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Abstract 

The potential risk for cancer cause due to exposure of Benzo[a]pyrene (BaP) (Fig.1) is a 

national concerning due to the increasing emission of BaP in urban areas. It is difficult and time 

consuming to determine BaP in all environmental compartments to assess potential human 

exposure. A multimedia transport and multi pathway model (CalTOX) was used to determine the 

concentration of BaP in all environmental compartments as well as evaluating the differences in 

exposure between children and adults in Ho Chi Minh City (HCMC). A range of values was used 

for each model input which resulted in the possible range of media concentrations and risk to 

BaP. A sensitivity analysis determines which influence each input parameter has on the outcome 

variance. The model was validated by comparison of predicted concentrations with measured 

concentrations in air. Uncertainty and variability analysis were also performed together to 

investigate their contribution to the outcome. The predicted exposure risk for a child was 2.20 

times higher than for an adult. This indicates that children are important groups when calculating 

the exposure and risk to BaP.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abbreviations  

BaP: Benzo[a]pyrene 

HCMC: Ho Chi Minh City 

PAHs: Polycyclic aromatic hydrocarbons 

HCMC-PC: Ho Chi Minh City People’s Committee 

HCMC-PC-DT: Ho Chi Minh City People’s Committee, Department of Transportation 

EQC: Equilibrium Criterion 

CPF: Cancer Potency Factor  

US-EPA: The Environmental Protection Agency of United States 

BCF: Bioconcentration Factor 

HEAST: Health Effects Assessment Summary Tables 

WHO: World Health Organisation 

JUV: Joint Uncertainty and Variability 

Kow: octanol water partition coefficient 

Z: fugacity capacity 

f: fugacity  

CV: coefficient of variation 
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Aim of study 

The aim of this study was to explore the concentration of benzo[a]pyrene (BaP) in Ho 

Chi Minh City (HCMC), a biggest city in Vietnam. The concentrations were then used to 

evaluate the risk of exposure to BaP between children and adults.  

1. Introduction 

Polycyclic aromatic hydrocarbons (PAH) are recognized as being carcinogenic. These 

compounds are ubiquitous and produced by incomplete combustion processes. The 

anthropogenic sources of PAH are from stationary and mobile sources. For the mobile sources, 

the main contributors are vehicles which are using petrol and diesel fuels (Baek et al. 1991). 

There were some studies which have mentioned about measurements and quantification of PAH 

emissions in motor vehicle exhaust (Lim et al. 1999; Larsen et al. 2003). Total PAHs emission 

factors were estimated from 3390 to 8320 µg km
-1

 per motorcycle in which benzo[a]pyrene 

(BaP) was about from 7-8 % of total PAHs (Yang et al. 2005). Harkov et al. (1984) proposed 

that BaP come from automobiles accounted for 98% of the New Jersey's statewide, non-heating 

produced BaP emissions. 

Ho Chi Minh City (HCMC) has 2095 km
2
 area and more than 7.5 million people are 

facing with the problem of air pollution from vehicle exhaust (HCMC-PC). The economic 

growth in the past ten years reflects in the increasing large number of population moving to a big 

city like HCMC and as a result, the number of vehicles has increased rapidly. In HCMC, there 

are approximately 400,000 cars and more than 7 million motorcycles (2009) and 1 million 

motorbikes 70,000 cars travel to HCMC every day. The increase of number of vehicle, also 

means increasing the problem of air pollution and becomes an urgent concern. Emission from 

vehicles is believed to be the main source of PAHs in HCMC (Hien et al. 2007). Total dust is 

60,000 tons/ year including 80.8% from vehicle exhaust, 14.06% from industrial exhaust and 

5.14% from other sources (HCMC-PC-DT).  



Benzo[a]pyrene (BaP) is one of the most potent carcinogenic among the PAHs list. The 

carcinogenicity of BaP was demonstrated in 1983, the ears of rabbits developed tumors after 

being exposed to BaP-containing materials (Bostrom et al. 2002). Collins et al. (1991) has 

assessed risk of BaP and Cooper et al. (1983) studied the metabolism and activation of BaP in 

mammalian systems. They concluded that, BaP is carcinogenic by producing tumours in 

experimental animals when administered orally, by skin application or inhalation, BaP was 

chosen to be a carcinogenic indicator for PAHs based on a risk assessment report from World 

Health Organization (1987).  

 

Figure 1 Benzo[a]pyrene 

2. Materials and method 

2.1 CalTOX models for fate and transport 

The CalTOX model developed by McKone is an eight compartment multimedia model 

written in spreadsheet form (McKone et al. 2002). CalTOX includes both an environmental fate 

component and a multiple pathway exposure component to estimate total exposure and risk.  

Lobscheid et al. (2004) used the multimedia, multiple pathway exposure model, CalTOX, to 

evaluate PAHs emission level in rural and urban regions of the state of Minnesota, USA. In this 

report, we also used the CalTOX model and Monte Carlo simulations to determine 

environmental concentrations and assess risk of BaP with Ho Chi Minh City scenario. 

2.1.1 Fate and transport of BaP 

The atmospheric processes involved in the transport and fate of BaP can be summarized 

as follows: (i) physical removal by dry or wet deposition, (ii) atmospheric transport and 

dispersion by the shift of air masses, turbulence and convection, (iii) atmospheric degradation or 

conversion either by chemical or photochemical reactions, and (iv) exchange between the 

gaseous and particulate phase by shifting the phase equilibrium (Masclet et al. 1986). 



After initial being emitted to the atmosphere, BaP is redistributed or partitioned into air, 

soil, water, and biota. BaP is relative persistent, due to its low water solubility, high resonance 

energy and toxicity (Cerniglia 1992; Wilson et al. 1993). BaP may be degraded, however, via a 

co-oxidation or co-metabolism mechanism through less recalcitrant compounds (Beam et al. 

1973). Kastner et al. (1994) suggested that nocardioform bacteria (e.g. Rhodococcus, Nocardia, 

Mycobacterium and Gordona) may play a crucial role in the degradation of BaP in soils. 

Moreover, BaP is susceptible to photochemical and/or chemical oxidation under simulated 

atmospheric conditions (Nielsen 1984). Photochemical transformation have generally been 

considered to be the most important mode of atmospheric decomposition of BaP of both phases 

(Masclet et al. 1986). PAH appear to be more stable when adsorbed on naturally occurring 

particles such as soot or fly-ash than present in pure form or in solution or adsorbed on silica gel, 

alumina or coated on glass surface (Korfmacher et al. 1980).  

2.1.2 Fugacity modeling 

The environmental fate component of CalTOX is based on the fugacity principles 

described by Mackay (1991). The term fugacity describes the escaping tendency of a real gas 

from a compartment. Fugacity is logarithmically related to chemical potential and, directly 

related to concentration. At low concentrations, like those of typical environmental interest, 

fugacity, f (Pa), is linearly related to concentration C (mol m
-3

) through the fugacity capacity, Z 

(mol m
-3

 Pa
-1

): C=f. Z (1).  

The function Z depends on the physical and chemical properties of the chemical, and on 

various characteristics of the compartment, such as temperature and density. If fugacities are 

equal at equilibrium, Z values can be determined from partition coefficients. The Z values in this 

report for mediums were constructed algorithmically by Mackay and listed in his book (Mackay 

et al. 1991). The transport and transformation equations used in CalTOX have the general form: 
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where Ni(t) is the time-varying inventory of a chemical species in compartment i (mol); Ri is the 

first-order rate constant for removal of the species from compartment i by transformation (day
-1

); 

Tij is the rate constant for the transfer of the species from compartment i to compartment j; and, 



similarly, Tji is the rate constant for the transfer of the species from compartment j to 

compartment i (both in day
-1

); Tio is the rate constant for the transfer of the species from 

compartment i to a point outside of the defined landscape system (day
-1

); Si is the source term for 

the species into compartment i (mole day
-1

); and m is the total number of compartments within 

the landscape system. 

A mass balance includes gains and losses (mol day
-1

). When the loss in mol day
-1

 from a 

compartment i is due to mass transfer (advection or diffusion) to a compartment j the following 

expression applies 

                           (3) 

where area (m
2
) is that surface across which mass exchange occurs, vij is the advection or 

diffusion velocity (m day
-1

) from i to j at the exchange boundary, Zik is the fugacity capacity (mol 

m
-3

 Pa
-1

) of the moving phase k from compartment i to j, and fi represents the fugacity (Pa) of 

compartment i. This loss equation can also be written as: 
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Combined (3), (4) and (5) so 
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where Vi is the compartment volume (m
3
), di is the compartment depth or thickness (m), and Zi is 

the total fugacity capacity of compartment i. 

2.1.3 Source strength 

BaP concentration varies between years and from season to season. To model the present 

day scenario, a steady input source is used until the system comes close to attaining steady state 

concentrations within the various environmental compartments. In this report, the source term is 

modeled as a continuous input into the atmosphere of a previously uncontaminated system. 

Table 1 Data values for emission rates of BaP 

Estimation of emission 

 Exhaust Oil losses Tyre erosion 

Mol/day 18.90 7.09 88.33 

 



The source term used in this report is based on the estimation of emission rates from 

vehicle including smoke exhaust, rubber tyre erosion and used oil loss. Emission rates were 

based on estimated values from literature of previous researches about emission rates of BaP 

from four stroke motorbikes and cars (Spezzano et al. 2007; Chien et al. 2010; Kashiwakura et 

al. 2010) which are abundant in HCMC. In addition to estimated numbers of vehicles traveling in 

HCMC everyday and estimated average distance travelling of a vehicle were used to calculate 

the emission rates in the Table 1. The following equations were used to calculate the emissions: 
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The source term emission rate utilized in this report is represented by a triangular 

distribution based on a range of estimated emission rates shown in table 2 

Table 2 Source term distribution 

 Distribution shape Statistical values  

Source term 

(mol day
-1

) 

Triangular 13 Minimum value 

  110 Most likely value 

  140 Maximum value 

2.1.4 Characteristics of Benzo[a]pyrene 

Fate and transport interactions are correlated with many physical and chemical properties 

of the contaminant, e.g. Henry’s law constant, water solubility, environmental halflife, partition 

coefficients, diffusion coefficients, and others. The values of the parameters of BaP used were 

taken from Handbook of environmental fate and exposure data for organic chemicals (Howard 

1997) by McKone. The accuracy of these values can still be highly uncertain due to the wide 

range of conditions under which experiments and field measurements are conducted. Table 3 

shows the representative physicochemical properties and degradation rate constants with 

coefficients of variance for BaP, which was obtained from the supporting database of CalTOX 

model (McKone et al. 2002). 



Table 3 Physiochemical parameters for Benzo[a]pyrene used in this report 

Physiochemical properties Mean Coefficient of Variance 

Molecular weight (g/mol) 2.52E+02 0.01 

Melting point (K) 4.51E+02 0.03 

Vapor Pressure in (Pa) 7.13E-07 0.07 

Henry's law constant (Pa.m
3
/mol) 9.20E-02 1.00 

Diffusion coefficient in pure air (m
2
/d) 4.40E-01 0.08 

Diffusion coefficient; pure water (m
2
/d) 5.26E-05 0.25 

Organic carbon partition coefficient Koc 2.49E+06 0.91 

Bioconcentration factor; fish/water 3.29E+02 0.41 

Reaction half-life in air (d) 6.32E-02 1.00 

Reaction half-life in surface soil (d) 2.29E+02 1.10 

Reaction half-life in root-zone soil (d) 2.29E+02 1.20 

Reaction half-life in vadose-zone soil (d) 8.80E+02 1.00 

Reaction half-life in surface water (d) 2.34E+00 1.20 

Reaction half-life in sediments (d) 1.17E+03 1.40 

2.1.5 Landscape parameters 

In addition to the physical and chemical properties of BaP itself, many landscape 

parameters are required to completely represent the movement of BaP from one environmental 

media to another for a given scenario. In this report, the fate and transport assessment was 

conducted for HCMC which is populated densely in the southern region of Vietnam.  

Environmental properties include landscape parameters, hydrological flow rates and 

meteorological data. The height of air boundary layer was estimated about 500 m for HCMC by 

Sub-Institute of Hydrometeorology & Environment of South Vietnam. The plant foliage 

compartment was characterized by 50% vegetation coverage and a leaf area index of 4.30 

(Scurlock et al. 2001). Meteorological and hydrological data of wind, temperature, rainfall, 

runoff, evaporation, and outflow rates were obtained from Sub-Institute of Hydrometeorology & 

Environment of South Vietnam. These data are derived from daily or monthly station 

measurements, and reported monthly averages for Ho Chi Minh City region. Evapotranspiration 

and subsurface runoff rates were calculated based on the results of the basin water supply for 

Saigon River by Sub-Institute of Hydrometeorology & Environment of South Vietnam. 

Transpiration and plant tissues flow rates were assumed to be proportional to foliage area 

(Paterson et al. 1994). The aerosol loading was estimated from total suspended particles (TSP) in 



the Integrated Atmospheric Deposition Network (IADN), by assuming air particle density of 

1500 kg/m
3
 (Mackay 1989). Organic carbon content in soil layers were obtained from Vietnam 

Sub-National Institute of Agricultural Planning and Projection, Soil Division. The volumetric 

contents and densities were not available so values were taken from Equilibrium Criterion or 

EQC model (Mackay et al. 1996; Mackay et al. 2006). The parameterization of the landscape is 

summarized in the Appendix.  

2.2 CalTOX model for multiple pathway exposure 

BaP is widely found, since it distributed to air, root-zone soil, vadose-zone soil, ground 

water, surface water, soil, and plants, making it an ideal candidate for a case study to examine 

the effect of multiple pathway exposure and hence, risk. To complete a health risk assessment, 

several steps need to be integrated. First, the source term must be characterized. Second, 

environmental concentrations are established using (a) monitoring data, (b) a fate and transport 

model, or (c) some combination of monitoring data and models. Third, the relationship between 

environmental concentrations and human exposure media concentrations, such as tap water, 

indoor air, and food must be determined. Fourth, rates of human uptake from these contaminated 

media are established for each exposure pathway and population subgroup. Finally, the dose is 

multiplied by a dose-response factor (i.e. cancer potency factor) to determine the risk (McKone 

et al. 1993).  

2.2.1 Exposure patterns for various age groups and males-females 

CalTOX has 16 exposure factors sets for males and females and 52 human exposure 

factors. To characterize the effect of different ages, we utilized multivariate analysis to explore 

pattern of behavior for 16 groups of males and females with exposure factors.   

Fig. 2 showed 52 variables of human exposure factors. The variables are at the center plot 

have the same values for 16 groups and will not give information for categorizing these 16 

groups, these 39 variables were excluded these 39 variables from further analysis.  



 

Figure 2 Plot of variables describing human behavior and other characteristics before removal 39 variables at the center 

of plot 

 

Figure 3 Plot of exposure factors (grey) and 16 groups of observation includes (red: males, blue: females). 

Our analysis of the data showed smaller differences in exposure between males and 

females than for adults and children. Males and female at the same age groups were close 

together but spread along PC1 (Fig. 2) because of different ages. Variable exposure parameters 
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distinguished age groups above 13 years old by body weight and exposure time active indoor. 

Infant groups (0 to 1 year old, below left) are likely to be separated from the other groups by 

higher consumption of fruit and vegetable as well as milk or breast milk intake. Children have 

higher consumption rates of eggs, grain, fish and spend more time active outdoors than adults 

while adults have higher body weight spend more time active indoors than children. Males were 

more exposed through inhalation and ingestion than females, while females were more exposed 

by having higher weight and exposure time active indoors. Therefore, four groups of exposed 

individuals were selected for further analysis: children (below 13 years old) of each gender and 

adult (above 13 years old) for each gender. 

2.2.2 Exposure media concentrations 

Human exposure is calculated from the BaP concentration of each exposure medium. 

Exposure media include indoor air, tap water, produce (vegetables and root crops), animal 

products, and household dust. For example, the concentration of the contaminant in tap water is 

related to the BaP concentration in the surface and ground water. The contaminant concentration 

in household dust is related to soil that was brought indoor by humans or pets and dust particles 

in the air that enters the house. 

Determination of the concentrations in various food products involves a variety of 

parameters, many of which are highly uncertain or variable. Produce is divided into exposed and 

unexposed produce; exposed produce includes above ground edible plant parts exposed to the 

air, while unexposed produce includes root crops and protected produce, such as citrus. Different 

parameters are needed to determine the concentrations in these two types of produce. BaP is a 

hydrophobic compound so it has very low water solubility. It will take relative long time for 

aquatic organisms to absorb and reach steady state concentrations. Since BaP also has low vapor 

pressure, it mainly partitions to soil and sediment.  

The bioconcentration factor (BCF) provides a measure of chemical partitioning between 

a biological medium such as fish tissue, and an external medium such as water. The 

bioconcentration factor is used to predict the contaminant concentration in organisms relative to 

the concentration in the contaminated water. Determining the BaP concentration in animal 

products requires an evaluation of the animal’s contact rates through inhalation and ingestion, 

and accumulation rate in animal tissue. Accumulation of BaP in vegetables can occur though 



various processes: direct deposition, air to leaf transfer and root uptake. Root uptake can be 

correlated with partitioning coefficient Kow and can be estimated from soil to plant 

bioconcentration factors (Baes III 1982). Food chain is supposed to be the main pathway of 

human exposure. Occur level of BaP in food is normally low. Archer (1979) has reported that 

BaP may occur naturally in many food items including fruits vegetables and eggs. 

2.2.3 Human activity and contact 

Human exposure to BaP is based on the magnitude and direction of mass exchanged 

between the environment and humans by inhalation, ingestion, and dermal contact. Although 

humans may be exposed to BaP by occupational activities, such as coke production or by 

smoking (Howard 1997), these exposure pathways are not being considered in this report. The 

basic form of the exposure equation is (US-EPA 1989): 

    
  

  
 
     

  
   (7) 

where I is the intake of chemical via that exposure route (mg kg
-1

 day
-1

), C the chemical 

concentration in exposure medium (kg kg
-1

), CR the contact rate (mg day
-1

), BW the body 

weight (kg), ED the exposure duration (years), EF the exposure frequency (days per year), and 

AT the averaging time (days). 

The exposure routes considered in this report are inhalation, ingestion, and dermal 

exposure pathways. Inhalation pathways include both indoor and outdoor air intake. Ingestion 

pathways include the consumption of vegetables, grains, tap water, soil, and animal products 

such as meat, eggs, and dairy. Dermal pathways include exposures through water from 

showering, bathing and recreation, as well as from contaminated soil on the skin. Body weight 

plays an important role in the calculation of chemical risk because cancer slope factors are based 

on the chemical concentration per unit body weight. Skin surface area is highly correlated to 

body weight. The ratio between surface area to body weight has been found to fit different 

normal and lognormal distributions depending on age, but not gender (Finley et al. 1994). 

Food and water consumption rate parameters are modified from the 1977–78 US 

Department of Agriculture (USDA 1984.) to adapt with lifestyle of Vietnamese people. Food 

intake rate parameters for each age group were compiled from (Yang et al. 1986). Data on tap 

water intake per unit body weight for different age groups has been compiled directly from 

(Ershow et al. 1989).  



Lognormal distributions were used to fit the data for soil intake of children and adults 

(Stanek 1995). A comprehensive review of studies on soil– skin adherence for different age 

groups was compiled by (Finley et al. 1994). Metabolically based breathing rates are based on 

food intake and the number of resting versus active hours, following the procedure of (Layton 

1993). The ratio of metabolism between resting and active hours was then used to determine 

breathing rate.  

2.2.4 Risk assessment 

The potential dose is based on the rate of uptake from these contaminated environmental 

media. For a carcinogenic risk assessment, the exposure duration is typically averaged over a 70 

year lifetime period (Ames et al. 1991). The potential dose from all exposure pathways is then 

multiplied by the cancer potency factor, yielding the incremental lifetime cancer risk. The added 

cancer risk to an individual is determined through the relationship of the dose and the cancer 

potency factor. Based upon animal experiments, a cancer potency factor (CPF) or slope factor is 

estimated for human health risk assessments. Carcinogenic risk refers to the quantitative 

expression of increased tumor generation per unit dose rate at very low dose levels.  

                          (
  

      
)               

In the 1993 annual update of the Health Effects Assessment Summary Tables (HEAST), 

the slope factor for exposure by inhalation, ingestion and dermal 3.9, 12 and 12 (mg kg
-1

 day
-1

)
-1

 

respectively (US-EPA 1987). World Health Organisation (WHO) allows a risk of 1 in 1 000 000 

(10
-6

) with respect to carcinogenic contaminants so that total acceptable risk from BaP should be 

lower than 10
-6

.  

3. Results and discussion 

3.1 Uncertainty and variability 

Uncertainty in parameters can result from measurement uncertainty, insufficient data, or 

incomplete knowledge of the processes and mechanisms that give rise to these parameters. 

Variability in parameters can result from human behavioral and physiological differences and 

can vary from individual to individual at the same location. Uncertainty refers to errors of skip, 



measurement or extrapolation, while variability refers to spatial, temporal, physiological, and 

behavioral distributions of factors within a landscape or population (Bennett et al. 1999). 

Examples of uncertain variables are the octanol water partitioning coefficients (Kow) and other 

physical chemical properties, while variable parameters include breathing rates. 

All of input parameters are assumed to have log-normal distributions around the mean or 

point value. Other than that, coefficient of variation (CV) was used as a statistical value for each 

parameter. If CV was missing, one-tenth of the mean would be used instead. Each input 

parameter is represented as a probability density function that was defined both the range of 

values and the likelihood of the parameter having that value. Monte Carlo methods are used to 

propagate variance in this risk analysis. Repeating the selection and calculation procedure will 

result in a distribution of concentrations representative of the combined effects of uncertainty 

and variability in the parameters.  

3.2 Fate model 

3.2.1 Numerical results 

The results present a framework for analysis of BaP in the environment and the effect of 

parameter variance on these values. The framework is illustrated through a case study of BaP in 

HCMC. The predicted BaP concentration in each environmental compartment was examined 

using the CalTOX model. The outcomes were a range of predicted concentration values and 

resulted in a distribution by varying each input parameter value simultaneously. The range of 

chemical concentrations gives more information than the single values. Latin Hypercube 

parameter selection method was applied to select 5000 values for each parameter to complete the 

Monte Carlo analysis with Crystal Ball, an add-in software to Microsoft Excel (Ball 2001). 

These values were then used in CalTOX model and resulted in mean, standard deviation and 

different percentile values of eight compartments like (Tables 4-6). 

To get further insight, the landscape parameters and the chemical parameters were set to 

vary independently. The results from table 5 indicated BaP concentrations that result from the 

variation of only the chemical properties. This can be compared to results from table 6 which 

were from varying only the landscape properties. The outcome variance resulting from variation 

of one input group of parameters indicates the influence of uncertainty of this parameter group 



on the total outcome variance. The variance resulting from the variation of landscape parameters 

was greater than the variance resulting from the chemical parameters for three compartments: 

root soil, surface soil and sediment. For the other five compartments: air, plant, vadose zone soil, 

ground water and surface water, the variance resulting from the chemicals parameters was higher 

than the variance caused by variation of landscape. Fig. 4 shows that not only surface soil had 

highest concentration but also had high variance that means if the most important exposure 

pathway is surface soil, the values of the landscape properties are the most influential. Our data 

(table 4-6) show that the lowest concentration of BaP due to its high hydrophobicity which 

makes BaP bind with organic materials. 

Table 4 Environmental concentrations resulting from variation of all parameters 

Concentration Units Mean Standard deviation 90th 

Air mg/m3 1.30E-06 9.30E-07 2.50E-06 

Plant mg/kg 8.20E-05 9.70E-05 1.90E-04 

Surface soil mg/kg 8.70E-03 9.30E-03 2.00E-02 

Root soil mg/kg 3.80E-04 5.40E-04 9.30E-04 

Vadose soil mg/kg 3.50E-07 1.70E-06 5.50E-07 

Ground water mg/L 1.00E-13 8.50E-13 5.40E-14 

Surface water mg/L 8.90E-07 1.60E-06 2.10E-06 

Sediment mg/kg 3.70E-04 1.90E-09 3.70E-04 

 

Table 5 Environmental concentrations resulting from variation of chemical parameters 

Concentration Units Mean Standard deviation 90th 

Air mg/m3 1.00E-06 6.10E-07 1.90E-06 

Plant mg/kg 5.70E-05 5.00E-05 1.20E-04 

Surface soil mg/kg 5.70E-03 4.30E-03 1.20E-02 

Root soil mg/kg 2.90E-04 3.30E-04 6.90E-04 

Vadose soil mg/kg 5.20E-08 1.10E-07 1.20E-07 

Ground water mg/L 3.10E-14 3.30E-13 1.90E-14 

Surface water mg/L 4.40E-07 5.90E-07 1.00E-06 

Sediment mg/kg 3.10E-04 4.20E-04 7.30E-04 

 

Table 6 Environmental concentrations resulting from variation of landscape parameters 

Concentration Units Mean Standard deviation 90th 

Air mg/m3 1.40E-06 6.60E-07 2.30E-06 

Plant mg/kg 9.40E-05 6.90E-05 1.80E-04 



Surface soil mg/kg 1.30E-02 1.00E-02 2.50E-02 

Root soil mg/kg 5.60E-04 4.00E-04 1.10E-03 

Vadose soil mg/kg 3.20E-07 9.70E-07 6.60E-07 

Ground water mg/L 3.80E-14 7.10E-13 1.80E-14 

Surface water mg/L 1.10E-06 1.10E-06 2.50E-06 

Sediment mg/kg 1.60E-03 3.20E-03 3.70E-03 

 

 

Figure 4 Concentrations in root soil, surface soil and sediment resulting from variation of landscape, chemical and both 

landscape and chemical parameters 

 

In order to look at the significance of individual parameters on the concentrations in each 

of the environmental media, a sensitivity analysis was also completed. The sensitivity analysis 

used a rank correlation, which takes each input and converts it to a rank value. Then it finds the 

correlation coefficient based on these rank values between the input parameter value and the 

output concentration. The different environmental compartments are affected differently by 

different parameters, resulting from the different fate and transport processes relevant to each 

environmental compartment. This is illustrated in Fig. 5. 
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Figure 5 Results from the sensitivity analysis results for compartment concentrations 

Ground soil, root-zone soil and vadose-zone soil are influenced primarily by the same 

parameters because these compartments closely interact with each other. There were two 

parameters: reaction half life in air and contaminated area that contributed largely to the variation 

of the concentrations of all compartments while the others parameters effected only a few 

compartment concentrations. These parameters: reaction half life in air, contaminated areas, 

source term, and reaction half life in surface soil all affected compartments at the same pattern. 

The concentration decreased gradually from surface soil to vadose-zone soil because surface soil 

contacted directly with air but not with root-zone soil and vadose-zone soil. Reaction half life in 

the air is important for the concentration compartments. This is because the BaP emission is 

directly to air. If a compound is very reactive in air, it will rapidly decompose and the 

concentration in other compartments will also be low.  

3.2.2 Model validation 

For validation of model results, the calculated results were compared to field data. We 

have used air concentrations measured in HCMC 2005 to 2006 (Hien et al. 2007) as field data to 

validate the model results. The predicted concentrations of BaP in air were found to be slightly 

higher than the measured values. The measured concentrations varied from 0.13 to 1.65 ng m
-3

 

and if we truncated the air concentrations to produce the same range with measured 

concentration, we will have 80.47 % of certainty (Fig 6) which remain within a conceivable 

range.  
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Figure 6 Predicted concentrations in air together with measured values (blue color) (Hien et al. 2007) 

The concentration of BaP varies seasonally. The rainy season, with an average rainfall of 

about 1,800 millimeters (about 150 rainy days per year), usually begins in May and ends in late 

November. The rain will washout particles in the atmosphere so the lowest concentration of BaP 

were found during the rainy season 0.13 ng m
-3

 while the dry season had the highest 

concentration 1.65 ng m
-3

 (Hien et al. 2007). 

3.3 Exposure model 

3.3.1 Quantitative results 

The exposure and risk to individuals living in HCMC were determined as probability dis-

tributions. This was accomplished using Monte Carlo simulations to determine the combined 

effects of parameter uncertainties on the distribution of outcome values. Model inputs are 

randomly selected using a Latin Hypercube selection process within the Crystal Ball software 

tool. Each set of parameters is used by the CalTOX spreadsheet to calculate a resulting outcome. 

The outcomes are then presented as distributions along with the mean value, standard deviation, 

and 90th percentile value.  

A cumulative probability function resulting from the Monte Carlo simulations for BaP 

was prepared for each set of calculations. These functions were used to compare the exposure 

and risk predicted for childhood and adult exposure. The exposure and risk to males and females 



were within 5% of each other and thus we have chosen to display the results of the calculations 

for just males to demonstrate the types of results and conclusions that can be drawn.  

 

Figure 7 Cumulative frequency of the distribution exposure dose (mg kg-1 day-1) for male children and adults 

 

Figure 8 Cumulative frequency of the distribution of risk for male children and adults 

The cumulative probability functions for males are plotted versus the average daily dose 

and risk in Figures 7 and 8. The labeled values are for the 90th percentile. The exposure dose and 
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risk for each group differ by a factor of two at this percentile and is on the same order of 

magnitude as other uncertainties in the analysis. The relative difference in exposure between 

adult parameters and children is greater than the relative difference in risk because the 

uncertainty introduced by the cancer potency factor is not included in the exposure calculation. 

Introducing this large uncertainty reduces the difference between the two curves relative to the 

overall spread of the distributions. Fig. 8 shows that the risk of developing cancer because of 

BaP exposure for a child is 2.20 times higher than for an adult. Both of these values are higher 

acceptable level 10
-6

 which was introduced by WHO. It is important to consider children 

separately when perform human exposure risk assessment for a population. 

Results based on 90
th

 percentile exposure doses averaged for children and adult are 

presented in Figures 9-11. A distribution is presented for each exposure pathway. From this 

information, it is apparent that multiple pathways need to be considered when evaluating the 

dose from this exposure scenario. Children are clear more exposed to BaP than adults. The dose 

from intake vegetables and root crops (i.e. exposed and unexposed produce), dermal exposure, 

fish, and tap water are all important pathways.  

 

 

Figure 9 Exposure dose by uptake route for male children and adults 
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Figure 10 Exposure dose by media for male children and adults 

Fig. 10 shows the dose from each environmental medium. The largest doses result from 

air and the second largest is from soil, which is reasonable because BaP is mainly released to the 

atmosphere and air closely interacts with surface soil. The exposure doses from other 

compartments are insignificant from root zone soil, surface water and ground water, respectively. 

The soil compartments are critical because intake of produce, a major exposure pathway, is 

occurring because of contamination through the soil. 

 

 

Figure 11 Exposure dose by ingestion of various food types for male children and adults 

Fig. 12 presents a graphical representation of significant contributions to exposure from 

various environmental media and exposure pathways based on the deterministic values of each 

distribution for adult exposure parameters. Fifty percent of the exposure comes from meat, 20% 
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comes from milk intake, 12% through the inhalation pathway, eggs contributed to 5% and 

dermal 2%. These numbers support the need for multiple pathway exposure assessment for BaP. 

In terms of various environmental media, surface soil contributes 60% of the exposure, air 

contributes 40%. The high exposure resulting from intake of surface soil shows the importance 

of a multimedia transport model to quantify both fate and risk for BaP. 

 

Figure 12  Fraction of exposure dose from various exposure pathways and environmental media based on a deterministic 

value of adult exposure parameters 

3.3.2 Sensitivity analysis 

A sensitivity analysis was used to evaluate which parameters have a significant effect on 

uncertainty. The sensitivity analysis was based on the parameter rank correlation between the 

output and the defining inputs (Morgan et al. 1990). The sensitivity analysis was based on the 

exposure parameters of an adult. 
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Figure 13 Relation between the variance in the outcome risk from exposure to BaP and the variance in specific input 

parameters for calculation of an male adult 

Fig. 13 illustrates the relation between the variance in the output risk and the variance in 

specific input parameters (n=20). Based on contribution to uncertainty, the most significant 

parameters in descending order are exposure duration, reaction half-life in air, the area of the 

modeled region, source strength and fraction of fruits-vegetables produced locally. The results 

seem reasonable when compared with the predominant exposure dose from food ingestion (Fig. 

9), because the amount of locally consumed produce affects the exposure through this pathway. 

The results of this sensitivity analysis indicate that the risk is highly dependent of both uncertain 

and variable parameters.  

3.3.3 Joint uncertainty and variability analysis 

In order to determine the risk to a particular individual, uncertainty and variability must 

be accounted for separately (Bogen et al. 1987). We conducted a joint uncertainty and variability 

(JUV) analysis using a nested Monte Carlo simulation to consider uncertainty and variability 

independently. This method provides a three-dimensional representation with uncertainty and 
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variability on two axes and risk on the third. To perform the nested Monte Carlo analysis, a set of 

values for the uncertain parameters are randomly selected from their distributions. A Monte 

Carlo simulation is then performed on the variable parameters by choosing many sets of values 

for the variable parameters and determining the distribution of risk associated with that set of 

uncertain parameters. Crystall Ball version 7.2, which has a Two-Dimensional Simulation tool, 

runs an outer loop to simulate the uncertainty values, and then freezes the uncertainty values 

while it runs an inner loop (of the whole model) to simulate the variability. 

Two joint uncertainty and variability calculations were completed for BaP. Both 

calculations were based on a 14-year exposure duration, one using exposure parameters averaged 

over childhood and the other using an adult parameters. The variable parameters were defined as 

the inter-individual variable parameters, while all other parameters were defined as the uncertain 

parameters. While there may be some parameters that could be argued as variable parameters 

used in the determination of the exposure concentration, they were defined as uncertain 

parameters for this case. A nested Monte Carlo simulation was then completed using 500 values 

for the uncertain parameters generated from a Latin Hypercube simulation, and 500 values for 

the variable parameters, also generated from a Latin Hypercube simulation. 

 

Figure 14 Joined uncertainty and variability distribution. Blue and Red lines are mean and 90th percentile for adult. 

Green and yellow lines are mean and 90th percentile for children 



 

Figure 15 Join uncertainty and variability distribution. Blue and Red lines are mean and 90th percentile for adult. Green 

and yellow lines are mean and 90th percentile for children 

The results can be seen in Fig. 14 and 15. The magnitude of uncertainty in the calculation 

can be judged by looking at Fig. 14, the range of a single percentile stands for variability. Red 

line and blue line are mean and 90
th

 percentile of adult, respectively. The 90
th

 percentile poles 

were used for all of these lines (Fig. 14). The variability was investigated by looking at the 

distance of 90
th

 percentile poles. The variability for adult was lower than for children because 

distance between blue and red pole was smaller than distance of green pole and yellow pole, 

which is the presentative for variability of calculation for children. With Fig. 15, the distance 

between 50
th

 percentile pole and 90
th

 percentile pole of the same line stood for the uncertainty of 

calculation. It was obvious to see that the distance was smaller for the uncertainty in calculation 

for adult risk and larger for children risk. It is apparent that the variance resulting from both 

uncertain and variable parameters are significant. For this well characterized contamination 

scenario, accuracy in quantifying exposure can be gained by considering children separately. 

4. Conclusions 

The use of the Monte Carlo simulation method with Cal-TOX demonstrates the process 

by which the variability and uncertainty associated with geophysical, and landscape parameters 

are propagated from model inputs to calculation results. All parameters were used to illustrate 

the process of performing stochastic CalTOX calculations. Results of the analyses presented in 

this report lead to the following conclusions:  



1. The mass balance model was used for BaP in HCMC, and it was successfully 

validated with 80.47 % of certainty of predicted air concentration range remained within 

measured concentration range. The landscape and chemical parameters were investigated 

separately, and showed that landscape parameters contributed higher to the variation BaP 

concentrations in surface soil, root zone soil and sediment. The sensitivity analysis will indicated 

that the most significant parameters with respect to environmental media concentrations are the 

source strength, contaminated area, and the reaction half-life in air. Decreasing the uncertainty in 

the environmental concentration of BaP can be achieved most effectively by decreasing the 

uncertainty of these input parameters.  

2. The difference in human exposure of BaP between males and females was small 

but there was a distinction in behavior between adult and children. Children consume more eggs, 

grain, fish per body weight and spend more time outdoor than adults while adults have higher 

body weight and spend more time indoor than children. The predicted exposure based on 

parameters averaged over a child’s life is 2.20 times greater than the corresponding calculation 

for an adult. It indicates significantly that, for this exposure scenario, it is important to consider 

children as a separate subgroup of the population. The risk level for both children and adult were 

higher than limit recommended from WHO 10
-6

 which means 1 additional cancer per 1 000 000 

people. The joint uncertainty and variability analysis indicates that both uncertainty and 

variability have a significant effect on overall variance. This confirms that both types of 

parameters are important and uncertainty and variability are needed to be examined separately.  

3. Surface soil and air are the main environmental mediums to human exposure of 

BaP in HCMC approx 60% is from surface soil and 40% from air. This suggests that public 

health risk cannot be ignored, even though risks of health effects such as cancers are different 

among individuals. Possible weaknesses with this analysis include the lack of accurate HCMC 

exposure factors. It should also be noted that a large proportion of the risk comes from surface 

soil and the local percentage of vegetation and irrigation water could have a large influence on 

the exposure. Finally, occupational exposure and exposure due to smoking were not considered. 

There would be more BaP tracked into the home if one member of the household worked with 

BaP than was accounted for by the pathway for outside soil being tracked into the home. 

However, multimedia fugacity models have more advantages than usual analytical methods like 

ability in predicting explicitly, economically and quickly of environmental contaminant 



concentrations in all many different mediums (air, soil, surface and ground water, and so forth) 

as well as concentrations in plant and animal. Multimedia models allow for summation of 

exposure over a number of pathways, and their simplicity easily allows for the implementation of 

Monte Carlo simulations. This outcome can be utilized as input into exposure and risk 

calculations. Reducing animal testing is also one of those advantages of using model to calculate 

risk from the chemical which is released to the environment. 
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