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Abstract
Carcinogenic and non carcinogenic risk assessment for a Gypsum plant was studied in this paper. The dispersion of 
PM10 was predicted around the plant by AEMROD model. The AERMOD predictions were verified with measurement 
and the application of AEMROD for the assessment of health risk was studied. Carcinogenic and non-carcinogenic risk 
assessment due to heavy metals in air was assessed both for plant worker and resident of neighboring cities. Carcino-
genic risk assessment was compared with the hospital data. The results of the assessment show ability of AERMOD as 
a risk assessment tool. The results indicate that the worker and residents are not exposed to hazardous level of risk HQ 
< 1. The risk of plant- activity- induced cancer was about 976 per 1 million workers. This risk for permanent resident 
people in neighborhood cities was about 220 per 1 million. The risk of cancer due to all sources activities was about 
598 per 1 million people. The contribution of Gypsum plant in cancer disease is about 36%. The findings indicate that 
there is a need to have a detailed assessment on the short- and long-term health effects of the emission from Gypsum 
plant in ZARCH.
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Introduction

Gaussian dispersion models were widely used for sampling network design, concentration pre-
diction, environmental management scenarios and EIA (EPA, 2005). Another application of 
these models is in risk assessment. Acceptable accuracy, quick setup, relative simplicity of use, 
robust predictions, applicability for wide range of cases in different atmospheric condition, are 
the major advantages of these models (EPA. Human Health Risk Assessment, 2005). Several 
studies indicated that Gaussian models are suitable in predicting air pollution dispersion (Aku-
la, V., et al, 2018; Amini, M., et al, 2018).
 Dispersion modeling and Health risk assessment are conducted in tandem (Karademir, 
A, 2004). ADMS (Advanced Dispersion Modeling System) and ISCST3 (Industrial source 
complex short term version 3) are two examples of these models(López, M.T., et al, 2005). 
AERMOD (AMS/EPA Regulatory Model) is an air dispersion model based on PBL theory. 
AERMOD could incorporate advanced depositional parameters, local terrain effects, PRIME 
building downwash algorithms and advanced meteorological turbulence calculations. AER-
MOD was used for risk assessment of a number of pollutants such as SO2, NO2, mercury and 
PM10 and these studies indicated that Gaussian dispersion models are suitable in forecasting 
pollutant dispersion and risk assessment (Hagan, N., et al, 2011; Ding, F., 2012; Mokhtar, M.M., 
et al., 2014; Afzali, A., et al., 2017). International Agency for Research on Cancer (IARC) has 
considered the carcinogenic and neurotoxicity effects of heavy metals (IARC, 1990; 1993). 
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 Based on the World Health Organization studies, more than 2.4 million people die each year as a result of air pollutants. 
Moreover, epidemiological studies show that more than 600,000 people die each year from cardiopulmonary problems due to breath-
ing fine particles in the polluted air (DOE, 2009). Industrial complex is one of the biggest contributors to air pollution, especially 
when located near the urban areas. The Gypsum plant is one of the important air pollution sources which contribute significantly to 
decrease air quality. The key pollutant in these industries is PM10 developed during miscellaneous processes. The principal aim of 
pollution control in the Gypsum industry is to minimize emission by reducing the mass load emitted from the point, area and line 
sources (Hagan, N., et al, 2011). Calcium sulfate dehydrate (CaSO4 2H2O) or Gypsum is a white or gray naturally occurring mineral. 
Raw Gypsum ore is processed into a variety of products such as a soil conditioner, industrial and building plasters, Portland cement 
additive and Gypsum wallboard (EPAAP, 1995). Gypsum ore, from underground mines and quarries, is crushed and stockpiled near 
a plant. The dominant pollutant in Gypsum processing plants is PM10 (EPAAP, 1995).

Area of study
The case study is ZARCH Gypsum plant in 240148.79 m E and 3543795.85 m N zone 40S. There are several sources of PM10 in 
this industry, including, point, line and area sources. The point sources like stacks, line sources like conveyor and roads, area sources 
like piles and wind erosion from surrounding areas. ZARCH plant brings Gypsum the total output to 250 metric tons per day. The 
schematic view of site plan is shown in Fig. 1.

Figure 1: Aerial view of ZARCH Gypsum plant

The emission rates of sources were estimated as follows:
• Direct measurement of emission
• Indirect measurement (using measurement results in other same companies if exist)
• The use of modeling tools like CFD 
• The use of EPA emission rates (ap42)

There are about 10 miscellaneous sources of PM10 in this Company. The sources and emission of them are mentioned in table 1.
 
Table 1: PM10 emission rate for ZARCH Gypsum plant
process and unit Method of emission calculation contribution g/s1

stack measurement 7% 0.0144
drying measurement and emission factor 10% 0.02
grinding measurement and emission factor 34% 0.07
conveyors emission factor 0% 2.6E-4
wind erosion and  miscellaneous emission factor and CFD-Fluent2 49% 0.1
Total 0.20466

1The emissions from all sources have been converted to g/s.
2The modified Fluent software has been used.

 The area of modeling is the radius of 7.5 km around the company and the topographical conditions were flat and elevated. 
The area of modeling is urban accordance to (Gimson, N., et al, 2007). The AERMOD was implemented during 2017-2018. The 
maximum wind velocity in 10 m was 10 m/s and the wind rose of the area is shown in Fig 2.
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Figure 2: Wind rose of 2017-2018 for ZARCH Gypsum plant

The DEM file with 20 m vertical and 30 m horizontal resolution has been used for AERMAP module. 

Materials and Methods

The AERMOD was implemented in radius of 7.5 km around Company. The annual and maximum 1hr concentration of PM10 was 
predicted. These concentrations were used for risk assessment both for short- and long- term for workers and resident in neighboring 
cities. Carcinogenic and non-carcinogenic effect was calculated for heavy metals in Gypsum composition. The Gypsum sample was 
analyzed with XRF method and the fraction of each tracer elements within sample is determined. Table 2 shows the results of XRF 
analysis.

Table 2: XRF analysis of Gypsum sampling inside Company
LOI SO3 P2O5 MnO TiO2

5.58 29.89 0.026 9.03 0.004
MgO K2O Na2O CaO Fe2O3 AL2O3 SiO2
2.11 0.05 10.05 25.30 5.11 8.17 2.86
Cr Ni Pb Zn Cu Sr Ba Cl
0.0241 0.0183 0.023 0.0016 0.0012 0.7286 0.001 0.0068

Figure 3: Maximum 1 hr PM10 concentration dispersion around Company (µg/m3)
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Figure 4: Annual PM10 concentration ¬dispersion around Company (µg/m3)

 The carcinogenic risk assessment for all sources also was calculated and the contribution of Gypsum plant in carcinogenic 
risk assessment was determined.
 Figures above suggest that annual concentration of PM10 around the company does not exceed the annual standard of 20 
µg/m3. 2D contours of the annual PM10 concentration and maximum 1hr concentration of PM10 inside the company are shown in 
Fig5. and Fig 6. The workers are exposed to these levels of concentration 8 hr a day.

Figure 5: Maximum 1 hr PM10 concentration dispersion inside Company (µg/m3)

Figure 6: Annual PM10 concentration dispersion inside Company (µg/m3)

Table 3: XRF analysis of sampling in center of ZARCH city
LOI SO3 P2O5 MnO TiO2

20.88 44.09 0.026 0.001 0.014
MgO K2O Na2O CaO Fe2O3 Al2O3 SiO2

0.67 0.05 0.03 31.77 0.11 0.17 0.86
Cr Ni Pb Zn Cu Sr Ba Cl
0.0191 0.0033 0.0006 0.0007 0.0002 1.0286 0.001 0.0068
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 Figures above suggest that the annual concentration of PM10 around Company exceed the annual standard of 20 µg/m3 and 
workers inhale high concentration of PM10 and also heavy metals. Several studies referred to the methodology of health risk assess-
ment (HRA) (Louvar, J.F., et al, 1998; EPA, 2005; DOE, 2009; MOH, 2011). For short- and long-term health risk assessment both 
for carcinogenic and non-carcinogenic effects, the exposure should be compared to the reference levels. Toxicological parameters 
such as Reference Concentration (1RfC) and Reference Dose (RfD) are used to describe the relationship. The RfC is an estimated 
daily concentration of toxicant in air that can be tolerated by human without adverse effects, while the RfD is an estimated daily oral 
exposure of a toxicant (Louvar, J.F., et al, 1998). In table 4 and table 5, IRIS reference guide are given.

Table 4: Acute and Chronic reference concentration for non-carcinogenic assessment (IRIS 2013)
Pollutants (mg/m3) Cu Cr Ni Sr Ba Hg Zn As Pb
Acute RfC - - 6E-3 - 5E-4 9E-3 - 2E-4 -
Chronic RfC - 1E-4 9E-5 - 2.5E-5 3E-4 - 1.5E-5 1.5E-4

Table 5: Inhalation unit risk factor for carcinogenic effect (IRIS 2013)
Pollutants (µg/m3) Cu Cr Ni Sr Ba Hg Zn As Pb
URF - 1.2E-2 2.4E-4 - 5E-4 1E-3 - 4.3E-3 -

Non-carcinogenic risk assessment due to Gypsum plant activity
Risk characterization for non-carcinogenic health risk due to inhalation is performed by quantifying the hazard using Hazard Quo-
tient (EPA, 2005; DEO, 2009). For HQ < 1, the potential risk is within acceptable level and no action required reducing the pollut-
ant’s level. In the other words HQ < 1 is considered safe. It should be noted that HQ > 1 does not necessarily means a likelihood of 
adverse effects. HQ > 1 is more suitable to be used as an indication that a potential risk exists for adverse health effects (EPA, 2013).
 Non-carcinogenic risk assessment of heavy metals due to Gypsum plant activity for permanent resident in neighborhood 
cities was calculated and given in table 6. The annual PM10 concentration from AERMOD was used and the fraction of heavy met-
als and CDI calculated for 24 hr a day.

Table 6: Non-carcinogenic risk assessment due to Gypsum plant activity for permanent resident
Heavy metal Cu Cr Ni Sr Ba Hg Zn As Pb
Short-term risk - - 1.10E-05 - 0.00E+00 4.06E-05 - 0.00E+00 -
Long-term risk - 3.85E-05 7.37E-06 - 0.00E+00 8.11E-06 - 0.00E+00 8.04E-07

 Table 6 suggests that, the risk of non-carcinogenic effect (HQ) is less than 1, indicating that heavy metals dispersion is 
unlikely to cause health risk to population within 7.5 km radius from the Gypsum plant. For workers, the risk assessment was calcu-
lated in 2 steps. The first is 8 hr activity in Gypsum plant and, second one is 16 hr activity in the cities after work. Non-carcinogenic 
risk assessment of heavy metals due to Gypsum plant activity for workers was calculated and is given in tables 7 and 8. 

Table 7: Non-carcinogenic risk assessmentdue to Gypsum plant activity for workersin the Company
Heavy metal Cu Cr Ni Sr Ba Hg Zn As Pb
Short-term risk - - 4.21E-06 - 0.00E+00 1.54E-05 - 0.00E+00 -
Long-term risk - 1.46E-04 2.81E-05 - 0.00E+00 3.09E-05 - 0.00E+00 3.06E-06

Table 8: Non-carcinogenic risk assessment due to Gypsum plant activity for workers in the cities
Heavy metal Cu Cr Ni Sr Ba Hg Zn As Pb
Short-term risk - - 7.37E-06 - 0.00E+00 2.70E-05 - 0.00E+00 -
Long-term risk - 2.56E-05 4.91E-06 - 0.00E+00 5.41E-06 - 0.00E+00 5.36E-07

The total risk assessment for workers is given in table 9. 

Table 9: Total non-carcinogenic risk assessment due to Gypsum plant activity for workers
Heavy metal Cu Cr Ni Sr Ba Hg Zn As Pb
Totalshort-term risk - - 1.16E-05 - 0 4.25E-05 - 0 -
Total long-term risk - 0.000172 3.3E-05 - 0 3.63E-05 - 0 3.6E-06

 Table 9 suggests that, the risk of non-carcinogenic health is less than 1 and therefore heavy metals dispersion is unlikely to 
cause adverse health effects on workers. 
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Carcinogenic risk assessment due to Gypsum plant activity
For inhalation- induced carcinogenic risk, the life-time cancer risk (LCR) is estimated (EPA, 2005; DEO, 2009). Threshold of cancer 
risk “accept-ability” varies among countries, states, and different cities of the same state (Kelly, K.E, 1991). The common standard 
risk which is adopted as “acceptable risk” is about 10E−6 (one person in a million). This risk value is also known as the minimum 
risk, which is considered negligible. Clay (1991) also mentioned that the risk level of 10E-6 to10E-4 is judged as a range of “gen-
erally acceptable risks” where10E-4 may be exceeded when there is a need to balance the costs and benefits of remedial actions. It 
should be noted that acceptability of cancer risk could vary based on several factors, such as existing chemical standard (Clay, D.R, 
1991), population risk (Travis, C.C, 1987), degree of control over exposures (Kelly, K.E, 1991), etc. Nevertheless, in this paper, the 
risk level of 10E−6to 10E−4 was used as the acceptable risk.
 Carcinogenic risk assessment of heavy metals due to Gypsum plant activity for permanent resident in neighborhood cities 
was calculated and given in table 10. The annual PM10 concentration from AERMOD was used and CDI calculated for 24 hr a day.
 Table 10 suggests that, the probability to develop cancer due to short- and long-term dispersion of heavy metals from Gyp-
sum plant is higher than the threshold of 1E-6 to 1E-4. The total risk of cancer causes is about 220 people per 1 million for people 
residing in the neighborhood cities. For workers, the carcinogenic risk assessment was calculated in 2 steps like the former one. 
The first one is 8 hr activity in Company and the second one is 16 hr after work in the cities. Carcinogenic risk assessment of heavy 
metals due to Gypsum plant activity for workers was calculated and given in tables 11 and 12. The annual PM10 concentration from 
AERMOD was used and CDI calculated for 8 hr and 16 hr a day.

Table 10: Carcinogenic risk assessment due to Gypsum plant activity for permanent resident
Heavy metal Cu Cr Ni Sr Ba Hg Zn As Pb
Long term carcinogenic Risk - 1.98E-05 6.83E-08 0.00E+00 0.00E+00 - - 0.00E+00 -
Short term carcinogenic Risk - 1.98E-04 6.83E-07 0.00E+00 0.00E+00 - - 0.00E+00 -
Total long term 1.98E-05
Total short term 1.98E-04

       
Table 11: Carcinogenic risk assessment due to Gypsum plant activity for workers in the Company
Heavy metal Cu Cr Ni Sr Ba Hg Zn As Pb
Long term carcinogenic Risk - 7.53E-05 2.60E-07 0.00E+00 0.00E+00 - - 0.00E+00 -
Short term carcinogenic Risk - 7.53E-04 2.60E-06 0.00E+00 0.00E+00 - - 0.00E+00 -
Total long term 7.55E-05
Total short term 7.55E-04

       

Table 12: Carcinogenic risk assessment due to Gypsum plant activity for workers in the cities
Heavy metal Cu Cr Ni Sr Ba Hg Zn As Pb
Long term carcinogenic Risk - 1.32E-05 4.55E-08 0.00E+00 0.00E+00 - - 0.00E+00 -
Short term carcinogenic Risk - 1.32E-04 4.55E-07 0.00E+00 0.00E+00 - - 0.00E+00 -
Total long term 1.32E-05
Total short term 1.32E-04

       
The total carcinogenic risk assessment for workers has been depicted in table 13

 Table 13 suggests that, the total short- and long-term risk of cancer causes for workers is about 976 people per 1 million 
workers. Table 13 suggests that, the probability to develop cancer due to short- and long-term dispersion of heavy metals from Gyp-
sum plant is higher than the threshold of 1E-6 to 1E-4.

Table 13: Total carcinogenic risk assessment due to Gypsum plant activity for workers
Total long term 8.88E-05
Total short term 8.88E-04

Carcinogenic risk assessment due to all sources
In this section, the carcinogenic risk assessment due to all- sources pollution was calculated for permanent resident of the neighbor-
ing cities. The AERMOD annual and 1 hr maximum prediction was used and heavy metal fraction in PM10 sample from the center 
of the ZARCH city was used for risk assessment. This PM10 sample has three more heavy metals than Gypsum sample includes 
Mn, Fe and Cd. The results were given in table 14.
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Table 14: Carcinogenic risk assessment due to all sources activity for permanent resident
Heavy metal Cr Ni Sr Hg Mn Fe Cd As
Long term carcinogenic Risk 6.21E-05 1.03E-06 0.00E+00 8.63E-07 0.00E+00 0.00E+00 2.33E-06 3.34E-05
Short term carcinogenic Risk 3.10E-04 5.17E-06 0.00E+00 4.32E-06 0.00E+00 0.00E+00 1.17E-05 1.67E-04
Total long term 9.97E-05
Total short term 4.99E-04

      

 Table 14 suggests that, total short- and long-term carcinogenic risk assessment due to all sources is about 598 people per 1 
million permanent residents. The contribution of as is about 190 persons, Cr = 370, Cd =13, Ni = 6 and Hg = 5 people. The probabil-
ity to develop cancer due to short- and long-term dispersion of heavy metals from all sources is higher than the threshold of 1E-6 to 
1E-4. As shown in table 10, the carcinogenic risk assessment due to Gypsum activities was about 220 per 1 million people. In other 
words, the contribution of Gypsum plant in total carcinogenic risk assessment in the city is about 36%. In table 15, the population 
information of the neighboring cities was depicted and the number of cancer causes for each city was calculated.

Table 15: The number of city’s resident getting cancer
City Population Short-term Long-term TOTAL

Number of person which may getting cancer during life Number of person which may getting 
cancer during life

Due to Gypsum Company Due to Gypsum Company Due to all sources Due to all sources
ZARCH 20,857 4 0.4 2 10 16.4
ASHKEZAR 15,663 3 0.3 1.5 7.5 12.3
FIROOZABAD 10,000 2 0.2 1 5 8.2
REZVANSHAHR 10,000 2 0.2 1 5 8.2
SHAHEDIEH 16,500 3.3 0.33 1.6 8.25 13.48

Conclusion

In this study, heavy metals emission from ZARCH Gypsum plant was predicted with AERMOD. The annual and maximum 1 hr 
concentration of heavy metals was used for carcinogenic and non-carcinogenic risk assessment for short- and long-term dispersion 
of the studied pollutants. HRA was calculated both for worker and people residing in the neighboring cities.
 For non-carcinogenic health risk, short- and long-term dispersion indicated an acceptable level of pollutant concentration. 
For heavy metals, the short- and long-term dispersion is unlikely to cause health risk to population residing within 7.5 km radius of 
the studied plant. 
 For carcinogenic health risk, there is a probability to develop cancer due to long and short-term dispersion of heavy metals 
specially Cr and As. The findings indicate that a detailed assessment of the short- and long-term health effects of the emissions from 
Gypsum plant in ZARCH is necessary.
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