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Abstract: The brick and tile industry was selected to investigate the impact of pollutants emitted 

from such industry on air quality. Based on the 2018 Zhengzhou City Census data and combined 

with field sampling and research visits, an emission inventory of the brick and tile industry in 

Xinmi City was established using the emission factor method. Based on the established emission 

inventory, the concentrations of SO2, NOX, and PM2.5 emitted by 31 brick and tile enterprises were 

then predicted using the CALPUFF model(California puff model, USEPA), which had been eval-

uated for accuracy, and the simulation results were compared with the observed results to obtain 

the impact of pollutant emissions from the brick and tile industry on air pollution in the simulated 

region. Results show that SO2, NOX, and PM2.5 emissions from the brick and tile industry in the 

study area in 2018 were 564.86 tons, 513.16 tons, and 41.01 tons, respectively. The CALPUFF model 

can simulate the characteristics of meteorological changes and pollutant concentration trends, and 

the correlation coefficient of the fit curve between the pollutant observed data and the simulated 

data was higher than 0.8, which can reproduce the impact of key industrial point sources on air 

quality well. The simulated concentration values and spatial and temporal distribution character-

istics of SO2, NOX, PM2.5 in spring, summer, autumn, and winter were obtained from the model 

simulations. The contribution of pollutant emissions from the brick and tile industry to the 

monthly average concentrations of SO2, NOX, and PM2.5 in the simulated region were 6.58%, 5.38%, 

and 1.42%, respectively, with the Housing Administration monitoring station as the receptor point. 

The brick and tile industry should increase the emission control measures of SO2 and NOX, and at 

the same time, the emission control of PM2.5 cannot be slackened. 
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1. Introduction 

In recent years, with the rapid economic development of China, a sizable increase in 

energy consumption and pollutant emissions have caused tremendous impacts on the 

regional environment [1]. Atmospheric pollutants such as PM2.5 (particulate matter with 

an aerodynamic diameter less than or equal to 2.5 μm), SO2, NOX, etc., lead to a series of 

environmental problems and human health risks [2,3]. With the increasing severity of 

environmental pollution, environmental management has become urgent, and in the 

process of implementing countermeasures, it was gradually recognized that industrial 

waste gases have more serious impact on the atmosphere [4]. Industrial kilns are one of 

the main sources of air pollution emissions in the industrial sector. Brick kilns, as a typ-

ical industrial furnace, have a large number of enterprises and huge production capacity. 

By the end of 2016, China ranked first in the world in production of bricks and tiles, with 

an annual output of more than 810 billion pieces of sintered brick and tile products [5]. 

Bricks and tiles are important parts of construction materials such as for walls and roof-
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ing, and are widely used in housing and public buildings and other facilities. Therefore, 

the industry is directly bound up with the national economy as it produces the raw ma-

terial for the construction industry, which is the main part of the national GDP. Due to 

the large number of enterprises and the high energy consumption of the brick and tile 

industry, it has caused serious air pollution problems, but there is still a lack of in-depth 

research on this issue. Therefore, it is of great significance to carry out research on the 

current status of air pollutant emissions from the brick and tile industry and their impact 

on air quality. 

Air quality models are systematic tools based on atmospheric physical and chemical 

processes, combined with meteorological theories and mathematical modeling methods 

to simulate the diffusion, transport, transformation, and removal processes of atmos-

pheric pollutants in the atmosphere [6]. Air quality models are widely used to study air 

pollution problems in different parts of the world, and the CALPUFF model, one of the 

air pollutant dispersion models, has been widely used both domestically and abroad 

[7–10]. For example, Abdul-Wahab et al. [11] used the CALPUFF model to simulate SO2 

emissions from the Mina AI-Fahal refinery and concluded that topography of varying 

complexity can influence the diffusion and transport of SO2 in the atmosphere. Ghannam 

et al. [12] used the MM5/CALPUFF coupled model to simulate the effects of PM10, CO, 

and NOX on the surrounding air quality in industrial agglomerations in the United States. 

Ren et al. [13] used the CALPUFF model to simulate the air pollutant emissions in the 

area of a coal power project, which showed that the coal power project was the main 

contributor to the air quality in this region. Ma et al. [14] used the WRF-CALPUFF air 

quality model to simulate the pollution contributions of PM2.5, PM10, (particulate matter 

with an aerodynamic diameter less than or equal to 10 μm), SO2, and NOX from key en-

terprises in the main urban area of Cangzhou City during autumn and winter and the 

primary heavy pollution process. The above studies showed that the CALPUFF model 

was widely applicable to small-scale air pollution studies. 

Regional pollutant emission inventories can provide data support for air pollution 

dispersion models to participate in air pollution prevention and control efforts [15]. For 

example, Ilze Pretorius et al. [16] obtained emission factors for SO2 and NOX from a 

power plant in South Africa in the form of online monitoring and field surveys, and used 

the emission factor method to calculate the emission intensity of the sources to create a 

high-resolution source emission inventory of air pollutants required for CALPUFF model 

simulations. Xue et al. [17] used the emission factor method to estimate the emissions of 

particulate matter, SO2, NOX, and fluoride from the cement industry in Beijing in 2010. 

Previous studies have shown that the emission factor method is broadly applicable to the 

preparation of air pollutant inventories for industrial point sources. Research shows that 

atmospheric pollution is closely related to many meteorological factors such as temper-

ature, surface wind direction, wind speed, relative humidity, and precipitation [18–20]. 

Inversion weather is the main cause of atmospheric pollution in winter. Ground-level 

radiation combined with low-level inversion and sinking motion hinder the diffusion of 

pollutants in both horizontal and vertical directions. And under certain conditions of 

pollution sources, stable atmospheric structure and special topography of the region are 

also important reasons for the formation of regional pollution. 

Located at the foot of Songshan Mountain in central Henan Province, Xinmi is a 

mountainous and hilly terrain. The rich mineral resources and clay resources around the 

main city of Xinmi provide sufficient raw materials for the brick and tile industry, which 

has gradually developed into a typical industry of Xinmi. The brick and tile enterprises 

emit large amounts of air pollutants which cause serious air pollution. Therefore, it is 

representative to choose the brick and tile industry in Xinmi City as the object of study. 

The objectives of this study were: (1) to establish an inventory of pollutant emissions 

from the brick and tile industry in Xinmi City in 2018 firstly using the 2018 Zhengzhou 

City Pollution Source Census data as the basis combined with field sampling data; (2) to 

simulate the pollutant concentrations caused by the brick and tile industry throughout 
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the year using the CALPUFF model; (3) to study the environmental impact of SO2, NOX, 

and PM2.5, which were the main pollutants emitted from the brick and tile industry in 

Xinmi City in 2018, by comparing the simulation results and observed results to quanti-

tatively assess the impact of pollutant emissions from the brick and tile industry on air 

quality in Xinmi City and provide a theoretical basis for the management of pollutants 

for the brick and tile industry. 

2. Methodology 

2.1. Scope of the Study 

As shown in Figure 1, the study area of this study is Xinmi City, which is located in 

the hinterland of the Central Plains and belongs to Zhengzhou City, Henan Province, 

China. It is one of the 26 key cities to accelerate urbanization and 23 key cities to open up 

to the outside world in Henan Province, with a large number of industrial enterprises 

distributed here. The city has a temperate continental monsoon climate with moderate 

warmth and coolness, and four distinct seasons. Spring is dry with little rain, summer is 

hot and rainy, autumn is sunny, and winter is cold and snowy. 

 

Figure 1. Geographical location of the studied area. 

2.2. Model Introduction and Parameters 

The CALPUFF model system is developed by the U.S. Environmental Protection 

Agency (EPA) to simulate the transport and transformation of atmospheric pollutants 

and is also one of the regulatory models used in China’s atmospheric environmental 

impact assessment [21–23]. The model is a three-dimensional transient Lagrange disper-

sion model system [24–26], which can be applied to simulate the transient diffusion, 

transport, and transformation of gases, particles, and other pollutants (such as PM2.5, SO2, 

NOX, etc.) derived by various meteorological factors [27–29]. The CALPUFF atmospheric 

dispersion model system consists of the CALMET (a diagnostic 3-D meteorological 

model) meteorological module [30,31], the CALPUFF plume transport module, the 

CALPOST (California puff post-processing model)post-processing module [32,33], and 

modules for pre-processing conventional ground station meteorological data, geographic 

data, altitude data, and precipitation data. The data pre-processing module generates 

pre-processed input files needed for the CALPUFF model from the pre-collected data, 

and in this study these inputs contain geographic data and data from ground-based 



Sustainability 2021, 13, 2414 4 of 19 
 

weather monitoring stations. The CALPUFF model uses the meteorological field gener-

ated by CALMET to simulate the transport, dispersion, and deposition of pollutants 

emitted from each source [34]. 

The model used in the study is CALPUFF version 6.0 [35]. The simulation year for 

this study is 2018 and January, April, July, and October were chosen to be the repre-

sentative months of four seasons. Xinmi City, Henan Province, was used as the study 

area, and the grid coordinate was chosen to Mercator (UTM) projection, with the refer-

ence latitude and longitude of the projection of 117 °E and 0°, the grid contains a total of 

80 × 80 grid points with resolution of 0.5 km. The study area is square, with the origin 

coordinates of (141.01, 3802.31) km and a total length and width of 40 km. Nine vertical 

layers were set up in CALPUFF, each vertical layer is 0m, 20m, 40m, 80m, 160m, 320m, 

640m, 1200m, 2000m, and 3000m from the ground level. 

2.3. Input Data 

The data pre-processing module requires input of land use data, terrain elevation 

data, surface roughness, vegetation codes, and meteorological data from ground moni-

toring stations [36]. Geophysical data other than ground-based weather monitoring sta-

tions were downloaded from the CALPUFF model website 

(http://www.src.com/calpuff/data/ (accessed on 10 October 2019)). The terrain data 

downloaded in this study were obtained from the 3S Space Shuttle Radar Terrain Map-

ping File (STRM3) with a resolution of 90 m, and the terrain elevation data (TER-

REL.DAT) were processed by the terrain data pre-processing program 

(http://www.src.com/calpuff/data/terrain.html (accessed on 20 December 2019)). The 

land use data were obtained from the Asia portion of the USGS CLGC (the United States 

geological survey) database (https://earthexplorer.usgs.gov/ (accessed on 20 December 

2019)) at a resolution of 1000 m and processed by the Land Use Data Preprocessing 

module to obtain gridded land use data (LU.DAT). The base time zone of the model was 

the eighth eastern region, the time step was 3600 s, and the chemical mechanism was the 

MESOPUFF II (the MESO scale puff) chemical mechanism [37]. The background concen-

tration of ammonia was the default value, and the background concentration of ozone 

was the average of the ozone concentration data provided by the Zhengzhou Meteoro-

logical Monitoring Station, its latitude and longitude were 113.39 °E and 34.43 °N, re-

spectively. This study only simulated the dry deposition processes from point sources 

and did not consider wet deposition. The three-dimensional topographic map of the 

study area is shown in Figure 2, which shows that the topography of the study area is 

high in the northwest, low in the southeast, and mountainous in the south and north, 

which is unfavorable to the transport and dispersion of pollutants. The central area is a 

hilly area, and the southeast and northeast sides of the terrain mat are relatively flat, 

which is favorable to the transport and diffusion of pollutants. 
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Figure 2. Three-dimensional topographic map of the studied area. 

Meteorological data include ground monitoring station meteorological data and 

high-altitude meteorological data. The meteorological data of the ground monitoring 

station was derived from the 2018 continuous observations of the Zhengzhou Meteoro-

logical Station. The selected site is located inside the simulation domain of this study as 

its latitude and longitude were 113.39 °E and 34.43 °N, respectively, and thus it is rea-

sonable to use the observed data from this station. The meteorological data mainly in-

clude wind direction, wind speed, temperature, and relative humidity. The CALPUFF 

model requires meteorological data in which ground meteorological data and altitude 

meteorological data were compulsory and rainfall data and surface station data were 

optional. In the simulation process of this study, rainfall and surface station data were 

not selected because wet deposition was not considered and domestic surface station 

data were missing. The initial meteorological field of the study area was generated using 

surface meteorological data, elevation data, and precipitation data simulated by the 

weather research and forecasting model (WRF) and then processed by the CALMET 

module because of the incomplete data from sounding weather stations near the study 

area. The WRF output data file format was converted to 3D.DAT file format by the 

CALWRF module [38]. The converted files extracted data on geopotential height, dew 

point, ground pressure, wind speed, sea level pressure, humidity, and surface tempera-

ture at each of the 27 altitude levels. 

2.4. Emission Inventory Build Up 

The activity level used to establish the emission inventory in this study was the 

production rate of brick and tile enterprises, and the data were obtained from the pollu-

tion source census data of Zhengzhou City. The emission factors were field research and 

test data, and two representative enterprises were selected as sampling points among 31 

brick and tile enterprises in the study area to collect SO2, NOX, and PM2.5 emissions from 

the two enterprises. The concentrations of three pollutants, SO2, NOX, and PM2.5, emitted 

from the brick and tile industry in the study area were calculated and analyzed, and then 

the emission factors of pollutants from the brick and tile industry were calculated. The 

sampling instruments used for the particulate matter collection were the ELPI (electrical 

low-pressure impactor) particulate matter tester and the impactor MOUDI (microorifice 

uniform deposit impactor) manufactured by Dekati Company in Finland [39,40]. The 
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calculation of PM2.5 concentration is shown in Equation (1), SO2 and NOX concentration is 

shown in Equation (2), and the calculation of emission factor is shown in Equation (3). 

6
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where, Ci denotes the mass concentration of PM2.5 emitted into the atmosphere in mg/m3; 

M2 denotes the mass of the membrane after sampling in g; M1 denotes the mass of the 

membrane before sampling in g; R denotes the dilution ratio; L denotes the flow rate of 

the sampler in L/min; t denotes the sample collection time in h. The sample is collected 

by the sample collector. 
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where, C2 denotes the baseline emission concentration of air pollutants in mg/m3; C1 de-

notes the measured emission concentration of air pollutants in the exhaust pipe in 

mg/m3; O1 denotes the measured value of oxygen content in dry flue gas in %; O denotes 

the baseline oxygen content in %. 
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i

i
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  (3)

where, EFi denotes emission factor, kg/t–product, kg/t–fuel, kg/t–raw material; Ci denotes 

pollutant concentration emitted into the atmosphere in mg/m3; Qi denotes average flue 

gas volume in the exhaust pipe in m3/h; t denotes sampling time in h; Mi denotes product 

output or fuel consumption during the sampling period in t or m3. 

The localized emission factors were obtained from the measured sampling data and 

corresponding activity levels, and part of the measured emission factors were modified 

and extrapolated from the survey and online data. The selected localized emission factors 

are shown in Table 1, taking into account the actual situation of pollutant generation. 

Table 1. Localized emission factors for the brick and tile industry. 

Type of Product Raw Material 
Emission Factor 

Unit 
PM2.5 SO2 NOX 

Coal gangue brick Coal gangue, sludge, etc. 0.140 34.856 7.148 kg/10,000 standard bricks 

Baked brick Shale, fly ash, etc. 0.033 0.948 2.016 kg/10,000 standard bricks 

Through the enterprise data of the brick and tile industry to obtain the geographical 

location, raw material name and usage, fuel type and usage, product type and yield, 

control measures and efficiency of 31 enterprises, the emission factor method [41] was 

used to establish the emission inventory of the main pollutants SO2, NOX, and PM2.5 of the 

brick and tile industry in the study area in 2018, calculated as shown in Equation (4). 

3(1 ) 10i j ij iE M EF        (4)

where, Ei denotes the emission of pollutant i in ton; Mj denotes the output of product j in 

ton; EFij denotes the emission factor of pollutant i when product j is produced in g/kg; 

and ηi denotes the overall efficiency of the pollution control measures for pollutant i in %. 

3. Results 

3.1. Emission Inventory 

The SO2, NOX, and PM2.5 emissions from the brick and tile industry in the study area 

in 2018 were 564.86 tons, 513.16 tons, and 41.01 tons, respectively. The geographic loca-

tion and spatial distribution of emissions of the 31 brick and tile enterprises in the study 
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area are shown in Figure 3. From the figures, we can see that the distribution of the brick 

and tile enterprises was widely spread, and the enterprises with large pollutant emis-

sions are located in the central part of the study area. 

  

 

 

Figure 3. Location distribution of brick and tile enterprises and distribution of pollutant emissions 

(a) SO2, (b) NOX, (c) PM2.5. 

3.2. Model Validation 

Simulation performance evaluation is a critical part of air quality modeling applica-

tions, and the correlation coefficient R can be used to assess the correlation between 

simulated and observed values [42]. This study validated the accuracy of the CALPUFF 

model using the atmospheric multi-pollutant emission inventory of the 2016 of Henan 

Province (Bai et al. [43]), as a baseline inventory. From the simulation results, we ex-

tracted the simulated meteorological variables of the Zhengzhou weather station, which 

is inside the study area, in April 2018 and their comparisons with the observed temper-

ature, wind direction, and wind speed are shown in Figure 4. As can be seen from Figure 

4, although there were some discrepancies between the simulated and observed values, 

the data differences were small, and their trends in time variation were almost the same. 

Figure 5 shows a scatter plot of simulated data versus observed data for air temperature, 

wind speed, and wind direction. From Figure 5, the correlation coefficients between the 

simulated and observed values of air temperature, wind speed, and wind direction are 

0.990, 0.931, and 0.956, respectively. The independent samples t-test was performed on 

the simulated and observed values of air temperature, wind speed, and wind direction 

using SPSS (statistical program for social sciences, IBM) version 19. The t-test showed 

that the t-statistic for air temperature was 1.000, corresponding to a probability of 0.321, 

with a probability greater than the significance level of 0.05. The t-statistic for wind speed 

was 1.077, corresponding to a probability of 0.286, with a probability greater than the 

significance level of 0.05. The t-statistic for wind direction was 0.355, corresponding to a 
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probability of 0.742, with a probability greater than the significance level of 0.05. There is 

no significant difference between the simulated and observed values of the three mete-

orological conditions. So, the CALMET model simulated meteorological field can meet 

the characteristics of the meteorological changes in the study area. 

 

Figure 4. Meteorological factors temperature, wind speed, wind direction. 
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Figure 5. Scatter plot of simulated versus observed data for air temperature, wind speed, and 

wind direction. 

The air quality monitoring station at County Militia HQ with UTM coordinates of 

(165.95, 3829.16) km was selected as the source receptor site in the study area, and the 

daily average values of SO2, NOX, and PM2.5 concentrations from November to December 

2018 of the monitoring station were compared with model outputs to validate the accu-

racy of the simulation results. As shown in Figure 6, the correlation coefficients of the SO2, 

NOX, and PM2.5 fit curves were 0.806, 0.864, and 0.875, respectively, indicating that the 

simulation fits well with observed data. The independent sample t-test was performed on 

the simulated and observed values of SO2, NOX, and PM2.5 using SPSS version 19. The 

t-test results showed that the t-statistic for SO2 was 1.563, corresponding to a probability 

of 0.121, with a probability greater than the significance level of 0.05. The t-statistic for 

NOX was 3.177, corresponding to a probability of 0.002, with a probability less than the 

significance level of 0.05. The t-statistic for PM2.5 was −2.747, corresponding to a proba-

bility of 0.015, with a probability less than the significance level of 0.05. The results show 

that the simulated values of SO2 are not significantly different from the observed values. 

While the simulated values of NOX and PM2.5 are somewhat different from the observed 

values, the differences are within the acceptable range with the mean simulated data for 

NOX being 20.5% higher than the mean observed data and the mean simulated data for 

PM2.5 being 21.8% lower than the mean observed data [9,44]. So, the CALPUFF model can 

be used to simulate the evolution of species concentrations emitted from brick and tile 

industry in the study area. 
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Figure 6. Scatter plots of simulated and observed concentrations of three pollutants, SO2, NOX, and 

PM2.5 at the County Militia HQ. 

3.3. Meteorological Characterization 

Xinmi city belongs to the northern temperate continental monsoon climate, and the 

monthly average temperature (T) variation in 2018 in the simulated area was obtained 

from the ground observed data of Xinmi meteorological monitoring station as shown in 

Table 2. The average monthly maximum temperature in the simulated range was 29.6 °C 

in July, the average monthly minimum temperature was 0.9 °C in January, and the av-

erage annual temperature was 16.2 °C in 2018. The average temperature of the four sea-

sons varies significantly, with a large difference between winter and summer. 

Table 2. Average monthly temperature in the simulation area for 2018. 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

T (℃) 0.9 3.6 9.2 19.1 23.4 26.7 29.6 27.9 23.4 18.1 9.1 3.2 16.2 

The average monthly and annual wind speed (WS) for 2018 in the simulated area 

obtained from the meteorological monitoring station is shown in Table 3, which shows 

that the lowest monthly average wind speed occurred in January with 1.29 m/s and the 

highest monthly average wind speed occurred in July with 2.03 m/s in the simulated ar-

ea. 

Table 3. Average monthly wind speed in the simulation area for 2018. 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

WS (m/s) 1.29 1.36 1.49 1.51 1.47 1.83 2.03 1.76 1.53 1.44 1.39 1.31 1.54 

Using daily 24-h continuous wind direction and speed data from meteorological 

monitoring station for January, April, July, and October in 2018, a rose diagram of the 

simulated regional winds for all seasons was plotted, as shown in Figure 7. The dominant 

spring wind direction in the simulation area was between SSE-SE-ESE and WNW-WSW 

with a calculated average wind speed of 1.51 m/s; the dominant summer wind direction 

was between SSE-SE-ESE with a calculated average wind speed of 2.03 m/s; the dominant 

autumn wind direction was between WSW-WNW and SSE-SE-ESE with a calculated 

average wind speed of 1.44 m/s, and the dominant wind direction in winter was between 

WSW-WNW and NNE-NE-ENE, with a calculated average wind speed of 1.29 m/s. Wind 

speed was higher in spring and summer than in autumn and winter, and the dominant 

wind direction was the same in spring and summer, and the dominant wind direction 

was basically the same in autumn and winter, which was consistent with the temperate 



Sustainability 2021, 13, 2414 11 of 19 
 

continental monsoon climate of Xinmi City. The wind speed in winter was obviously less 

than other seasons, and the low temperature leads to the lower boundary layer height 

(BLH), which is unfavorable to the dispersion of pollutants; while the high temperature 

in summer leads to the higher boundary layer height (BLH), which is more conducive to 

the diffusion of pollutants. Therefore, severe pollution is more likely to form in winter. 

 

 

Figure 7. Wind rose chart of the study area for different seasons in 2018. 

3.4. Air Pollutants Simulation Results 

A total of 31 brick and tile enterprises were counted in the study area, and the im-

pact of pollutant emissions from these brick and tile industries on the air quality of the 

study area was simulated based on the CALPUFF model using the 2018 brick and tile 

enterprise emission inventory estimated by the study as the baseline inventory. The 

hourly average concentrations of pollutants emitted by brick and tile enterprises in Jan-

uary, April, July, and October were obtained from the simulations. 

3.4.1. SO2 Simulation Results 

In terms of time, SO2 pollution had seasonal characteristics. The peak hourly average 

concentration was 156.32 μg/m3 in spring, 141.53 μg/m3 in summer, 186.54 μg/m3 in au-

tumn, and 210.35 μg/m3 in winter, respectively, which meant that the peak hourly aver-

age concentration of SO2 in spring and summer was smaller than that in autumn and 

winter, and the peak hourly average concentration in winter was the highest. According 

to the ambient air quality (GB3095–2012), the primary concentration limit value of hourly 

average SO2 concentration is 150 μg/m3, which means that the peak hourly average SO2 

concentration emitted by the brick and tile industry in autumn and winter of 2018 in the 

study area were 1.2 and 1.4 times higher than the primary concentration limit value, re-

spectively. 

From the pollutant dispersion range, Figure 8 shows the contour map of hourly av-

erage concentration of SO2 based on the model simulation results. It can be seen that SO2 

had a larger dispersion range in summer and a smaller dispersion range in autumn, 

winter, and spring. It was mainly due to the temperate continental monsoon climate of 

the study area, causing differences in average wind speed and direction among seasons. 

The meteorological data showed that the southeast and east winds predominated in the 
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study area in summer, with an average wind speed of 2.03 m/s, which made SO2 diffuse 

to the west and northwest in summer, and due to the higher wind speed, the diffusion 

range was significantly large, and the concentration contour map showed that the SO2 

concentration was still high in a range of about 10 km around the brick factory. While in 

autumn, winter, and spring, west, northeastern, and southeastern winds predominated, 

with average wind speeds of 1.44 m/s, 1.29 m/s, and 1.51 m/s, respectively, enabling SO2 

to disperse along the downwind directions, but the dispersion range was smaller because 

of the lower wind speed. 

  

  

Figure 8. Contours of the hourly average concentration of SO2 in spring, summer, autumn, and 

winter. 

3.4.2. NOX Simulation Results 

On the basis of the model simulation results, the contour map of NOX four-season 

hourly average concentration was drawn, as shown in Figure 9. Combined with the 

three-dimensional topographic map of the study area (Figure 2), it can be seen that the 

NOX concentration distribution was basically the same as that of SO2, and points with 

higher pollutant concentrations were distributed in the basin-like area with lower to-

pography in the middle and higher topography all around. 

From the perspective of time variation, NOX pollution exhibited seasonal character-

istics as well. The peak hourly average concentration of NOX was 142.42 μg/m3 in spring, 

141.53 μg/m3 in summer, 167.65 μg/m3 in autumn, and 187.84 μg/m3 in winter, respec-

tively. It is obvious that the concentration of NOX in spring and summer was lower than 

that in autumn and winter, and the peak hourly concentration in winter was the highest 
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in all four seasons. It is worth mentioning that none of them exceeded the ambient air 

quality standard secondary concentration limit of 200 μg/m3. 

  

  

Figure 9. Contour map of hourly average concentration of NOX in spring, summer, autumn, and 

winter. 

3.4.3. PM2.5 Simulation Results 

The hourly average concentration contour map of PM2.5 for four seasons drawn from 

the model simulation results was shown in Figure 10, and the pollution characteristics of 

PM2.5 were basically consistent with SO2 and NOX, indicating that the higher concentra-

tion points were also found in the high terrain around and low terrain in the middle. The 

peak hourly average concentration of PM2.5 was 12.80 μg/m3 in spring, 12.07 μg/m3 in 

summer, 13.39 μg/m3 in autumn, and 17.02 μg/m3 in winter, respectively. It is apparent 

that there was a relatively large increase in concentration in winter. 

As far as the dispersion range is concerned, the dispersion distance of PM2.5 was 

relatively small compared with that of SO2 and NOX. In addition, the diffusion range was 

larger in summer due to wind speed, smaller in spring and autumn, and smallest in 

winter due to counter-temperature phenomenon and low wind speed. 
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Figure 10. The contour map of the hourly average concentration of PM2.5 in spring, summer, au-

tumn, and winter. 

4. Discussion 

4.1. Analysis of Simulation Results 

From Section 3.4, the concentration changes of all three pollutants were character-

ized by seasonality. The pollutants’ diffusion range was large, and the pollutants’ con-

centration was the lowest in summer, while the pollutants’ concentration was the high-

est in winter when the diffusion range was small. This is related to the meteorological 

factors in the study area, where high average wind speed and high average temperature 

in summer were beneficial to the diffusion of pollutants, thus resulting in low pollutant 

concentrations; while low average wind speed and low average temperature in winter 

were prone to inversion, which was unfavorable to the diffusion of pollutants, resulting 

in high pollutant concentrations. 

Combining the contour map of hourly average pollutant concentrations in the 

study area and the three-dimensional topographic map (Figure 2), it can be seen that 

most of the points with high pollutant concentrations were located at lower terrain, 

which was related to the location of the brick and tile enterprises and the topography of 

the study area. Due to the high topography and poor air flow ability around the enter-

prises, it was easy to cause the accumulation of pollutants. The eastern part of the study 

area is flat, which was helpful for the diffusion of pollutants, and the brick and tile en-

terprises caused less pollution to this part of the area. While for the central and western 
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parts of the area, the pollution caused was more serious because of the large number of 

enterprises in this part of the area, the large amount of pollutant emissions, and the high 

terrain around the enterprises. 

Therefore, in order to avoid the accumulation of pollutants, brick and tile enter-

prises should take into account factors such as topography and meteorology to choose 

suitable plant sites. 

4.2. Analysis of the Impact of Local Emission on Air Quality 

The Ambient Air Quality Standard (GB3095–2012) stipulates that the 24h average 

concentration secondary limits for SO2, NOX, and PM2.5 were 150 μg/m3, 100 μg/m3, and 

75 μg/m3, respectively. The 24-h average concentration peaks and rates of contribution to 

the 24-h average concentration secondary limits of pollutants simulated by the CAL-

PUFF model for different seasons were shown in Table 4. As shown in Table 4, the 24-h 

average concentration peak of SO2 in winter was 50.36 μg/m3, much higher than that in 

spring, summer, and autumn. The 24-h average concentration peak of NOx in winter 

was 45.04 μg/m3, much higher than that in spring, summer, and autumn. The 24-h aver-

age concentration peaks of PM2.5 in the four seasons were more or less similar, but it was 

the largest in winter at 3.24 μg/m3. As a result, brick and tile enterprises emit the highest 

concentration of pollutants in winter. The rates of contribution to the 24-h average con-

centration secondary limits of the 24-h average peak concentration of the three pollu-

tants were the highest in winter, the second highest in autumn, and the lowest in sum-

mer. Among the three pollutants, NOX had the highest rates of contribution to secondary 

standard concentration limit value with 45.0% in winter, SO2 ranked second at 33.6%, 

and PM2.5 had the lowest of 4.3%. 

Table 4. The average concentration peak of pollutants in different seasons in 24 h and the rate of standard occupation. 

Season 

SO2 NOX PM2.5 

Ci (μg/m3) 
Cstandard  

(μg/m3) 

Ratio to 

Standard 

Value (%) 

Ci (μg/m3) 
Cstandard  

(μg/m3) 

Ratio to Standard 

Value (%) 
Ci (μg/m3) 

Cstandard  

(μg/m3) 

Ratio to Standard 

Value (%) 

Spring 37.90 150 25.3 34.07 100 34.1 2.39 75 3.2 

Summer 35.18 150 23.5 33.06 100 33.1 2.28 75 3.0 

Autumn 38.62 150 25.7 34.55 100 34.5 2.73 75 3.6 

Winter 50.36 150 33.6 45.04 100 45.0 3.24 75 4.3 

Note: Ci (μg/m3) represents the 24-h average concentration peak; Cstandard (μg/m3) represents the secondary standard 

concentration limit value. 

The Xinmi Housing Management Office monitoring station was selected as pollu-

tant receptor site, and the observed monthly average concentrations in winter were 

compared with the monthly average concentration simulated by the model, as shown in 

Table 5. The monthly average concentration of SO2 in winter at the monitoring station of 

housing management was 46.32 μg/m3, with a simulated value of 3.05 μg/m3 and a con-

tribution of 6.58%; the monthly average concentration of NOX was 53.52 μg/m3, with a 

simulated value of 2.88 μg/m3 and a contribution of 5.38%; and the monthly average 

concentration of PM2.5 was 72.34 μg/m3, with a simulated value of 1.03 μg/m3 and a con-

tribution of 1.42%. 

Table 5. Comparison of simulated and observed concentrations in brick and tile industry. 

Pollutants 
Monthly Average of Simulated  

Concentrations (μg/m3) 

Monthly Average of Observed  

Concentrations (μg/m3) 

Ratio of Simulated to Observed 

Values (%) 

SO2 3.05 46.32 6.58 

NOX 2.88 53.52 5.38 

PM2.5 1.03 72.34 1.42 
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Due to the lack of literature results of the brick and tile industry simulation studies, 

we compared the results with the simulation analysis of the Beijing-Tianjin-Hebei ther-

mal power industry by the group of Boxin [1]. The result showed that the maximum 

contribution concentration of the thermal power industry to the background concentra-

tion ranged from 1.92% to 6.85%, which was comparatively close to the results of this 

study. 

4.3. Emission Control Measures 

From Section 4.2, due to meteorological factors and topographical features, the im-

pact of pollutant emissions from the brick and tile industry on air pollution in the region 

was seasonal, with winter being the most polluted of the four seasons. Among the three 

main pollutants emitted by the brick and tile industry, SO2 and NOX emissions contrib-

uted a high proportion to the local air quality concentration, which was caused by the fact 

that the raw materials of the brick and tile industry were mainly coal gangue containing a 

large amount of sulfur, and the enterprises lacked adequate and effective SO2 and NOX 

control facilities. 

Therefore, our recommendations are as follows: 

(1) The brick and tile industry should strictly control and strengthen the governance of 

raw fuel crushing, drying and roasting, preparation and molding, and other stages 

of disorganized emission of smoke and powder dust. It should be equipped with 

de-dusting facilities in each link of the production process. In addition, it should 

develop and promote the comprehensive treatment technology and equipment for 

flue gas desulfurization, de-nitration, and de-dusting of brick and tile kilns. 

(2) Sintered brick kilns using coal, coal gangue, and other fuels should be sealed to store 

fuel and take measures such as windproof, dust suppression, and dust reduction. 

(3) Sintered brick kilns should be installed with automatic pollutant monitoring facili-

ties. The installation of distributed control systems (DCS) shall be promoted to rec-

ord the main parameters of the operation of environmental protection facilities and 

related production processes of industrial furnaces and kilns, so as to achieve re-

al-time visualization and management through online monitoring systems to ensure 

compliance with the emission standards. 

4.4. Significance and Limitations 

The brick and tile industry, as a typical industrial furnace and kiln industry, has 

been studied mostly in terms of pollutant emission characteristics, source profiles, emis-

sion factors, and emission inventories. This study not only established a source emission 

inventory, but also simulated the impact of pollutants emitted from the brick industry on 

air quality by combining the CALPUFF model. Moreover, the source emission inventory 

in this study was based on the 2018 Zhengzhou City Pollution Source Census data, com-

bining online data and field survey data, which is more detailed and accurate than the 

data collected in previous industrial emission inventories, thus improving the resolution 

of the source emission inventory. 

Inevitably, there are still some limitations of this study due to limited data availa-

bility and other limitations. Firstly, when selecting representative enterprises for sam-

pling, the enterprise information obtained was incomplete, which may cause some un-

certainties in the emission inventory. In addition, the relatively small number of source 

monitoring points set up in the study area did not allow for full assessment of the source 

concentrations at the simulated sensitive sites. For this reason, as much valid business 

information as possible should be collected, and additional source monitoring points 

should be set up at the location of the sensitive sites in future studies. 

Nonetheless, this study can still provide some guidance on the management of air 

pollutants in the brick and tile industry in Xinmi City and other areas with similar char-

acteristics. 
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5. Conclusions 

The meteorological data from the Zhengzhou meteorological monitoring station and 

the pollutant observed data from the Xinmi City air quality monitoring station were 

compared with the corresponding simulated data to evaluate the accuracy of the simu-

lated meteorological field and pollutant concentration changes by the CALPUFF model. 

The results showed that the meteorological field simulated by the CALMET model could 

meet the meteorological conditions for pollutant concentration simulation in the study 

area; the correlation coefficient between the simulated pollutant concentrations and the 

observed concentration changes fit curve of the CALPUFF model was greater than 0.8, 

and there is no significant difference between the simulated data and the observed data 

for SO2, and the difference between the values of NOX and PM2.5 is within the acceptable 

range. The model can well reproduce the impact of industrial point sources on air quali-

ty. 

The hourly average concentrations of SO2, NOX, and PM2.5 obtained from model 

simulations in spring, summer, autumn, and winter were analyzed, and the spatial and 

temporal distribution of the three pollutants in the study area was discussed. The simu-

lated concentrations showed seasonal characteristics, with a large pollutant dispersion 

range in summer, smaller in winter, and more severe pollution in winter than in other 

seasons. The brick and tile industry had a greater impact on the pollution in the 

west-central part of the study area. 

The peak concentrations of the three pollutants in different seasons were the highest 

in winter. In winter, NOX accounted for the highest percentage of the limits value of 

standard, accounting for 45.0%; SO2 followed, accounting for 33.6%; PM2.5 was the lowest, 

accounting for 4.3%. Comparing the monthly average concentration observed value of 

three pollutants in winter with the simulated value of Xinmi City Housing Authority 

Monitoring Station as the receptor point, it can be seen that SO2 and NOX had higher 

contributions to the atmospheric concentration of the study area, with a contribution rate 

of 6.58% and 5.38%, respectively; PM2.5 had the lowest contribution rate of 1.42%. There-

fore, SO2 and NOx in the brick and tile industry in Xinmi City had greater potential for 

emission reduction, and the emission control of SO2 and NOX should be strengthened. 
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