance, it has been used to evaluate the dispersion of particulate matter from industrial sources (Maués et al.,
2019), assess the effects of odors (Onofrio et al., 2020), and analyze the spread of pollutants during fire
occurrences (Lotrecchiano et al., 2020).

The principal goal of this research is to apply the three-dimensional Gaussian Plume Model equation to calculate
the ground-level concentration of sulfur oxides (SOx) and nitrogen oxides (NOy) released from a cement factory
stack and to forecast the potential for acid rain formation from these atmospheric pollutants.

2 Methodology

2.1 Model Adoption

The Gaussian Plume Model stands out as the most widely adopted method for assessing the effects of
atmospheric pollutants because it offers a simple approach for estimating pollutant concentrations for various
kinds of sources and weather conditions in urban or rural areas. It is computationally efficient because it requires
comparatively basic input data. This model is based on several assumptions, including:
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e  Steady-state conditions. Therefore, wind speed and direction, temperature, and emission rates remain
constant over time.
Pollutant concentrations are distributed both vertically and horizontally.
No chemical transformations of pollutants occur during transport.
The terrain is relatively flat and uniform.
The deposition of the plume is negligible.

e  The shape of the plume is conical.
In addition, variables like temperature, humidity, precipitation, and wind direction were conceptually taken into
account because they have a big impact on the movement and modification of pollutants that cause acid rain. In
this study, the emission of SOx and NOX is given priority among all the pollutants that contribute to acid rain.

2.2 Data Generation Methods

The Gaussian Plume Model equation that would be applied in this research to calculate the ground-level
concentration of sulfur dioxide and nitrogen oxides released from the cement factory stack at a certain distance
is:

CmerCinalee (S ) rer(353)

2mu oy z

Here,

C = steady-state concentration at a point (x, y, z), pg/m?

Q = emission rate, pug/s

Oy, 0, = horizontal and vertical spread parameters, respectively, m (these are functions of distance, x, and
atmospheric stability)

u = average wind speed at stack height, m/s

y = horizontal distance from plume centerline, m

z = vertical distance from ground level, m

H = effective stack height (H = h + Ah, where h = physical stack height and Ah = plume rise, m)

The double Gaussian distribution of the plume is illustrated using the stated Gaussian Plume Model equation
(Turner, 1970):

Figure 1. Coordinate system showing Gaussian distributions in horizontal and vertical directions

2.2.1 Data Collection

In the Gaussian Plume Model equation, aside from oy, 0,, the remaining data, are need to be collected from an
active cement industry. But unfortunately, the requisite data was unavailable in Bangladesh from a primary
source. Hence, the necessary data is collected from a secondary source (Abu-Allaban and Abu-Qdais, 2011). The
data collected from this source are:

The emission rate of SO, Q; =560 g/s

The emission rate of NOx, Q> = 154.9 g/s

And other necessary data have been standardly assumed, such as:

Stack height, h=80 m

Wind speed, u =5 m/s

Plume rise, Ah =20 m
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2.2.2 Estimating Dispersion Parameters (Oy , 07)

Firstly, surface wind speed and weather condition data are required to determine the stability class using Table 1.
Based on the stability class and distance, curve fit constants are obtained from Table 2. These constants are then
used in a formula to calculate oy, 0.

Table 1. Stability Classification. (Turner, 1970)

Surface Day Night

Wind Incoming Solar Radiation Cloudiness

Sﬁf/:d Strong | Moderate | Slight (éil/lg)y ((;I;%r)
<2 A A-B B E F
2-3 A-B B C E F
3-5 B B-C C D E
5-6 C C-D D D D
>6 C D D D D

Table 2. Values of curve-fit constants for calculating dispersion coefficients as a function of downwind distance
and atmospheric stability. (Martin, 1976)

Distance x (Any x <1 km x> 1 km
distance)

Stability a b c d f c d f
A 213 | 0.894 | 440.8 | 1.941 | 9.27 | 459.7 | 2.094 | -9.6
B 156 | 0.894 | 106.6 | 1.149 33 108.2 | 1.098 2.0
C 104 | 0.894 61.0 0.911 0 61.0 0.911 0
D 68 0.894 33.2 0.725 | -1.7 44.5 0.516 | -13.0
E 50.5 | 0.894 22.8 0.678 | -1.3 55.4 0.305 | -34.0
F 34 0.894 | 1435 | 0.740 | -0.35 | 62.6 0.180 | -48.6

2.3 Estimating Steady-State Concentration of SOz

Considering class A stability for x = 140 km distance, the curve-fit constants obtained from Table 1 are: a =213,
b=0.894, ¢ =459.7,d =2.094, and f = -9.6.

Using the equations of horizontal and vertical dispersion parameters (Martin, 1976):

b

oy, = ax
= 213%14005%
=17661.113 m
o,=cxd+f

= (459.7 X 14029%) + (-9.6)
= 1433726524 m

Finally, using the Gaussian Plume Model equation, the concentration of SOy is,

. 560 X 10° 1 02 1 (0 = 100)2
T 2m=3+17661.113 1433724 CP\7217661.113 )P\ "2 14337.242

\ 1 (0+100)2
®XP\ 72 1433726524 2

= 0.0001408 pg/m’
3 Results

The concentrations of SO, and NOy at different distances from the stack are shown below, with graphic
representations to understand their dispersion and fluctuation under different atmospheric conditions.
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Figure 2. Ground-level SO, concentrations change with different downwind distances under various atmospheric
stability conditions.
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Figure 3. Ground-level NOy concentrations change with different downwind distances under various atmospheric
stability conditions.

4 Discussion
The study found that the highest ground-level concentrations of SOy and NO, occurred within the first few
kilometers from the cement factory, remarkably surpassing national ambient air quality regulations (120 pg/m?

for SO, and 100 pg/m? for NOy as per the Environmental Conservation Rule, 1997). Peak concentrations of SO:
and NOx were 2222.28 pg/m* and 614.70 pg/m* at 0.4 km under Stability A, gradually decreased to 301.09
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pg/m* and 83.28 pg/m?* at 14.5 km under Stability F because unstable conditions promote stronger vertical and
horizontal mixing, resulting in higher ground-level concentrations near the source but faster dilution over short
distances. This highlights the critical role of meteorological conditions in pollutant dispersion.

The results offer guidance on suitable stack height, emission rates, and factory location to minimize steady-state
gas concentrations, thereby reducing air pollution and the harmful effects of acid rain. Moreover, the findings
assist in safe urban planning by detecting high-concentration zones near factories, ensuring that residential areas
are established at a safe distance.

Installing scrubbers and selective catalytic reaction (SCR) systems in cement plants can considerably reduce SO-
and NOy emissions by purifying exhaust gases. Continuous air quality monitoring around the cement factory
allows real-time tracking of pollutant levels and helps authorities implement timely control measures. These
measures will not only help fulfill environmental standards but will also promote sustainable industrial
development and public health in rapidly industrializing countries such as Bangladesh.

5 Conclusion

This research successfully utilized the three-dimensional Gaussian Plume Model to estimate ground-level
concentrations of SO2 and NOy under different atmospheric stability circumstances. The findings clearly reveal
that the maximum concentrations of SO: and NO are found within 1 kilometer of the cement factory, with peak
values of 2222.28 pg/m? for SOz and 614.70 pg/m? for NOy under unstable atmospheric conditions. These values
are substantially higher than the permissible limits, demonstrating the significant impact of cement industry
emissions on local air quality. The study additionally shows that as atmospheric stability increases, pollutant
concentrations decrease and the location of maximum concentration shifts farther from the source, highlighting
the crucial role of meteorological factors in pollutant dispersion. The findings provide significant insights into
industrial site selection, pollution control techniques, and urban planning, particularly during the pre-construction
phase of cement factories.

To mitigate these adverse impacts, the installation of pollution control technologies such as scrubbers and
selective catalytic reduction systems, along with stack height optimization, is required. Establishing buffer zones
and implementing continuous air quality monitoring can further protect communities from harmful exposure.
Strong regulatory enforcement is required to ensure compliance and promote environmental sustainability in the
rapidly growing cement industry.

The study provides a reproducible methodological framework that can be used for similar research in different
industrial sectors or geographic areas. By providing deep insights into the application of the Gaussian Plume
Model, it sets the stage for further advancements in atmospheric pollution modeling and mitigation tactics.

References

Devi, K. S., Lakshmi, V. V., & Alakanandana, A. (2017). Impacts of cement industry on environment — An
overview. Asia Pacific Journal of Research, 1, 156-161.

Ali, N., Jaffar, A., Anwer, M., Khan, S., Anjum, M., Hussain, A., Raja, M., & Ming, X. (2015). The greenhouse
gas emissions produced by cement production and its impact on environment: A review of global cement
processing. International Journal of Research, 2, 488-500.

Maués, C. S., Guimardes, C. S., & Martinez-Amariz, A. (2019). Study for the dispersion of particulate matter
emissions from a steel industry using Gaussian plume equation through computational modeling. Journal of
Physics: Conference Series, 1386(1), 1-7.

Onofrio, M., Spataro, R., & Botta, S. (2020). A review on the use of air dispersion models for odour assessment.
International Journal of Environment and Pollution, 67(1), 1-21.

Lotrecchiano, N., Sofia, D., Giuliano, A., Barletta, D., & Poletto, M. (2020). Pollution dispersion from a fire
using a Gaussian plume model. International Journal of Safety and Security Engineering, 10(4), 431-439.
Turner, D. B. (1970). Workbook of atmospheric dispersion estimates: Revised 1970. U.S. Department of Health,
Education, and Welfare, National Center for Air Pollution Control.

Abu-Allaban, M., & Abu-Qudais, H. (2011). Impact assessment of ambient air quality by cement industry: A
case study in Jordan. Aerosol and Air Quality Research, 11(7), 802-810.

Martin, D. O. (1976). Comment on “The change of concentration standard deviations with distance.” Journal of
the Air Pollution Control Association, 26(2), 145-147.

1534



