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ABSTRACT  

Petroleum refinery workers and service station attendants are continually exposed to 

benzene, toluene and xylene (BTX) due to the emission of volatile aromatic hydrocarbons 

(VAHs) in these environments. The objective of this study was to evaluate the health risk 

from exposure to BTX in service stations and benzene in petroleum refinery environments 

by using probabilistic techniques as well as development of exposure guidelines for risk 

to human health with benzene. 

The health risk resulting from exposure to BTX in service stations and benzene exposure 

in petroleum refineries was carried out by using data from scientific literature from 21 

countries globally based on 23 research papers. The data were collected and collated into 

different scenarios for service stations and petroleum refinery environments based on 

activity, location and occupation and were plotted as cumulative probability distributions 

(CPD) plots. There were 6 scenarios for service station environments and 4 scenarios for 

petroleum refinery environments. The exposure data from service stations and petroleum 

refinery environments were calculated in terms of average daily dose (ADD) and lifetime 

average daily dose (LADD). 

A dose- adverse response relationship for benzene was evaluated by using lowest adverse 

effect level (LOAEL) data from human epidemiological studies (29 studies). The LOAEL 

data were used in developing cumulative probabilities of lowest effect distribution 

(CPLED) plots. Guideline values (GVs) for long term exposure (8hr/day) and lifetime 

(70yrs) exposure to benzene were calculated from human data as 5%CP of LOAEL–ADD 

and LOAEL–LADD CPLED plots. The concept of the 5%CP provided a novel method 

for estimating a guideline value using human data. Also, it is different from current 



iii 

 

methods used to derive guideline values by various regulatory organizations by the use 

of safety factors and different biological endpoints. 

Health risk for exposure to benzene in service stations and petroleum refinery 

environment was evaluated by using several probabilistic methods. These include  

(i) hazard quotients (HQRfD) estimated as a ratio of 50 and 95%CP to USEPA 

reference dose (RfD) for benzene;  

(ii) hazard quotients (HQ95/5) estimated by using the high exposure dose (95%CP) 

and low dose corresponding to the sensitive group exhibiting adverse health 

effects (5%CP);  

(iii) estimation of Monte-Carlo risk probabilities (MRP); 

(iv) cancer risk estimated from slope factor for benzene; and 

(v) overall risk probability (ORP) method.  

With service station environments, HQ50/RfD and HQ95/RfD >1 were obtained with benzene 

for service station attendants in Scenario 1 (HQ50/RfD 1.4 and HQ95/RfD 7.8) as well as 

mechanics repairing petrol dispensing pumps in Scenario 2 (HQ50/RfD 1.1 and HQ95/RfD 

2.8) indicating a possible health risk. HQ50 and HQ95 <1 were obtained for all other 

scenarios (Scenario 3, 4, 5 and 6) with benzene suggesting minimal risk for most of the 

exposed population. In addition, HQ50/RfD and HQ95/RfD <1 was found with toluene and 

xylene for all scenarios (Scenario 1 to 6) indicating minimal health risk from these 

compounds. The lifetime excess cancer risk (CR) and overall risk probabilities for cancer 

on exposure to benzene were calculated for all scenarios. The CR was higher amongst 

service station attendants with a CR of 340 (50%CP) to 1800 (95%CP) per 106 and an 

overall risk probability for cancer of 670 per 106 than any other scenario. The overall risk 
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probabilities of cancer risk was a new method for calculating cancer risk based on slope 

factor for benzene. 

For petroleum refinery environments, exposure levels for benzene at 50 and 95%CP 

posed a significant risk with HQ50/RfD >1 and HQ95/RfD >1 for workers exposed to benzene 

as base estimates for petroleum refinery workers (Scenario 1; HQ50/RfD 3 and HQ95/RfD 

44), petroleum refinery workers with personal samplers in Bulgarian refineries (Scenario 

2B; HQ50/RfD 43 and HQ95/RfD 240), and benzene levels inside petroleum refineries in 

Bulgarian refineries (Scenario 3B; HQ50/RfD  39 and HQ95/RfD 120). HQ50/RfD <1 were 

calculated for petroleum refinery workers with personal samplers in Italian refineries 

(Scenario 2A), air inside petroleum refineries (Scenario 3A) and air outside petroleum 

refineries (Scenario 4) in India and Taiwan indicating low adverse health risks. Also, 

HQ95/RfD was <1 for Scenario 4. However potential risk was evaluated for Scenarios 2A 

and 3A with HQ95/RfD >1. The excess cancer risk for lifetime exposure to benzene 

estimated from benzene slope factor and the novel ORP method suggested higher cancer 

risk for petroleum refinery workers (Scenario 2B) with a CR of 5 per 100 and exposure 

to benzene in air inside petroleum refineries (Scenario 3B) with a CR of 3 per 100. 

The evaluation of LOAEL data as CPLED plots derived from human epidemiological 

studies provided a more appropriate basis for conducting risk assessment and establishing 

exposure guidelines. The risk was characterized by using data from exposure assessment 

(service station and petroleum refinery environments) and human data from evaluation of 

LOAEL as CPLED relationships for benzene. The values of HQ95/5 were obtained for 

short term exposure (STE), long term exposure (LTE) in terms of ADD and lifetime 

exposure to benzene (LADD). For service station environments these indicated a higher 

risk to attendants (Scenario 1; HQ95/5 8.8 for LTE and HQ95/5 21 for lifetime exposure) 
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followed by mechanics repairing dispensing pumps (Scenario 2; HQ95/5 4.4 for LTE and 

HQ95/5 7.5 for lifetime exposure) and exposed population inside the service stations 

(Scenario 3; HQ95/5 3.8 for LTE). Low risks were observed for workers in the offices of 

service stations (Scenario 4), customers during refuelling (Scenario 5) as well as people 

external to the service station (Scenario 6) for STE and LTE exposure to benzene. On the 

other hand, the risk estimated for petroleum refinery environments suggests higher risks 

for petroleum refinery workers wearing air sampling pumps (Scenario 2B; HQ95/5 24 for 

STE, HQ95/5 150 for LTE and HQ95/5 120 for lifetime exposure) and workers exposed to 

benzene concentrations inside the petroleum refinery (Scenario 3B; HQ95/5 19 for STE, 

HQ95/5 310 for LTE and HQ95/5 380 for lifetime exposure) in Bulgaria. This was followed 

by base estimate exposure (Scenario 1; HQ95/5 9.2 for STE, HQ95/5 150 for LTE and HQ95/5 

120 for lifetime exposure) from refineries in Australia, Canada and United Kingdom. The 

HQ95/5 values for workers in Italian refinery (Scenario 2A) and concentrations inside 

Indian refineries (Scenario 3A) were effectively the same but higher than concentrations 

outside Indian and Italian refineries (Scenario 4).  

The results of MRP and ORP indicated that workers in petroleum refineries (MRP of 2.9 

to 56% and ORP of 4.6 to 52%) were at a higher risk of adverse health effects from 

exposure to benzene as compared to exposure to benzene in service station environments 

(MRP of 0.051 to 3.4% and ORP of 0.35 to 2.7% of affected population). Health risk 

assessment of benzene using the Monte-Carlo simulation technique and ORP methods 

were in general agreement. These methods have significant advantages over other 

methods in dealing with variability and uncertainty of risk characterization, since both 

methods use all the data from both exposure and dose-response in quantifying risk.  
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CHAPTER 1     

INTRODUCTION 

The last century has seen a sharp rise in the demand for petroleum products. Fossil fuels, 

such as petroleum, are the source of energy in many industries, for urban development 

and transportation (Sakari et al., 2012). Hydrocarbons are the main constituents of fossil 

fuels and are an important source of pollution worldwide (Nielsen et al., 1996). Petroleum 

hydrocarbons can enter the environment from accidental oil spills, natural leaks, 

industrial releases, motor vehicles or various domestic and commercial uses (Majumbar 

et al., 2008, Levensen et al., 1996).  

Petroleum refineries and petrochemical plants are major sources of volatile aromatic 

hydrocarbons (VAHs) in the environment (Rao et al. 2006).  An important category from 

a public health perspective is the aromatic hydrocarbons (Meyers, 2004). VAHs occur 

naturally in petroleum and are produced through incomplete combustion in activities such 

as manufacturing, production, commercial and domestic operations hence they are widely 

distributed in the environment. There are a wide range of VAHs present in the 

atmospheric environment.  Some common examples of VAHs present in the atmospheric 

environment are benzene, toluene and xylene (Bergerow et al., 1995, Zogorski et al, 

2006). According to the United State Environmental Protection Agency (2010), the term 

BTX is often used to describe benzene, tuolene, and xylene. Also, as stated in Wilson and 

Moore (1998), BTX are the most water soluble major compounds in petrol and as such 

are general indicators of contamination from petrol. 

Benzene is commonly used in industry. It is a natural component of crude oil and 

petroleum products that are produced in large quantities from petroleum sources (Verma 

et al., 2001). It is used for the chemical synthesis of ethyl benzene, phenol, cyclohexane 
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and for producing various synthetic materials as well as consumer products, such as 

plastic, synthetic rubber, insecticides, nylon and paints. Toluene is used as a solvent for 

producing coatings, paints, oils, resins and gums. Xylenes are used as a solvent in the 

production of rubber, printing, as well as in leather industries (ATSDR, 2000).  BTX are 

mainly released to the environment through accidental spillage of crude oil and petroleum 

products, release from industrial related activities as well as by-products from private or 

commercial vehicle use (OSHA, 2003). 

Human exposure to BTX can be in the natural or in the occupational environment 

(Navasumrit, 2005). There is a high potential of human exposure to benzene from releases 

to the atmosphere such as gasoline fumes at the petrol pump, emissions from motor 

vehicles, chemicals used both at work and at home, spilled crankcase oil and use of 

pesticides that contain petroleum hydrocarbons as a solvent (Schnatter, 2000). 

Occupations involving the extraction and refining of crude oil, operating coke ovens and 

manufacture of other hydrocarbon products, or using these products can also be potential 

sources of high human exposure (Schnatter, 2000, Gamble et al., 2000).  

Exposure to BTX can cause adverse health effects as highlighted in various case and 

epidemiological studies (Lan et al., 2004). The International Agency for Research Cancer 

(IARC) and United State Environmental Protection Agency (USEPA) have classified 

benzene to be a Category A and Group 1 human carcinogen respectively. This is based 

on human and animal studies showing a causal relationship between cancer and exposure 

to chemical compounds (WHO, 2010). However, toluene and xylene have not been 

classified as human carcinogen by either the USEPA or IARC as a result of lack of 

evidence (USEPA, 2001, IARC, 2010). Other observed health effects are 
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hematototoxicity, genotoxicity, immunological and reproductive effects (Marcheti et al., 

2012, Whysner et al., 2004).  

Protection of human health needs to be achieved at all times but particularly through 

periods of technological, industrial, economic and social change (enHealth, 2002). Whilst 

such changes bring many benefits, they may also produce hazards. These hazards have 

the potential to harm the natural environment as well as human health (Glass et al., 2004). 

As stated in Australian National Environmental Health Strategy (Wadge and Salisbury, 

1997), protection of health involves analysing and evaluating the possible risks, and 

developing appropriate management strategies. This is because all situations carry some 

degree of risk and the analysis of these risks can contribute to decisions aimed at 

minimising harm to individuals and communities. Health risk assessment provides us 

with a systematic approach for characterising the nature and magnitude of the risks 

associated with environmental health hazards (enHealth, 2004). Also, health risk 

assessment uses a standardized approach which can be repeated by all parties involved. 

Health risk assessment due to chemical exposure usually involves four major steps which 

are hazard identification, exposure assessment, dose-response assessment and risk 

characterization used in most health risk assessment models around the world (enHealth 

2004, WHO, 2005, USEPA, 2001). It provides a uniform approach for assessing and 

quantifying risks to human health from hazardous compounds. However, in following 

this format, there are different methods involved in the different steps to evaluate the risk 

to human health on exposure to hazardous compounds. 

The risk assessment using probabilistic technique has been used in evaluating health 

effects resulting from exposure to chemical contaminants. For example Connell et al., 
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(2008); Yu et al., (2012); Cao et al., (2011); Phung et al., (2012) and Edokpolo et al., 

(2014) have used probabilistic techniques in evaluating the health risk for exposure to 

various chemicals in different situations and environments. These studies suggests a 

number of possible adverse health effects resulting from the exposure. The probabilistic 

risk assessment techniques use cumulative probability distribution (CPD) plots and it is 

considered to give a more detailed understanding of the hazard and the associated risks. 

It also provides additional information indicating the possibility of specific adverse 

effects. 

Adverse health effects have been consistently reported with human exposure to BTX in 

the scientific literature. Petroleum refineries and service stations are major sources of 

exposure to BTX. Thus it is important to understand the nature, occurrence, sources, 

levels, routes to human exposure of BTX in service stations and petroleum refinery 

environments to properly characterize the risk of adverse effects. A large body of data on 

BTX in service stations and petroleum refinery environments is now available and this 

can be used to evaluate the risk of adverse effects. Therefore, in this thesis, the risk of 

adverse effects for exposure to BTX were comprehensively evaluated by using different 

probabilistic risk assessment methods. Also, a new method was developed in estimating 

the cancer risk for benzene by using a combination of overall risk probability method and 

the slope factor. This method uses the probabilistic distribution different from the 

conventional way of calculating incidence of cancer using slope factor. 
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CHAPTER 2      

OVERALL AIM AND OBJECTIVES 

Aim  

The aim of this study was to collect and collate the large body of data on occurrence of 

BTX in the atmosphere of service stations and petroleum refineries in the scientific 

literature to evaluate the risk to human health using probabilistic methods. 

Objectives 

The objectives of the thesis are set out below. 

1. Evaluate the health risk for exposure to BTX in service station environments 

This involves collecting and collating data from the scientific literature for BTX 

in service station environments on a global basis and grouping this data into 

different scenarios. This data could then be used to produce cumulative 

probabilistic distribution (CPD) plots. From the CPD plots, the risk of adverse 

effects and cancer risk can be evaluated for the high exposed (95%CP) and the 

main exposed group (50%). 

2. Evaluate the health risk for exposure to benzene in petroleum refinery 

environments 

This involves searching the scientific literature for exposure data for benzene in 

the ambient air of petroleum refinery environments on a worldwide basis and 

grouping the data into different scenarios. This data can then be used to produce 

cumulative probabilistic distribution (CPD) plots. From the CPD, the risk of 

adverse effects and cancer risk can be evaluated for the high exposed (95%CP) 

and the main exposed group (50%). 
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3. Develop a new method for calculating cancer risk by using overall risk 

probabilistic techniques 

This involves developing a new method for estimating cancer risk for exposure to 

benzene in service stations and petroleum refinery environments. The CPD plots 

for exposure together with a dose – cancer response relationship derived from the 

slope factor for benzene can be used to calculate the overall risk probability of 

cancer risk.  

4. Development of exposure guidelines for risk to human health with benzene 

using probabilistic techniques 

This would be achieved by using the data from human epidemiological studies 

and studies on animal experiments with a new method using probabilistic 

techniques to develop guideline values for exposure to benzene.  

5. Evaluate the risk of adverse effects for exposure to BTX using probabilistic 

techniques 

The health risk for exposure to BTX in service station and petroleum refinery 

environments can be estimated using several probabilistic methods such as hazard 

quotient, Monte-Carlo simulation and overall risk probability. 

6. Comparison of probabilistic methods for risk characterisation 

This involves evaluation of the relationships between the risk characterisation 

results from the different probabilistic methods including hazard quotient, Monte-

Carlo simulation and overall risk probability. 
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CHAPTER 3    

LITERATURE REVIEW 

3.1 Volatile Petroleum Hydrocarbons (VPHs) 

Crude oil consists of thousands of individual compounds with hydrocarbons representing 

most petroleum of the total weight (Nebert, 2000). When petroleum or petroleum 

products are released into the environment, they undergo physical, chemical, and 

biological changes thin the environment. Also, the rate of degradation of the various types 

of petroleum hydrocarbons under these changes depends on the physical and chemical 

properties of the hydrocarbons (Swerdlow, 2008). 

Petroleum hydrocarbons are generally divided into two groups, namely, aromatic and 

aliphatic hydrocarbons the subgroups of these categories are as shown in Figure 3.1. 

Aromatic hydrocarbons contain one or more benzene ring such as benzene, toluene, 

xylenes, naphthalene and phenanthrene. A great amount of aromatic compounds can be 

produced by substitutions for one or more of the hydrogen rings. Aliphatic hydrocarbons 

do not contain a benzene ring and are divided into three main groups according to the 

types of bonds they contain: alkanes, alkenes, and alkynes.  Alkanes have single bonds 

between carbon atoms, while alkenes have one or more double bonds between atoms 

whereas alkynes consist of carbon atoms in cyclic structures (Tang et al., 2005).  
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Figure 3.1 Classes of petroleum hydrocarbons 

 

 

3.2 Overview of Benzene, Toluene and Xylene (BTX) 

3.2.1 Background 

BTX is an acronym which represents the group of compounds namely benzene, toluene 

and xylene.  BTX are natural occurring chemicals present in crude oil and petroleum 

products such as petrol. However as stated in world health organisation (WHO, 2010), 

almost all the BTX found in the environment is as a result of human activities. This can 

be attributed to high emissions during processing and use of petroleum products, in the 

coking of coal, production of toluene, xylene and other aromatic compounds. 

Upon the release of BTX into the environment, they evaporate very quickly into the air. 

Thus BTX may be found at contaminated sites and in surface water. BTX are broken 
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down by chemical reactions principally oxidation in the atmosphere. The length of time 

that BTX vapour remains in air varies between a few hours and a few days depending on 

environmental factors, climate and the concentration of other chemicals in the air, such 

as nitrogen and sulphur dioxides (ATSDR, 2007).  

 

Benzene is a volatile compound with the chemical formula of C6H6 and the CAS Registry 

Number (CRN) 71-43-2. It is a clear, colourless liquid which dissolves in water to a 

concentration of 1.8g/L and other properties in Table 3.1. Toluene is a colourless volatile 

compound with a chemical formula of 𝐶6𝐻5𝐶𝐻3 and CRN 108-88-3. Xylene is also a 

volatile aromatic compound with a chemical formula of 𝐶8𝐻10 and CRN 1330-20-7. 

Table 3.1 is a summary of the physical and chemical properties of BTX.  

 

Table 3.1 Physical and chemical Properties of BTX (ATSDR, 1995, ATSDR, 2007) 

Property Benzene Toluene Xylene 

Molecular weight  78.11 g/mol 92.14 106.16 

Partition Coefficient: 

Log KOW                                                        

 

2.13 

 

2.72 

 

– 

Solubility in water  at 20 to 

25°C 

1.8 g/L 534.8 mg/L 106 mg/L 

Melting point   5.5oC  –95oC – 

Boiling point 80.1oC 110.6oC 137–140 °C 

 

 

3.2.2 Sources of Benzene, Toluene and Xylene  

Almost all of the BTX in the atmosphere occurs naturally in crude oil and also as a result 

of human activities. Natural sources of BTX include gas emissions, forest fires and 

volcanoes (Leusch and Bartkow, 2010). BTX are present in petrol and can be release into 

the environment during incomplete combustion these compounds can escape into the air, 
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vehicle refuelling in service stations, emission from vehicle exhaust, petroleum spillage 

and industrial emissions (HEI, 2007). BTX release to the environment can arise from 

human activities such as indoor cooking, industrial emissions from petroleum refineries, 

coal production, rubber products, paints, pharmaceutical products and adhesives. The 

sources of benzene in the United Kingdom as summarized in Table 3.2, which shows that 

94% of atmospheric benzene was derived from petrol engine exhausts, diesel engine 

exhaust and evaporation from petrol. However, a similar breakdown of the other BTX 

compounds was not available in the study (Wadge and Salisbury, 1997). In Australia, 

emissions inventory data from the Sydney region in 1992 indicate that for total volatile 

organic compounds, 40% are derived from vehicle sources (AIHW, 1996).  

 

Table 3.2 Sources of benzene emissions in the United Kingdom, 1991  

Source Tonnes/Year` Percentage (%) 

Petroleum engine exhaust 39250 78 

Diesel engine exhausts 4550 9 

Petrol evaporation from 

vehicle 

3350 7 

Total emission from 

Vehicle  

47150 94 

Petrol refining and 

distribution 

1350 3 

Combustion of oil, wood etc 950 2 

Gas leakage 400 1 

Other industrial process 16-350 1 

 

Emissions from car exhaust are the major source of BTX in outdoor air, especially in 

urban areas. However, there are other sources of release to the environment that can 
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contribute significantly to an individual’s exposure (Hogson and Levin, 2003; Wallace, 

1996). Tobacco cigarette smoke contains BTX and may be the main source of exposure 

for a heavy smoker (Heavner et al., 1995). For some individuals, cigarette smoking can 

be a major source of intake, exceeding intakes from ambient air and other sources such 

as food and water.  Emissions of benzene from cigarette smoke are considered as one of 

the main indoor sources of benzene (Singer et al., 2003). Other indoor sources are stoves, 

wood heaters, fireplaces, solvent products, polystyrene, paints and vinyl floor coverings 

(Raw et al., 2004, Weisel et al., 2008). Garages attached to houses are also considered to 

be a contributing factor to personal exposure to BTX compounds (Mann et al., 2001). 

However, Fellin et al. (1994), suggested other factors such as the rate of emission and 

removal of indoor concentrations, ventilation rate of the building, and amount of air in 

indoors environment can have an important influence on the concentration of BTX 

indoors. 

 

3.2.3 Environmental Levels of Benzene, Toluene and Xylene 

BTX compounds can be present in trace levels in most parts of the environment with 

lower concentrations measured in remote areas as compared to the high levels measured 

in urban cities with high traffic density.  As shown in Table 3.3, BTX compounds can 

also be present in surface and underground water resulting in human exposure to the 

compounds. (Leusch and Bartkow, 2010). Although, Singer et al., (2003) has reported 

that within the general population exposure to BTX is mainly from the atmosphere but 

small amounts of the compounds may be ingested in food and water consumption. 
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Table 3.3 Reported concentration of BTX in Air and Water                                                                                                                                     

Air 

Medium  Benzene (μg/m3) Toluene (μg/m3) Xylene (μg/m3) 

Remote rural area 0.2 – 16 0.5 – 260 <0.1 – 3 

Industrial centre with 

high traffic  density 

Up to 349 Up to 1310 Up to 775 

Water   

Medium  Benzene (μg/L) Toluene (μg/L) Xylene (μg/L) 

Contaminated surface 

water 

Up to 100      – Up to 32 

Surface water <0.1 – 2.1 <1 – 15 <0.1 – 1.2 

Groundwater <0.1 – 1.8 <1 – 100 0.1 – 340 

Contaminated 

groundwater 

Up to 330 Up to 3,500 Up to 1,3400< 

Drinking water <0.1 – 5 <1 – 27 <0.1 – 12 

 

BTX can originate from building materials and furniture, attached garages, heating and 

cooking systems, stored solvents and various human activities. BTX concentrations are 

also affected by climatic conditions and the air exchange rate due to forced or natural 

convections. Other outdoor sources of benzene are petrol stations and certain industries 

such as those concerned with coal, oil, natural gas, chemicals and steel (Jia et al., 2008). 

Several studies (Chakroun et al., 2002, Manini et al., 2006, Chanvaivit et al., 2007) have 

monitored and measured the level of benzene in various cities in industrial areas, petrol 

stations and urban centres as well as homes. The level of benzene in the environment is 

dependent on the rate and frequency of emission (Crebelli et al., 2001).  The measured 

concentrations of benzene in various studies at different environment are summarised in 

the subsequent Table 3.4. Industrial areas can be significant sources of benzene released 
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to the environment as illustrated by the high benzene concentrations monitored in various 

areas as highlighted in Table 3.4. Measured concentration of benzene in the vicinity of 

Petrol Stations observed in various studies conducted in Australia and several European 

countries such as Germany, United Kingdom, France, Ireland, Norway, Sweden, 

Portugal, Belgium, Italy and Greece were summarized in Table 3.4. Thereby, indicating 

the presence of benzene in petrol station environment. Concentrations of benzene in urban 

cities were also summarized in Table 3.4 of which emission from motor vehicles were 

observed to be the main source of benzene released to the environment (Wadge and 

Salisbury, 1997). 
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Table 3.4 Benzene concentration monitored in selected occupational and urban locations  

Benzene concentration monitored in selected industrial areas 

Location Benzene concentration  (μg/m3)            References 

Nueces County, Texas, USA 3.7 TNRCC, (1994) 

Castlereagh, New South Wales 1.9 – 4.8 Dean et al., (1996) 

West Footscray, Victoria 0.96 – 15.7 Bardsley, (1997) 

North Fremantle, Western 

Australia 

1.2 DEPWA, (2000) 

Corinth, Greece 2.6 Kalabokas et al., 

(2001) 

Monitored concentration of benzene in selected petrol station environment 

12 petrol stations in 9 European 

countries 

Day 3.8 – 52.9 

Night 4.1– 40.1 

CONCAWE, 

(1994) 

12 petrol stations in London 9.3 – 61.1 Uren, (1996) 

11 stations all over  Australia 50 – 190 AIP, (1998) 

18 petrol stations all over UK 0.48 – 2.79 Jones, (2000) 

Benzene concentrations monitored in a range of urban locations 

Sydney, Australia 0.96 – 8 NSWEPA, (1998) 

Rutland, USA 0.99 – 23.90 USEPA, (1999a) 

Greece, urban centres 2.6 – 59.8 Moschonas and 

Glavas, (1996) 

18 urban areas in Texas, USA 3.84 – 35 Pendleton, (1995) 

Urban area, residential outer 

suburbs, Christchurch, New 

Zealand 

5.2 Stevenson and 

Narsey, (1999) 

 

 

Table 3.5 is measured concentration of benzene in homes as a result of human activities 

such as cooking, cleaning, painting, use of solvent (Kim et al., 2001, Weisel et al., 2008). 

Indoor benzene concentrations can be relatively high depending on the frequency of 

release from indoor sources. Wallace et al. (1988), Rothweiler et al. (1992), Bergerow et 

al. (1995), suggested that indoors concentrations can be many times higher than outdoor 

concentrations.  Factors such as the rate of emission, ventilation rate of the building, and 
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amount of air in indoors environment can influence the ratio of concentrations of benzene 

outdoor to the concentrations of benzene indoor (Héroux et al., 2008). Hence individuals 

are expected to have more exposures indoors than outdoors. Garages attached to houses 

are also considered as a contributing factor to significant personal exposure to benzene 

(Thomas et al., 1993).  As shown in Table 3.5, garages attached to houses can have high 

level of benzene concentrations. According to Graham et al. (2004), the presence of 

attached garages and combustion sources as well as other human activities are the main 

determinants of the concentration of indoors benzene. 
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Table 3.5 Monitored benzene concentrations for selected homes and garages in different 

countries 

Location  Benzene concentration 

(μg/m3) 

References 

28 homes in North Carolina, 

USA 

0.57 Pleil  et al., (1985) 

300 homes all over 

Netherlands  

6.3 Lebret et al., (1986) 

49 homes in Columbus, Ohio, 

USA  

3.86 – 5.54 Heavner et al., (1995) 

42 homes Hannover, 

Germany 

2.4 – 3.3 Levsen et al., (1996) 

9 homes in Texas, USA 2.4 Mukerjee et al., (1997) 

32 houses in Brisbane, 

Australia 

3.4 Hamindi, (2009) 

Sydney, New South Wales, 

Australia 

2.3 – 3.4 Philips et al., (1998) 

20 homes in Erfurt, Germany 3.53 – 4.27 Schneider et al., (1999) 

Dunedin, New Zealand 1.25 Stevenson and Narsey (1999) 

28 homes in Huddersfield, 

UK 

1.2 – 2.2 Kingham et al., (2000) 

Benzene concentrations of in houses with attached garage 

Residential garages in 

Brisbane, Australia 

5.9 Hamindi, (2009) 

Residential garages, USA 51.2 Akland, (1993) 

4 homes in Bayonne and 

Elizabeth, USA 

10±4.8 – 100±60 Thomas et al., (1993) 

42 homes in Hannover, 

Germany 

1.2 – 80.9 Levsen et al., (1996) 

New Brunswick, New jersey, 

USA 

80 – 192 Tsai and Weisel (2000) 
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3.2.4 Measurement and Monitoring of Benzene, Toluene and Xylene  

In assessing human exposure to BTX, it is important that air samples be collected near 

identified sources of release to the environment. Concentrations in the atmosphere are 

determined using analytical procedures similar to those used by USEPA and OSHA. This 

involves collecting air samples into stainless steel canisters and analysing the samples 

using gas chromatography and mass spectrometry (USEPA, 1997a).  

Several studies (Chakroun et al., 2002, Manini et al., 2006, Chanvaivit et al., 2007) have 

monitored and measured the level of benzene in various cities throughout the world. The 

monitored concentrations of benzene were in industrial areas, petrol stations and urban 

centres as well as homes. The level of benzene in the environment is dependent on the 

rate and frequency of emission. However, individuals are expected to have exposure to 

benzene concentration in these environments (Crebelli et al., 2001).   

 

3.3 Human Exposures to BTX 

Human exposures to BTX are inevitably a daily occurrence, the routes to human 

exposures are mainly through inhalation, oral pathways and dermal routes (Mullin et al., 

1995). Of the three exposures pathways, inhalation is usually the main route of human 

exposure. This is supported in the study by MacLeod and Mackay (1999), where more 

than 95% of the general population were exposed to benzene through inhalation while 

exposure from food and water were minimal. Cigarette smoking can contribute 

significantly to the amount of benzene inhaled by an individual (Duarte-Davidson, 

2001, Narzoff and Singer, 2002)). Exposure to cigarette smoke is widespread and varies 

from country to country (WHO, 2000).   
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The petroleum industry and other chemical and manufacturing industries where BTX 

containing adhesives, solvents or other products are used are the major sources of 

occupational exposure to these compounds by humans (Bahrami et al., 2007). Although 

in recent years, improved technology and worker practices have reduced the level of 

exposure to BTX compounds in the industrial workplace (Wadge and Salisbury, 1997). 

This is supported by WHO study, which states that when appropriate engineering controls 

are in place in a work environment, workers involved in the production and handling of 

BTX compounds as well as benzene-containing materials will have low exposures during 

the working day (WHO, 2010). However, the imposition of lower occupational exposure 

limit by environmental and governmental agencies have led to the reduction of BTX use 

in industrial paints, paint removers, adhesives, degreasing agents, denatured alcohol, 

rubber, cements and crafts supplies (Wolkoff, 1995).   

The major source of BTX exposure for the general population is from indoor sources and 

vehicle exhausts. This is because, in addition to the benzene actually present in petrol, 

benzene is also produced by chemical reactions during combustion in the engine 

(Navasumrit et al., 2005).  In some developing countries, the level of benzene present in 

indoor and outdoor may still be an issue considering benzene occurrence is associated 

with human activities such as cleaning, painting, photocopying, printing, the storage and 

use of solvents, high combustion from motor vehicles and tobacco smoking (Narzoff and 

Singer, 2002).  
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Service Station Environments 

There are a wide range of Volatile aromatic hydrocarbons (VAHs) present in service 

station environments as a result of vapour emissions during dispensing, loading, 

unloading and transportation of petrol (Periago et al., 1997).  A large number of studies 

on BTX exposure in service stations have been conducted to evaluate health effects for 

exposure to people within service station environments (Periago and Prado, 2005; Little 

and Cram, 1995; Soldators et al., 2001; Tunsaringkarn et al., 2012; Hartle, 1993; Periago 

et al., 1997; Uren, 1996; Jo and Oh, 2001; Leung and Harrison, 1997; Egeghy et al., 

2000).). BTX exposures were reported to be highest in the breathing zone of service 

station attendants as compared to other locations around the service stations (Periago and 

Prado, 2000; Lin, 2003; Morales Terres, 2010).   

Petroleum Refinery Environment 

Petroleum refineries can be categorized into four sectors such as exploration and 

production of crude oil and natural gas, refining, transport as well as marketing and 

distribution (Capleton and Levy, 2005). The petroleum refining process results in the 

release of a number of air pollutants, including benzene (Mirkova et al., 1999). Roa et al., 

(2006) identified petroleum refineries as the major sources of benzene in the environment. 

Also, people living near petroleum refineries are exposed to benzene as a result of the 

emissions during petroleum refinery operations (WHO, 2010). 
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3.4 Adverse Health Effects of BTX 

3.4.1 Adverse Health Effects of Benzene 

The occurrence of health effects resulting from exposure to BTX is determined by a 

number of factors such as the quantity of BTX involved, the frequency of exposure and 

duration. Benzene is the compound of most concern of the BTX compounds. This is 

because it is the most toxic and several studies have shown various health effects for acute 

and chronic exposure to benzene. Short term exposure (STE) to benzene through 

inhalation for about 5–10 minutes of high concentrations ranging from 10,000 – 20,000 

ppm can result in death (Flurry, 1928). However, exposure to lower concentration levels 

ranging from 700 – 3,000 ppm can give rise to adverse effects such as unconsciousness, 

rapid heart rate, headaches, drowsiness, tremors and dizziness (Midzenski et al., 1992, 

ATSDR 2007). Long term exposure (LTE) to benzene can give rise to cancer of the blood-

forming organs also known as leukemia as well as other adverse effects even at low 

concentration levels (Pekari et al., 1992; Barregard et al., 2009) such as                                         

Hematological Effects: Toxicity data for human and animals (Aksoy et al., 1972; Lan et 

al., 2004a; Rothman et al., 1996a) indicate that exposure to benzene results in 

hematological effects in humans. As shown in the study of Doskin (1971), less severe 

toxicity causes cytopenias (reductions in the count of individual blood cells). More severe 

toxicity results in reduction in the count of all blood cells (Cody et al., 1993, Qu et al., 

2002). A causal link has been established between exposure to benzene and the 

occurrence of aplastic anemia (Yin et al., 1987c). Aplastic anemia causes severe damage 

to bone marrow and ineffective blood cell formation. Shortages in the different types of 

blood cells can contribute to disorders such as increased cardiac output due to deficiency 

of erythrocytes, vulnerability to infection from a lack of leukocytes and hemorrhagic 
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conditions from a lack of platelets (Midzenski et al., 1991, Aksoy and Erdem, 1978, 

Rothman et al., 1996a).  

Reproductive effects: Reproductive effects such as low blood flow and dysmenorrhea 

have been observed for women that were occupational exposed to benzene. These scanty 

menstruation effects are thought to be a result of ovarian atrophy resulting from exposure 

to benzene (Hayes et al., 2000). Studies of animals indicate that at high concentrations, 

inhalation of benzene vapors reduces the number of live fetuses as well as the incidence 

of pregnancy. In animals, exposure to benzene through inhalation has been shown to 

cause harmful effects to the developing fetus such as low birth weight, delayed bone 

formation, and bone marrow damage (WHO, 2010).  

Immunological Effects: Exposure to benzene through inhalation has shown to cause 

immunological effects (Kipen et al., 1989). Immunological effects have been observed in 

animals that were exposed to benzene through inhalation and oral pathways for short – 

term and long – term. Studies on occupational exposure to benzene indicate a reduction 

in the levels of circulating leukocytes in the body. Similar effects were observed in 

animals following exposure to benzene as reported by Xia et al. (1995). Studies carried 

out by Plappert et al. (1994), Mullin et al. (1995), on workers exposed to benzene have 

shown decreased levels of agglutinins, IgG and IgA immunoglobulins, and increased 

levels of IgM. Loss of leukocytes occurred in workers highly exposed to benzene as well 

as reduced numbers of T lymphocytes. However in the study by Goldstein and Shalat 

(2000), there was no observed immunological effect when refinery workers were exposed 

to concentration of benzene less than 32 mg/m3. 

Genotoxic Effects: Studies indicate that benzene is genotoxic in humans. Exposure to 

benzene can lead to peripheral lymphocytes and bone marrow cells (Tompa et al., 1994). 
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Epidemiological studies of humans and animal studies suggest that benzene is genotoxic 

by breaking DNA in a manner observable at the chromosome level (Karacic et al., 1995). 

Rotherham et al. (1995) observed somatic mutations as an endpoint of benzene-induced 

genotoxic effects in heavily exposed workers using the glycophorin A (GPA) mutation 

assay.  

 

Cancer: Long-term exposure to benzene can cause cancer of the blood-forming organs 

often referred to as leukemia (Yin et al., 1989). Exposure to benzene has been associated 

with development of a particular type of leukemia called acute myeloid leukemia (AML) 

(Collins et al., 2003, Ott et al., 1978, Rinsky et al., 1981, Collins et al., 2003, Infante et 

al., 1977). In AML, there is a reduced production of normal erythrocytes, granulocytes, 

and platelets, which can in turn lead to death by anemia, infection, or hemorrhage. 

Epidemiological studies have provided a causal relationship between benzene exposure 

and AML (Thurston et al., 2000).  

 

3.4.2 Adverse Health Effects of Toluene 

Toluene is readily absorbed from the gastrointestinal tract after inhalation, and is 

distributed preferentially in adipose tissues, then the kidneys, liver and brain. The main 

adverse effect from exposure to toluene is on the nervous system and brain. The most 

obvious symptoms are fatigue and drowsiness (ATSDR, 2000). 

Short – term exposure to toluene can result in health effects such as drowsiness, tremors, 

euphoria, slurred speech excitation, dizziness, dizziness, drowsiness, ataxia, slurred 

speech, tremors, respiratory arrhythmias depression, and convulsions (Baelum et al., 

1985, Muttray et al., 1999). Also, high dose toluene intake can result in death (Ameno et 

al., 1989). Long – term exposure to toluene may cause damage to the kidney and liver as 
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well as neurological effects (Nise, 1989). Other effects observed include central nervous 

system damage, tremor, ataxia, tremor and impaired vision, speech and hearing (Yin et 

al., 1987, Morata et al., 1997). 

The IARC and USEPA have both considered toluene not to be carcinogenic to humans 

based on inadequate evidence from animal studies. 

 

3.4.3 Adverse Health Effects of Xylene 

Xylenes are readily absorbed after inhalation. Both short‐ and long‐term exposure to high 

concentrations of xylene can cause a number of adverse health effects. The major health 

effect from exposure to xylene is depression of the central nervous system, with 

symptoms such as dizziness headache and vomiting (Kandyala et al., 2010). Human 

exposure to high levels of xylene for short – term can cause irritation of the eye, skin, 

throat and nose, and throat. Other short term effects include breathing difficulties, 

stomach discomfort, possible changes in kidney, liver and lungs functions and impaired 

memory (Ernstgard et al., 2002, Carpenter et al., 1975a). Long-term exposure of people 

to xylene results in headaches, depression, irritability, agitation, insomnia, tremors, 

extreme tiredness, short-term memory and impaired concentration (Uchida et al., 1993, 

ATSDR, 2007). There is no evidence that human exposure to xylene could affect the 

blood but previous studies indicating of low red blood cell counts for people exposed to 

xylene may have been as a result of contamination of xylene with benzene (Kandyala et 

al., 2010). 

Also, Xylene is not classified as a carcinogenic chemical mainly based on inadequate 

evidence from animal studies to suggest that xylene causes cancer in humans. 
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3.5 Air Quality Guideline Values and Occupational Exposure Limits for 

BTX in Air 

As stated in WHO (2000), guidelines are intended to give background guidance and 

information that will serve as a guide to international and national authorities in making 

decisions in the risk assessment process. The aim of guidelines for exposure limits is to 

protect the public from adverse health effects of environmental pollutants as well as 

removing or mitigating exposure to pollutants that are likely to cause hazardous effects 

to human health. 

Indoor air pollutants are been regarded as a significant source of benzene exposure 

(ACGIH, 2007). But guideline to protect human health are not always available, 

therefore, considering the widespread presence of benzene in the indoor environment and 

taking into account personal exposure patterns suggests guidelines for exposure are 

needed (WHO, 2000). 

A summary of occupational exposure limit (OEL) and air quality guideline values 

(AQGVs) for exposure to benzene, toluene and xylene are presented in Table 3.6. 
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Table 3.6 Occupational Exposure Limits and Air Quality Guideline Values for exposure 

to benzene, toluene and xylene 

 

 

Regulatory body  Description Benzene 

(µg/m3) 

Toluene 

(µg/m3) 

Xylenes 

(µg/m3) 

Occupational Exposure Limits (OEL) 

American Conference of 

Governmental Industrial 

Hygienists (ACGIH), USA 

Threshold Limit Values 

(TLVs) 

 

Short Term Exposure Limit 

(STEL) 

1600 

 

8000 

75000 

 

Not available 

435000 

 

655000 

Occupational Safety and 

Health Administration 

(OSHA), USA 

Permissible Exposure Limit 

(PEL) 

 

Short Term Exposure Limit 

(STEL) 

3250 

 

16250 

750000 

 

Not available 

435000 

 

655000 

National Institute for 

Occupational Safety and 

Health (NIOSH), USA 

Recommended Exposure 

Limit (REL) 

 

Short Term Exposure Limit 

(STEL) 

325 

 

3250 

375000 

 

560000 

435000 

 

65500 

South African 

Occupational Health and 

Safety (SAOHS) 

Occupational Exposure 

Limit (OEL) 

1600 175000 435000 

Safe Work Australia 

(SWA) 

Occupational Exposure 

Limit (OEL) 

3200 Not available Not available 

European Directives 

2000/39/EC and 97/42/EC 

(ED) 

Limit Value (LV)  3250 Not available  Not available  

Air Quality Guidelines (AQGs) 

Regulatory body  Description Benzene 

(µg/m3) 

Toluene 

(µg/m3) 

Xylenes 

(µg/m3) 

World Health Organisation 

(WHO)  

1 week 

24 hours 

Not 

available 

260 

Not available 

Not available 

480 

European Union Directives 

2000/69/EC  

Annual mean 5 Not available  Not available  

Expert Panel on Air Quality 

Standards (EPAQS), 

United Kingdom 

Annual mean 16.25 Not available  Not available  

Alberta Ambient Air 

Quality Objective 

(AAAQO), Government of 

Alberta, Canada 

1 hour  

24 hours 

30 

Not 

available 

Not available 

400 

Not available 

700 
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There are estimated maximum threshold levels for acceptable daily intake of BTX 

concentration considered not have adverse health effects. Therefore, it is advisable to 

reduce indoor exposure levels to as low as possible. This could require reducing or 

eliminating human activities that release BTX such as smoking tobacco, using solvents 

for hobbies or cleaning, or using building materials that off-gas benzene as well as 

adequate ventilation methods on the site of the building. 

 

3.6 Development of Guideline Value in terms of Exposure Dose 

Air quality guidelines (AQGs) provide safe levels below which adverse health effects 

are not expected to occur in the general population, including groups susceptible to 

toxic chemicals. Guideline values are considered to be a level of daily ingestion of a 

chemical without any appreciable risk to health over a lifetime. Different expressions 

has be used to refer to guideline values in terms of dose intake such as acceptable daily 

intake (ADI), reference dose (RfD) and minimum risk level (MRL)   depending on the 

organisation.  The development of guideline value using different methods is discussed 

below. 

World health Organization (WHO) 

The acceptable daily intake (ADI) is regarded as the quantity of a chemical an individual 

can be exposed to on a daily basis for a long period of time without suffering adverse 

health effects. WHO uses the acceptable daily intake (ADI) in the risk assessment process 

to characterise the long-term risks posed by exposure to a chemical. As defined by WHO 

(1997), ADI is the dose below which no adverse health effect will be observed by the 

intake of a compound expressed in terms of body-weight ingested daily over a lifetime as 

Body Weight (BW) in mg/kg. ADI is calculated by using no observed adverse effect level 
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(NOAEL) or lowest observed adverse effect level (LOAEL) from animal experiments 

and uncertainties associated with the use of experimental data known as uncertainty factor 

(UF) using Equation 3.1.  

When considering UF, the differences in sensitivities between animals and humans and 

among the individuals within the human population are put into consideration. A value 

of 100 is usually used for intra-species and interspecies variation (Connell, 2012). Also, 

the severity and nature of the observed health effects is put into consideration when 

determining the ADI. 

             𝐴𝐷𝐼 =
𝑁𝑂𝐴𝐸𝐿

𝑈𝐹
                                                                              𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.1                

 

The critical toxic effect used in the calculation, is the serious adverse effect that occurs at 

the lowest exposure level.  

 

United State Environmental Protection Agency   

The reference dose (RfD) is the estimated daily exposure likely to occur without an 

appreciable risk of adverse health effects during a lifetime of exposure (USEPA, 1994). 

Reference dose is an estimation of the daily exposure levels for human populations that 

includes the sensitive populations likely to be without an appreciable risk of harmful 

health effects during a lifetime (Equation 3.2). This procedure is developed to calculate 

the acceptable exposure levels reoccurring frequently for humans based on non-

carcinogenic effects (USEPA, 1994) and it is achieved by introducing safety factors 

(SFs).  SFs accounts for uncertainty in the data of the highest dose in animals or humans 

studies shown not to cause toxicity or NOAEL. 

𝐴𝐷𝐼(ℎ𝑢𝑚𝑎𝑛 𝑑𝑜𝑠𝑒) =
𝑁𝑂𝐴𝐸𝐿(𝑎𝑚𝑖𝑛𝑎𝑙 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 𝑑𝑜𝑠𝑒)

𝑆𝑎𝑓𝑒𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟(𝑠)
                                           Equation 3.2 
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In the absence of NOAEL,   LOAEL can be used in the calculation (USEPA, 1997). 

 

Agency for Toxic Substances and Disease Registry (ATSDR) 

Minimum risk level (MRL) is used by ATSDR to derive minimum risk levels for a 

hazardous chemical that is similar to USEPA's reference dose (RfD) approach (Chou et 

al., 1998). MRL is the estimation of human daily exposure to a hazardous chemical that 

is likely to be without an appreciable risk of adverse (non – cancer) health effects over a 

specific period of exposure based on present information, they are set below levels likely 

to cause adverse health effects in humans sensitive to a chemical (Hana et al., 2005; Chou 

et al., 2002). ATSDR has been able to derive MRL for acute, intermediate and chronic 

duration of exposure through oral and inhalation pathways, but is yet to identify a suitable 

method for dermal exposure to a chemical (ATSDR, 1993). 

 

Development of Guideline value using Probabilistic Techniques 

The use of probabilistic techniques in developing guideline is different from the methods 

discussed above. It utilizes exposure data from human and animal studies showing 

adverse effects in constructing cumulative probabilistic distribution (CPD) plot dose-

response relationships. From the CPD relationships, the threshold value at the 5% 

cumulative probability (CP) level is estimated and can be considered a guideline. This is 

the value below which no observable adverse effect may be expected (Phung et al, 2014) 

and has been used in evaluating risk to human health by Connell et al, 2002; Hamidin et 

al, 2008; Cao et al, 2011; Phung et al, 2012.   
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3.7 Health Risk Assessment  

3.7.1 Principles of Health Risk Assessment Framework 

Risk assessment helps in determining if risk sources require legislation or regulation for 

minimisation of risk to adverse health effects (enHealth, 2004, USEPA, 2001). The 

Health risk assessment process involves four steps namely hazard identification, exposure 

assessment, dose-response assessment and risk characterisation as shown in Figure 3.2. 

A risk assessment is an important step in risk management process aimed at protecting 

man and the environment in addition to being compliant with local and international 

statutory legislations. Generally, risk assessment involves two approaches which are 

qualitative and quantitative risk assessment (Doyle et al., 2003). 

Qualitative risk assessment of a chemical involves the qualitative evaluation of 

available epidemiology studies and animal bioassay data in determining if a chemical can 

cause adverse health effects. On the other hand, the quantitative risk assessment involves 

quantifying the risk for chemicals with potential to cause adverse health effects on human 

exposures (Leung and Dudgeon, 2008).  

 

 

 

 

 

 

 

http://www.eoearth.org/article/Epidemiology
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Figure 3.2 Risk assessment process 
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3.7.2 Hazard Identification 

Hazard identification refers to hazards that can be identified that may cause a risk to 

human health. The issues and questions that is raised in this process provides a working 

plan for the risk assessment. The failure to address all the issues at this stage of the risk 

assessment process can result in an incomplete risk assessment (enHealth, 2002). 

The hazard identification aspect of risk assessment consists of several phases such as; 

Identifying of issues relating to environmental health and determine if the identified 

hazards can be managed in the risk assessment. 

Identifying potential hazard and clearly state why it is important to embark on a risk 

assessment as well as stating clearly the objectives and scope of the risk assessment. 

Recognition of different perceptions, this is crucial in the risk assessment to understand 

the different perceptions of risk which can be influenced by science, economics and social 

factors (enHealth, 2004).   

 

3.7.3 Exposure Assessment 

Exposure assessment assembles information of the amount of a particular substance 

various population groups can be exposed to; the routes of exposure (inhalation, dermal, 

oral, eating and drinking); the likely exposures to be experienced in an assumed condition 

and the duration of the exposure (Renwick et al., 2002). The information gathered is then 

put together with known information such as rates of breathing, consumption of food or 

water and life expectancy to evaluate the total exposure (Djohan et al., 2007). There is a 

possibility of multiple exposure routes arising from exposure combination of two or more 

of the following sources such as air, soil, water, food, diet, occupational and tobacco 
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smoking. Also exposure levels can be influenced by the persistence of a substance in the 

environment hence, the longer a substance remains in the environment, the more it serves 

as a potential exposure source (Chen and Liao, 2006).  

 Exposure assessment comprises of the determination of the extent of duration, frequency 

and character of exposures in the past, present and the future. It also involves identifying 

exposed populations, particularly sensitive populations, and route to exposures. The 

levels of exposures at particular points on the exposure pathways can be determined by 

predictive models and environmental monitoring. The intakes of contaminant can then be 

estimated from the different routes of exposure under a range of scenarios (USEPA, 

2005). Where exposure data are limited or not available in estimating the risk, modelled 

data may be used for such purposes. 

In probabilistic risk assessment, when conducting exposure assessment, CPD plots are 

used to represent the exposure levels in a population at different exposure levels. As 

shown in Connell (2005), a cumulative probabilistic distribution plot enables the data to 

be extrapolated from lower to higher exposure of a normal distribution. Figure 3.3 is an 

illustration of probabilistic risk assessment technique used by Edokpolo et al., (2014) in 

evaluation of health risk assessment showing the distribution of exposure values of BTX 

in service station environments. 
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Figure 3.3 Cumulative probability distribution plots for exposure to BTX in service 

station environments. Source: Adopted from Edokpolo et al., 2014 
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3.7.4 Dose-response Assessment 

Dose – response assessment from exposure to a chemical examines the relationship 

between the dose of a particular hazard and the resultant adverse health effects (Van 

Leeuwen and Hermens, 1995). According to Derenlanko (2010), dose – response 

relationships are used to represent the adverse biological effects that occur in response to 

the dose taken up. Information on chemical hazards can be collected from various sources 

such as animal and human studies. The quality and reliability of the studies and other 

information sources used in this phase should be discussed in the health risk assessment 

(AIHC, 1996). Both quantitative and qualitative toxicity information is considered in the 

dose-response assessment in determining the incidence of adverse effects which occurs 

in humans at different levels of exposure (USEPA, 1989). Although, human and animal 

experimental toxicity data are both useful in the evaluation of the biological effects. 

However, human toxicity data are the most useful for the purpose of evaluating dose-

response relationships as such information provides relevant and reliable toxicity analysis 

in a risk assessment process. Often human data is not available and surrogate animal data 

is used. 

In probabilistic risk assessment, the CPD plot is used to present dose – response 

relationships for available toxicity data. The CPD plot is useful for finding the percent of 

population that responds at a certain level of exposure.   At the lowest dose levels, the 

most sensitive individuals show effects from exposure to the chemical. With an increased 

dose, the proportion of the population showing effects increases, with the highest amount 

of people showing effects at the highest dose level (Connell, 2005). Figure 3.4 shows the 

CPD plot showing exposure resulting from monitoring for chlorpyrifos among pesticide 

applicators in Vitenam (Phung, 2012). 
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Figure 3.4 Monitoring for chlorpyrifos exposure among pesticide applicators in Vitenam. 

Source: Adopted from Phung, 2012 

 

3.7.5 Risk Characterisation 

Risk characterisation is the final aspect of a risk assessment process. It integrates all the 

information in the previous phases in describing the risk with consideration given to the 

data quality, amount of evidence and levels of uncertainty (enHealth, 2004). Risk 

characterisation produces a quantitative or qualitative estimate that comprises aspect of 

severity, the nature of and potential incidence of effects in a given population (USEPA, 

1995b). In the evaluation of the risk, the result of the exposure assessment alongside the 

dose-response assessment is combined to evaluate the potential risks posed by the hazard. 

Comparisons are often made between exposure assessment and established criteria for 
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environmental health (enHealth, 2004). Risk characterisation using probabilistic 

techniques can be carried out through the consideration of exposure and toxicity 

assessments. This is based on observations of relationships between exposure and toxicity 

effects in existing situations (Connell, 2005) The use of probabilistic techniques requires 

evaluation of exposure as a CPD then characterization of the adverse effects of that 

exposure using dose/exposure relationships as probabilistic distributions. As shown in 

Figure 3.5, exposure (concentration in the environment) and dose – response (toxicity 

effects) can be on the same graph of probabilistic plots since both use the same scales (% 

cumulative frequency) against log environmental concentration. From the cumulative 

probabilistic distribution plots, both exposure and dose/exposure relationships can be 

interpreted together. 
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Figure 3.5 Risk characterization of Exposure doses (ADDB) and Lifetime Average Daily 

Dose corresponding to adverse health effects (LADDD). Source: Adopted from Phung, 

2012 

 

Human epidemiological data processed by the probabilistic technique has been presented 

in some recent studies relating to health risk assessment (Connell et al., 2002; Hamidin et 

al., 2008; Cao et al., 2011; Yu 2012; Phung et al., 2012). The study of Phung et al (2012) 

evaluated health risk of farmers for exposure to chlorpyrifos in Vietnam using 

probabilistic risk assessment techniques as shown in Figure 3.4. The risk was estimated 

by the overlap between exposure dose in terms of average daily dose (ADD) to the 

chlorpyrifos and the doses corresponding to the adverse effect in terms of lifetime average 

daily dose (LADD). 
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3.7.6 Risk Assessment Using Probabilistic Techniques 

Risk assessment can be conducted using probability distributions in estimating the risk. 

USEPA (2001), reported that the probability distribution should reflect the variability or 

uncertainty. Using probabilistic techniques for health risk assessment gives a quantitative 

description of uncertainty, variability when evaluating the risk for non-cancer and cancer 

health effects. (Cullen and Frey, 1999, Hart, 2001). When using probabilistic techniques 

in health risk assessment, the cumulative probability distribution (CPD) is usually 

displayed in a graphical form as a plot. According to USEPA 1997, the displays do 

represent the distribution that is often useful in conveying different information such as 

percentiles (including the median), high-end risk range (90 to 99th percentiles), 

confidence intervals for selected percentiles and stochastic dominance (for any percentile, 

the value for one variable exceeds that of any other variable). Terms such as confidence 

level and percentile range are used in describing uncertainty in the graphs. Selected 

percentile such as 5th, 50th, 90th, 95, and 99th percentile are the focus in informing risk 

management decisions (Aldernberg et al., 2001). 

 
 

3.8 Methods for Risk Characterisation 

3.8.1 Hazard Quotient  

Hazard quotient (HQ) usually involves using single points thus health risks are sometimes 

estimated using single point estimates for both exposure and effects. The potential health 

risks posed by a compound are calculated as a point estimate being the quotient of single 

values representing exposure and effects as shown in Equation 3.3 
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𝐻𝑄 =
𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒

𝐺𝑢𝑖𝑑𝑒𝑙𝑖𝑛𝑒 𝑉𝑎𝑙𝑢𝑒   
                                                                         𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.3 

 

If the calculated value for hazard quotient is smaller than one, it indicates low health risk. 

However, if the hazard quotient exceeds one, it means that the compound is present at 

levels that may pose a risk to health (Cao, 2010). Exposure and effects are characterised 

by probability distributions.  

 

3.8.2 Monte-Carlo Simulation 

According to Smith (1994), the Monte-Carlo simulation (MCs) for risk assessment is 

widely used in exploring problems in many disciplines that includes engineering, science, 

insurance and finance. It utilizes statistical sampling techniques to derive the probabilities 

of possible solutions for mathematical equations or models. The Monte-Carlo simulation 

technique can also be used to evaluate the probability of particular outcomes from risk 

modelling. 

Monte-Carlo simulation brings together different assumptions often on exposure, to arise 

with possible ranges or probabilistic distributions of risk rather than of point estimates. 

The Monte-Carlo simulation result of a continuous probability distribution can be 

displayed in a graph in the form of a probability distribution density (PDD) (Biesiada, 

2001). 
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3.8.3 Margin of Safety 

Margin of safety (MOS) is the ratio of the outcomes of the effect and the exposure 

assessments as expressed in Equation 3.4. This is determined by dividing the NOAEL or 

LOAEL (mg/kg bodyweight/day) by predicted exposure or the corresponding measured 

exposures (mg/kg bw/day) (HERAG, 2007). 

𝑀𝑂𝑆 =
𝑁𝑂𝐴𝐸𝐿 𝑜𝑟 𝐿𝑂𝐴𝐸𝐿

𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒
                                                                      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.4 

 

3.8.4 Cancer Risk using Slope Factor (SF)  

The slope factor is a technique used for risk assessment in charactering risks for 

carcinogens. The slope factor is a toxicity value that illustrates the dose and response 

relationship of a chemical on human exposure (USEPA, 2001). The USEPA utilizes 

linearized multistage model (LMM), in generating the slope factor for predicting cancer 

risk at a specific dose. This model uses a linear extrapolation with a zero dose threshold 

from the upper confidence level of the lowest dose that produced cancer in human 

epidemiology study or in animal laboratory study. The slope factor is derived for 

carcinogenic chemicals based on animal experiments and accidental exposure from 

human epidemiological studies (USEPA, 2005). The slope factor is used to calculate the 

number of cancer incidence that will occur in a population exposed to an amount of 

chemical for a lifetime (Connell, 2005). Therefore, incidence of cancer can be estimated 

with the slope factor using Equation 3.5.  

 

    𝐶𝑎𝑛𝑐𝑒𝑟 𝑅𝑖𝑠𝑘 = 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒(mg/kg/day) ×  𝑆𝑙𝑜𝑝𝑒 𝐹𝑎𝑐𝑡𝑜𝑟(mg/kg/day)−1    𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.5 
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3.8.5 Inhalation Unit Risk 

The inhalation unit risk (IUR) is used to estimate the number of cancer incidence per 

million people for every µg/m3 of a chemical through inhalation exposure for a lifetime 

(WHO, 2010; USEPA, 2009). Unlike the slope factor, inhalation unit risk is specific to 

air. The inhalation unit risk is derived for chemicals based on animal experiments and 

accidental exposure from human epidemiological studies (USEPA, 2005a). The incidence 

of cancer for exposure to a chemical in air can be estimated with the IUR using the 

following Equation. 

𝐶𝑎𝑛𝑐𝑒𝑟 𝑅𝑖𝑠𝑘 = 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒(µg/𝑚3) ×  𝐼𝑈𝑅 (µg/𝑚3)−1         𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.6 

 

3.8.6 Overall Risk Probabilistic (ORP) Method 

 This method is a probabilistic risk characterisation method that is applicable in 

evaluating carcinogenic and non-carcinogenic effects. The overall risk probability 

method is put to use based on the overall risk probabilistic (ORP) curve. The ORP curve 

is a plot of exposure exceedence values versus values of cumulative probability (CP) of 

corresponding population (Cao et al., 2011). From the plot, health risk can be estimated 

with respect to the distance of the ORP curve to the base of the axes. However, this 

implies that the larger the distance between the exposure exceedence curve and the base 

of the axes, the higher the risk. It is also worthy to note that as the curve moves away 

from the base of the axes, the area under the exposure exceedence curve increases. This 

area is achieved as the outcome of the two probabilities in the cumulative distribution 

curves for the effects and exposure values. The shape of exposure exceedence curve is 
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generally concave as well as the cumulative distribution curve for exposure often on the 

left hand side of the cumulative distribution curve for effects (cao et al., 2011). 

 

 

 

Figure 3.6 Overall risk probability curve estimated from the cumulative probability 

distribution of exposure and dose-response values. Source: Adopted from Edokpolo et al, 

2014 

 

Figure 3.7 is overall risk probability curves of the incidence of cancer for exposure to 

benzene in service station environments. Thus, the overall risk probability curve serves 

as a tool that can be used in comparing the risk levels in a cumulative probability 

distribution for exposures and effects (Liao, 2011; Phung, 2012). 
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CHAPTER 4    

RESEARCH METHODOLOGY  

4.1 Background 

The objectives of this study are focused on BTX mainly benzene. The choice of BTX is 

based on the carcinogenetic and other adverse health effect from exposure to BTX.  

Sources of release to the environment, routes to human exposure and the presence of BTX 

in occupational environments were collected from the scientific literature. Information on 

human exposure to BTX is limited for human epidemiological studies in the evaluation 

adverse health effect. However this study also collected toxicity data from animal 

experiments. 
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4.2 Strategy for Risk Assessment Used in This Study 

A detailed illustration of the overall strategy in achieving the aim and objectives of this 

research study is shown in Figure 4.1. The diagram is the basic risk assessment framework 

showing the hazard identification, exposure assessment, dose – response assessment and 

finally risk characterisation involved in evaluating the health risk used in this research for 

people exposed to BTX in service station environments and petroleum refinery 

environments.  

Step 1 is the Hazard Identification of BTX in occupational environments discussed in 

Background Section (4.1). BTX was identified mainly because of the observed adverse 

effects on human health and the carcinogenicity of benzene. Step 2 and step 3 involved 

searching the scientific literature for data which was then organized into data sets 

corresponding to several Scenarios according to activity, location and occupation. 

The Exposure Assessment (Step 4) was carried out for two situations namely Service 

Stations and Petroleum Refinery Environments discussed in Chapter 5 and 6 respectively. 

The data in the different Scenarios were used in developing cumulative probabilistic 

distribution (CPD) plots. Guideline Values were assembled for BTX from various 

international organisations such as world health organisation (WHO); European Union; 

United Kingdom; occupational safety and health administration (OSHA), USA; national 

institute for occupational safety and health (NIOSH).   

The hazard quotient (HQ), cancer risk and overall risk probability were estimated from 

the CPD plots for exposure to BTX in evaluating the health risk. 

The Dose – Response Assessment (Step 5), the Dose – Response Assessment is the 

evaluation of LOAEL data from human epidemiological studies and animal experiments. 
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Cumulative probability of lowest effects distribution (CPLED) plots were developed 

using the obtained LOAEL data for benzene. The adverse health effects for humans were 

evaluated in terms of average daily dose (ADD), lifetime average daily doses (LADD) 

for humans calculated from data obtained from human epidemiological studies and 

human equivalent dose (HED) from animal toxicity data. CPLED plots in terms of ADD, 

LADD and HED made represent the minimum to maximum values of adverse health 

effects. The Risk Characterization (step 6) for human health was estimated using three 

different methods; hazard quotient (HQ), Monte-Carlo simulation (MCs) and overall risk 

probability (ORP).  

 

4.3 Sources of Data 

4.3.1 Background 

Exposure data and toxicity data used in evaluating the health risk associated with 

exposure to BTX were obtained from scientific literature.   

For Exposure Assessment, two basic sets of data were derived from scientific literature 

 Exposure to BTX in service station environments (Chapter 5) 

 Exposure to benzene in petroleum refinery environments (Chapter 6) 

For the evaluation of LOAEL relationships (Chapter 7), the human and animal toxicity 

data were obtained from scientific literature. Risk Characterisation (Chapter 8) utilizes 

the data from exposure assessment (Chapters 5 and 6) and evaluation of LOAEL data 

(Chapter 7). 
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4.3.2 Exposure to BTX in Service Station Environments (Chapter 5) 

Sources of Data 

The data sets that were utilized to evaluate the risk to human health were data 

concentrations in air that can result in exposure through inhalation by humans in the 

service station environment. The data sets used to quantify the exposure to BTX were 

collected from an extensive search of the scientific literature using various search engines 

such as Google, Web of Knowledge, Web of Science and Science Direct. The source and 

nature of the datasets are summarized in Table 5.1.  Each reference provided one or more 

sets of individual BTX measurements, with each set representing measurements for a 

sampling location, activity or job description. A number of data sets were available where 

only mean concentration were reported (Periago and Prado, 2005; Little and Cram, 1995; 

Soldators et al., 2001; Tunsaringkarn et al., 2012; Hartle, 1993; Periago et al., 1997; Uren, 

1996; Jo and Oh, 2001; Leung and Harrison, 1997; Ruchirawat et al., 2010; Behrami et 

al., 2007; Navasumrit et al., 2005; Smith, 1999; Olivera et al., 2007; Egeghy et al., 2000). 

These were not included in the risk assessment exposure analysis. Since they cannot be 

combined and interpreted with the datasets on individual measurements. 

 

Criteria for Data Selection 

The health risk is focused on evaluating exposure data on BTX concentrations in the 

ambient air of service station environments. The datasets were related to exposure through 

inhalation of BTX in the ambient air rather than uptake from other routes. Only data sets 

reported in the last 20 years from 1993 to 2013 (inclusive) were utilized. Data was 

reported in two forms: 

(i) Original data on individual concentrations and mean concentrations of BTX. The mean 

data sets were not used since the way in which the means were derived were not consistent 
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between datasets and the risk characterisation depends on specific exposure 

concentrations. 

(ii) Original data on individual BTX concentrations in service station environments were 

utilized based on studies with similar chemical and analytic methods, samples were 

collected with similar techniques and studies done in the last 20 years (1993 – 2013). 

4.3.3 Exposure to Benzene in Petroleum Refinery Environments (Chapter 6) 

Data Collection 

Data sets for benzene exposure in petroleum refinery environments used in this study 

were gathered from the scientific literature using various search engines such as Google, 

Web of Knowledge, Pubmed, Toxnet, Medline and Science Direct. Each reference 

provided one or more sets of benzene measurements, with each set representing 

measurements for a sampling location, activity or occupation (Table 6.1). 

 

Criteria for Data Selection 

The health risk was focused on evaluating exposure data on benzene concentrations in 

the ambient air of petroleum refineries. Only reported data sets as individual 

concentrations and base estimates as individual concentrations were utilized for 

consistency. A number of data sets were reported as mean concentrations but these data 

sets were not included in the risk assessment analysis since they cannot be combined and 

interpreted with the datasets on individual measurements and base estimates. 

 

 

 

 



49 

  

4.3.4 Evaluation of LOAEL Relationships (Chapter 7) 

Collection of Data 

Data was collected from epidemiological studies on human exposure to benzene. Also 

data from animal experiment with benzene was utilized. The data sets were compiled 

from scientific literatures showing measured and monitoring data in various studies 

identified by search databases such as Web of Knowledge, Science Direct, Medline, 

Pubmeb and Google.  The data sets are mainly concentration levels of benzene showing 

the lowest observed adverse effects levels (LOAEL).  

Throughout this research, benzene concentration is expressed as µg/m3. A conversion 

factor of 1ppm = 3190µg/m3 was used when converting units from ppm to µg/m3. 

Conversions for chemicals in air are made assuming a pressure of 1 atmosphere and a 

temperature of 25 degrees Celsius (USEPA, 2012). 

The LOAEL data from human epidemiological studies and laboratory experiments on 

animals were obtained from the scientific literature and were categorised into three groups 

based on exposure time periods: short term exposure (STE), medium term exposure 

(MTE) and long term exposure (LTE) (Table A1 to A5, Appendix A). 

Definition of Short–Term, Medium – Term and Long–Term Exposure 

As defined by ATDSR (2005), acute exposure occurs between 1 to 14 days, intermediate 

exposures as > 14 to 365 day and chronic exposures as 365 days or more. USEPA (2009) 

defines acute exposure as >24hrs, sub chronic as > 30 days to 10% of human lifespan and 

chronic exposure > 10% of human lifespan. Klaassen (2001), reports that usually the 

exposure to chemicals is divided into four categories: acute, subacute, sub - chronic, and 

chronic. Acute exposure is defined as exposure to a chemical for less than 24 hours. 

Subacute exposure refers to repeated exposure to a chemical for 1 month or less, sub - 
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chronic for 1 to 3 months and chronic for more than 3 months. WHO (2010) defines single 

and short-term exposures as minutes, hours or a day. Medium-term or intermediate 

exposure ranges from weeks to months. Long-term exposures are for which average 

exposure is for a lifetime. In human and experimental animal studies, WHO (1991) 

categories short–term exposure as 1 day to 28days, long–term exposure as > 6 months 

and lifetime as > 1 year. 

In this work, the data sets obtained for human and experimental animals were presented 

in three categories such as short – term exposure {STE, 1–28 days (<1hr/day)}, medium 

– term exposure {MTE 1– 6 months (8hrs/day)} and long – term exposure {LTE > 6 

months (8hrs/day) to lifetime (70years)}. This is similar to the categorisation used in 

WHO (1991) for short–term exposure as 1 day to 28days, long–term exposure as > 6 

months and lifetime as > 1 year.                                                                       

 
 

4.3.5 Data Used for Risk Characterisation (Chapter 8) 

The data used for risk characterisation are from Chapter 5 (exposure to benzene in service 

station environments), Chapter 6 (exposure to benzene in petroleum refinery 

environments) and Chapter 7 (evaluation of LOAEL adverse effects from human 

epidemiological studies) presented in Tables 5.1, 6.1, A1 and A2.  
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4.4 Cumulative Probability Distribution (CPD) Plots  

The exposure and toxicity data obtained as discussed in Section 4.3 were used to develop 

Cumulative Probability Distribution (CPD) plots in evaluating the Exposure Assessment 

and LOAEL of human and animal toxicity data. Microsoft excel was used in constructing 

CPD plots from data collected from the various investigations. Thus CP% was calculated 

from 

               𝐶𝑃(%)  =    𝑖/(𝑛 + 𝑖)                                                                  𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.1                              

where, CP is cumulative probability (%), i, ith point and n, total number of data points. 

 

4.5 Exposure Evaluation 

4.5.1 Exposure Evaluation of BTX in Service Station Environments 

Background  

The data sets were obtained from the publications listed in Table 5.1. BTX concentration 

data were converted from mg/m³ and ppb to a uniform unit of µg/m³. The data sets for 

developing the CPD plots were categorized according to activity, location and 

occupation. Data sets were grouped together as Scenarios as described below.  

Scenario 1 – Exposure of Service Station Attendants to BTX Concentrations in Air 

This scenario was for service station attendants dispensing petrol to drivers in situations 

where there were no self-service facilities. Personal air samples were collected using air 

sampling pumps worn by the attendants during their work shift (Cruz-Nunez et al., 2003; 

Pitargue et al., 1995; Keretetse et al., 2008, Caro and Gallego, 2009).  
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Scenario 2 – Exposure to Concentrations of BTX in Air for Mechanics Repairing 

Petrol Pumps 

This scenario was for exposure to ambient BTX concentrations as 8hr TWA (Time 

Weighted Average) for mechanics repairing and maintaining petrol dispensing pumps. 

Personal air samples were collected by the air sampling pumps worn by the mechanics 

during work (Vainiotalo et al., 2006).  

 

Scenario 3 – Exposure of People to Concentrations of BTX in Air within the Service 

Stations 

This scenario was for exposure to ambient BTX concentrations at various points within 

the forecourt of the service station. Air concentrations were measured using static air 

pumps close to petrol dispensing pumps and within the forecourt perimeter. Service 

station attendants are the most likely exposed group although, individuals using the 

service stations are also possibly exposed (Correa et al., 2011; Vainiotalo et al., 1999; 

Terres et al., 2010; Lin et al., 2004; Gonzalez-Flesca et al 2002; CONCAWE, 1996).  

 

Scenario 4 – Exposure of Workers to Concentrations of BTX in Air in the Offices of 

Service Stations 

This scenario covers people working in the offices of service stations who are exposed as 

a result of BTX concentration levels in the air. Air samples were taken inside the offices 

of the service stations using personal sampling pumps (Cruz-Nunez et al., 2003). 

 

Scenario 5 – Exposure to Concentrations of BTX in Air for Customers during Car 

Refueling 

This scenario was for exposure of customers to ambient BTX concentrations during car 

refueling. Semipermeable membrane devices (SPMDs) were deployed on peoples 
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clothing for a few minutes during vehicle refuelling. Sampling time was between 2 – 40 

minutes (Esteve – Turrillas et al., 2007).  

 

Scenario 6 – Exposure to Concentrations of BTX in Air for People External to the 

Service Stations 

This scenario covers emission of BTX from the service stations to the immediate 

surroundings giving exposure to people living near service stations. BTX concentration 

data sets were obtained from the boundary to a distance of 5 to 300 meters from the 

service stations. BTX air concentrations were collected using static air pumps at different 

positions from the boundary to the background level of the service stations (Correa et al., 

2011; Ballesta and De Saeger 1995; Morales–Terres et al., 2010; CONCAWE; 1994; 

Jones et al., 2000; CONCAWE, 1996).  

 

4.5.2 Exposure Evaluation for Benzene in Petroleum Refinery Environments 

Background 

The data sets were obtained from the publications listed in Table 6.I. The benzene 

concentration data were converted from mg/m³, ppm and ppb to a uniform unit of µg/m³. 

The data sets that were used to develop CPD plots for exposure to benzene were 

categorized into Scenarios as outlined below. 

Scenario 1 – Exposure to Benzene as Base Estimate Concentrations for Petroleum 

Refinery Workers 

This Scenario represents benzene concentrations calculated as base estimate 

concentrations for retrospective benzene exposures in petroleum industries from studies 

using similar methods in deriving the base estimates from benzene measurements. The 

studies were for early 1940 to 1996 for the Australian study (Glass et al., 2000); 1909 to 

1989 for the Canadian study (Glass et al., 2010); 1902 to 1992 for the United Kingdom 

study (Lewis et al., 1997). Base estimates were calculated for available measurements of 
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benzene concentrations during these periods.  However, in situations were measured 

benzene data was not available, benzene exposure was estimated to derive the base 

estimate. The data sets used in this Scenario were obtained from Glass et al., 2000; Glass 

et al., 2010; Lewis et al., 1997. 

 

Scenario 2 – Exposure to Benzene for Petroleum Refinery Workers  

This Scenario was for petroleum refinery workers in different occupations within the 

petroleum refineries exposed to benzene. The concentrations of benzene in air were 

collected by the workers wearing personal air sampling pumps. The data sets used in this 

Scenario were obtained from Basso et al., 2011; Mirkova et al., 1999. 

Scenario 3 – Benzene Concentrations in Air inside the Petroleum Refineries 

The data sets were derived from air samples taken within various work locations inside 

the petroleum refineries. Measurements of benzene concentration levels were obtained 

by using air sampling pumps positioned at various locations inside the petroleum 

refineries. The data sets used in this Scenario were obtained from Lin et al., 2004; Rao et 

al., 2007; Mirkova et al., 1999. 

Scenario 4 – Benzene Concentrations in Air outside the Petroleum Refineries 

The data sets obtained for this Scenario were for emissions of benzene from petroleum 

refineries to the immediate surroundings giving exposure to people living near the 

petroleum refineries. Benzene concentrations were obtained around the petroleum 

refineries at a maximum distance of 2km by using air sampling pumps at different 

sampling locations near the petroleum refineries. The data sets used in this Scenario were 

obtained from Lin et al., 2004; Rao et al., 2007; Gariazzo et al., 2005. 
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4.6 Calculation of Exposure Doses 

4.6.1 Calculation of Average Daily Dose (ADD) 

Exposure to BTX in air is mainly through Inhalation. Exposure data sets from service 

station environments and petroleum refinery environments were concentrations of BTX 

in the air.  

The toxicity data obtained from the epidemiological studies on human and experimental 

animals were reported as concentrations of benzene through inhalation.  

These data sets were converted to ADD by taking into account the inhalation rate and 

body weight.  

The average daily dose (ADD) (µg/kg/day) was derived using Equation 4.2.  

     𝐴𝐷𝐷  (µ𝑔/𝑘𝑔/𝑑𝑎𝑦) = [𝐶 ×  𝐼𝑅 × 𝐸𝐹 ] [𝐵𝑊]⁄                                       𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.2   

where, ADD is dose (µg/kg/day); C, concentration in air (µg/m3); IR, inhalation rate   

(m3/day); BW, body weight (Kg); EF, exposure frequency is the frequency of exposure 

in days/years but was converted to days/day (d/d).  

 

4.6.2 Calculation of Lifetime Average Daily Dose (LADD) 

The lifetime average daily doses (LADD) (µg/kg/day) for exposure data sets from service 

station environments and petroleum refinery environments as well as human toxicity data 

and animal experiments toxicity data were estimated using Equation 4.3.                 

            𝐿𝐴𝐷𝐷 = 𝐴𝐷𝐷 ×   𝐸𝐷/𝐿𝑇                                                                     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.3                                     

where, ADD and LADD is dose (µg/kg/day); ED, exposure duration is the period of time 

over which the person is in contact with the chemical in years but was converted to days 
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(d) for this study; LT, is lifetime exposure (d). Exposure values for indoor and outdoor 

IR, EF, ED and LT are presented in Table 5.2 and 6.2 respectively. 

 

4.6.3 Calculation of Human Equivalent Dose (HED) from Animal Experiment 

Toxicity Data 

The data for evaluating dose-response relationships are usually obtained from animal 

experiments. The exposure data for laboratory animals obtained from the scientific 

literature was converted to HED based on body surface area (BSA) and body weight 

(BW) using Equation 4.4 recommended by the United States food and drug 

administration (USFDA). This was achieved by using a correction factor that reflects the 

relationship between body weight and body surface area (Human km and animal km). Km 

factor (kg/m2) is expressed as the ratio of BW to BSA for different species (FDA, 2005). 

𝐻𝐸𝐴𝐷𝐷 𝑜𝑟 𝐻𝐸𝐿𝐴𝐷𝐷(µ𝑔/𝑘𝑔/𝑑𝑎𝑦) = [𝐴𝐷] × [𝐾𝑚𝐴𝑛𝑖𝑚𝑎𝑙/𝐾𝑚𝐻𝑢𝑚𝑎𝑛]    𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.4 

where, HEADD is human equivalent average daily dose (µg /kg/day); HELADD is 

human equivalent dose lifetime average daily dose (µg/kg/day); AD, animal dose 

(µg/kg/day); KmHuman and KmAnimal, Km factors for human and animals (kg/m2). A 

summary of defaults values for BW, IR and Km factor used in calculating HEADD and 

HELADD for humans and animals is presented in Table 4.1.   

 

 

 

 



57 

  

Table 4.1 Summary of default factors for humans and animals testing (Derelanko, 

2010; USEPA 1991) 

Default  factors Unit Human Mouse Rat Rabbit 

Lifetime Years 70 1.5 2 7.8 

Body weight Kg 70  0.03 0.35 3.8 

Inhalation rate m3/day 20  0.052 0.29 2 

Km factor (kg/m2) 37 3 6 12 

USEPA Reference 

Dose  

(μg/kg/day) 8.5 N/A N/A N/A 

N/A – not applicable 

 

4.7 Risk Characterisation 

4.7.1 Calculation of Hazard Quotient (HQ) using Guideline Values 

The HQ was estimated using USEPA inhalation reference dose (RfD) as the threshold. 

The inhalation reference dose (RfD) derived for BTX presented in Table 5.3 were used 

to estimate the HQ from exposure to BTX in the various Scenarios. The BTX exposures 

were estimated at the median level (50%CP) which represents the main group of 

individuals and the 95% level (95%CP) representing the highest exposed group in the 

population. This highly exposed group occurs at a level of 5% in the population and the 

median group represents over 50% in the population. HQ was obtained as a ratio of 

exposure to BTX in terms of LADD to the inhalation reference dose (RfD) as shown in 

Equation 4.5.  

        𝐻𝑄 50/𝑅𝑓𝐷 𝑜𝑟 𝐻𝑄95/𝑅𝑓𝐷 = 𝐿𝐴𝐷𝐷/𝑅𝑓𝐷                                                               Equation 4.5                                                                      

where, HQ50/RfD is hazard quotient at 50%CP, HQ95/RfD is the hazard quotient at 95%CP; 

LADD, lifetime average daily dose (µg/kg/day); RfD, reference dose (µg/kg/day). 
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4.7.2 Calculation of Hazard Quotient (HQ95/5)  

The HQ95/5 was quantified as the ratio between exposure dose of benzene at the 95%CP 

of ADD and LADD that represents the high exposure group, and the 5%CP of LOAEL-

ADD and LOAEL-LADD corresponding to adverse health effects of the sensitive group 

in the population. The HQ95/5 was calculated for the different scenarios in service stations 

and petroleum refinery environments as a ratio of 95%CP level of the exposure and 5%CP 

level of the LOAEL relationships using Equations 4.6 and 4.7 respectively. The 5%CP 

level of the LOAEL relationships was used for estimating guideline values from human 

and animal toxicity data. 

           𝐻𝑄95/5 =  𝐴𝐷𝐷95 𝐿𝑂𝐴𝐸𝐿 − 𝐴𝐷𝐷5⁄                                                       𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.6               

          𝐻𝑄95/5 =  𝐿𝐴𝐷𝐷95 𝐿𝑂𝐴𝐸𝐿 − 𝐿𝐴𝐷𝐷5⁄                                                   𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.7   

 

 

4.7.3 Estimation of Hazard Quotient using Monte-Carlo Simulation 

Monte-Carlo simulation is a method used for performing probabilistic risk assessment. 

Monte-Carlo simulation technique was conducted via Chrystal Ball®2000 Software. The 

hazard quotient was calculated with random chosen values of variables and parameters to 

produce an outcome in the form of probability distribution density for a given hazard 

quotient by repeated simulation of 10,000 trials. Monte-Carlo simulation technique 

involves combining the results of random samplings of values from input probability 

distributions to produce an output which can be expressed as a probabilistic distribution 

density of HQ.  

 Monte-Carlo simulation was applied to estimate the hazard quotient as a ratio of an 

exposure doses (ADD; LADD) to a LOAEL dose (LOAEL-ADD; LOAEL-LADD). The 
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simulation of hazard quotient are referred to as HQMC. The percentage of HQMC in the 

probability distribution density of HQMC >1 is defined as the Monte-Carlo risk probability 

(MRP). MRP of HQMC >1 implies the percentage of population at risk of adverse health 

effects. 

4.7.4 Calculation of Cancer Risk (CR) 

According to USEPA, cancer risk is expressed as excess risk of developing cancer over 

a lifetime of exposure. The cancer risk (CR) on exposure to benzene through inhalation 

was quantitatively estimated at 50%CP and 95%CP by converting to LADD a calculation 

using Equation 4.8. CR for toluene and xylene could not be calculated because a slope 

factor value is not available for these compounds. Slope Factor for benzene is reported in 

Table 5.3. The CR was calculated for exposure to benzene using Equation 4.8 (USEPA, 

2005). 

       Cancer Risk = LADD (µg/kg/day) × SF (µg/kg/day)-1                        Equation 4.8 

where, SF is slope factor for benzene. 

4.7.5 Estimation of Overall Risk Probability (ORP) 

The ORP method is based on the use of the overall risk probability curve. The ORP curve 

is the plot of CP exposure exceedence values against the corresponding CP values for 

affected population affected. A detailed description of overall risk probability in risk 

assessment has been discussed in Cao et al., 2011. The ORP was estimated as the area 

under the curve of the relationships between exposure exceedence (EE) Values and 

affected population (AP). Also, a new method for calculating cancer risk was developed 

using ORP based on Equation 4.8. ORP is the probability of a population with risk of 

adverse health effects. 
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CHAPTER 5   

 HEALTH RISK ASSESSMENT FOR EXPOSURE TO BTX IN SERVICE 

STATION ENVIRONMENTS USING PROBABILISTIC TECHNIQUES 
 

5.1 Background 

Petrol vapour emissions constitute one of the main sources of air pollutants in service 

stations (Table 1). Petrol is a complex mixture consisting mainly of hydrocarbons with a 

range of 3 – 11 carbon atoms (Gonzalez – Flesca et al., 2002). There are a wide range of 

volatile aromatic hydrocarbons (VAHs) present in the atmosphere of service stations as a 

result of emissions of vapours during dispensing, loading, unloading and transportation 

of petrol (Periago et al., 1997).  The major VAHs are benzene, toluene and xylene often 

referred to as the BTX compounds (Pitargue et al., 1995). 

Benzene is regarded as the most hazardous compound of the BTX group. Benzene is 

classified to be a Group A and Class 1 human carcinogen by USEPA and IARC 

respectively (WHO, 2010) but, toluene and xylene do not fall in this group (ADSTR, 

2005; 2006). Short term human exposures to BTX compounds can give rise to various 

adverse health effects such as headaches, dizziness, inability to concentrate, impaired 

short term memory and tremors (Navasumrit, 2005). While long term exposures can give 

rise to more complex health effects that include haematotoxicity, genotoxicity, 

immunological and reproductive effects as well as various cancers (Keretetse et al., 2008; 

WHO, 2010).  

Health risk assessment for toxic pollutants can be carried out to evaluate the possible 

adverse effects of exposure to these substances (Majumdar et al., 2008; Cooper, 2007; 

Badjagbo et al., 2010). For example, a study of BTX exposures in service stations 

conducted in Greece (Soldatos et al., 2001) found concentrations of benzene in the service 
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stations were higher than the air quality limit set by National Institute for NIOSH and 

ACGIH.  Majumdar et al. (2008) has shown that chronic exposures to benzene with 

service station attendants may result in the occurrence of cancer and other adverse health 

effects. In a similar study, DNA damage was observed with service station attendants 

exposed to benzene (Keretetse et al., 2008). Many studies on BTX exposure in service 

stations have been conducted and are summarized in Table A1. BTX concentrations in 

the air were reported to be highest for  service station attendants as compared to other 

locations in and around the service stations (Periago and Prado, 2000; Lin 2003; Morales 

– Terres, 2010).  Investigations in Iran with service station attendants found they are more 

at risk of adverse health effects than drivers (Behrami et al., 2007). Another study in 

Thailand showed than service station attendants were at greater health risk than any other 

occupation from exposure to benzene (Navasumrit et al., 2005). 

Exposure to toxicants can be evaluated using guidelines based on the ADI, MRL and RfD 

as single points to quantify the risk (USEPA 1994). However, risk assessment using 

probabilistic techniques utilizes probability distributions to estimate the risk (Djohan, 

2007; Hamidin et al., 2008; Yu et al., 2011). This technique gives a quantitative 

description of uncertainty and variability in evaluating the risk of health effects (Cao et 

al., 2011). 

In previous studies, the health risk of chlorination disinfection by-products in drinking 

water has been evaluated using probabilistic techniques which suggested that there are a 

number of possible adverse health effects (Hamindin et al., 2008). Also a study of the 

health risk due to chlorobenzenes in the air of residential houses using probabilistic 

techniques indicated that there was a low risk to human health (Djohan et al., 2007). In 

other studies, new techniques have been developed for quantitative health risk 
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assessment, particularly with the overall risk probability method (Cao et al., 2011; Yu et 

al., 2012) which has been utilised in several health risk evaluations (Phung et al., 2012). 

As Discussed in Section 4.3.1, the data sets (Table 5.1) used in evaluating the health risk 

for exposure to BTX in service station environments were collated into different 

categories described as Scenarios according to activity, location and description. 

Subsequently the BTX exposure data sets were used to develop CPD plots for each 

Scenario by using Equation 4.1. From the CPD plots HQ and CR were estimated at 50% 

and 95%CP level. A new method was developed for calculating cancer risk using ORP. 

Figure 5.1 is the strategy used in evaluating the health risk for exposure to BTX modified 

from Figure 4.1. 
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Figure 5.1 Strategy for research in Chapter 5 (green background) based on the 

overall research strategy (Chapter 4 Figure 4.1)  
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Table 5.1 Investigations of concentrations reported as individual values of BTX in 

service station environments  

 

Reference Description  Country 

Cruz-Nunez 

et al., 2003 

Personal exposure in service stations  Mexico  

Pitargue et 

al., 1995 

Exposure to benzene from a group of 

filling station attendants  

Spain  

Correa et al., 

2011 

Impact of benzene emissions from gas 

stations into the atmosphere 

Brazil 

Ballesta and 

De Saeger 

(1995) 

Benzene, toluene and xylene 

measurements in the vicinity of petrol 

stations 

Spain and Belgium 

Keretetse et 

al., 2008 

Personal exposure to benzene in African 

petrol attendants 

South Africa 

Vainiotalo et 

al., 1999 

Customer exposure to MTBE, TAME, 

Alkyl Methyl Ethers and benzene during 

gasoline refuelling     

Finland 

Morales–

Terres et al., 

2010 

Impact of benzene from petrol stations 

surroundings 

Spain 

Lin et al., 

2004 

Investigation of MTBE and Aromatic 

Compound Concentration at a Gas Service 

Station 

Taiwan 

Esteve- 

Turrillas et 

al., 2007 

Assessing air quality inside vehicles and at 

filling stations by monitoring BTX                                       

Spain 

Vainiotalo et 

al., 2006 

Exposure to MTBE, TAME and Aromatic 

Hydrocarbons during gasoline pump 

maintenance, repair and inspection 

Finland 

Gonzalez-

Flesca et al 

2002 

BTX concentrations near a stage II 

implemented petrol station 

France 

Caro and 

Gallego, 2009 

Environmental and biological monitoring 

volatile organic compounds in the 

workplace  

Spain 

CONCAWE, 

1994 

A preliminary study of ambient air 

concentrations of benzene around service 

stations and distribution terminals in 

europe 

Europe (Belgium, 

France, Germany, 

Greece, Ireland, Italy, 

Norway, Portugal, 

Sweden) 

CONCAWE, 

1996 

A year long study of ambient air 

concentrations of  benzene around a 

service station 

United Kingdom 

Jones et al., 

2000 

The Measurement of Benzene in the 

Vicinity of Petrol Stations 

United Kingdom 
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5.2 Scenario 1- Exposure of Service Station Attendants to BTX 

Concentrations in Air 

 

Figure 5.2 is the CPD plots of benzene (B1 – B2), toluene (T1 – T2) and xylene (X1 – 

X2) concentrations in air of service stations for attendants wearing air sampling pumps 

during work. From the linear equations obtained for BTX exposures (Figure 5.2), the 

slopes for benzene plots were 62 and 74, the slopes of toluene and xylene plots were 61 

and 81 respectively. This indicates a similar pattern of distribution with all the BTX 

compounds. 

 

The exposure to BTX concentrations in air in this scenario (Figure 5.2) was compared to 

NIOSH REL, ACIGH TLV, OSHA PEL, EC LV and SAOHS OEL (Table 3.6). At 

50%CP and 95%CP, exposures to toluene and xylene were lower than the exposure limits. 

In addition, exposure to benzene at 50%CP was higher than NIOSH REL but lower than 

ACIGH TLV, OSHA PEL, EC LV and SAOHS OEL. However, at 95%CP exposure to 

benzene in air for service station attendants was higher than NIOSH REL, ACIGH TLV, 

EC LV and SAOHS but lower than OSHA PEL.  

The CPD plots show diagrammatically the difference in the concentrations of benzene to 

toluene and xylene. From the lowest point to 40%CP, benzene concentrations (B1a) in 

air was about 30 to 100 times lower than benzene concentrations from 40%CP to 95%CP 

(B1b). However, not much difference was observed for toluene and xylene 

concentrations. A major factor responsible for the difference in concentrations was the 

efficiency in the use of Stage 1 and 2 Vapor Recovery Systems (VRS) in some of the 
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service stations (Cruz-Nunez et al., 2003) as compared to service stations without the use 

of VRS.  

The ratio of the concentrations of benzene for service stations with VRS to service 

stations without was quantified as the Relative Presence (RP). The estimation of RP was 

based on average levels of BTX in the service stations that use Stage 1 and 2 VRS to 

service stations that did not utilize Stage 1 and 2 VRS.  

            𝑅𝑃 =  
Median concentration with Stage 1 and 2 VRS

Average of median concentration without stage 1 and 2 VRS
      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5 

The RP for benzene, toluene and xylene were 0.004, 0.1 and 0.2 respectively. This was 

plotted against the boiling points of BTX to evaluate the influence of this factor. The 

linear equation for the plot was calculated as  

           𝑅𝑃 = 0.0032𝐵𝑃 − 0.26,             𝑅2  =  0.99                                  𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6   

This RP in the air increases with the boiling point and is a reflection of the volatility of 

the compounds. The use of VRS results in benzene having the lowest concentration in the 

ambient air of the service stations since it is removed with the VRS. 
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Figure 5.2. Scenario 1, CPD plots for exposure of service station attendants to 

concentrations of benzene, toluene and xylene in the air of service stations as measured 

by personal air sampling pumps 
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5.3 Scenario 2– Exposure to Concentrations of BTX in Air for Mechanics 

Repairing Petrol Pumps 
 

The concentration levels of benzene (B5), toluene (T5) and xylene (X5) collected during 

repair of petrol dispensing pumps by mechanics wearing personal sampling pumps in the 

service stations were plotted as CPD plots in Figure 5.3. The linear regression equations 

that were obtained from the CPD plots of benzene, toluene and xylene have almost 

identical slopes 62 and 64 and 75 respectively indicating similar distribution patterns.  

The exposure data were used to compare the occupational exposure limits as shown in 

Table 3.6. At 50%CP and 95%CP, none of the exposure values for toluene and xylene 

exceeds NIOSH REL, ACIGH TLV, OSHA PEL, SAOHS OEL and EC LV (Table 3.6). 

At 50%CP the concentration of benzene in air was below NIOSH REL, ACIGH TLV, 

OSHA PEL, SAOHS OEL and EC LV. However, the data points at 95%CP as shown in 

Figure 5.3 have some concentrations of benzene higher than NIOSH REL but lower than 

ACIGH TLV, SAOHS OEL, EC LV and OSHA PEL. 
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Figure 5.3 Scenario 2, CPD plots for exposure to mechanics repairing and maintaining 

fuel pumps to concentrations of benzene, toluene and xylene in air as measured by 

personal air sampling pump 
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5.4 Scenario 3 – Exposure of People to Concentrations of BTX in Air 

within the Service Stations 
 

The CPD plots for benzene (B2), toluene (T2) and xylene (X2) concentrations in air 

within the service stations forecourt perimeter are shown in Figure 4. Linear regression 

equations were obtained for each compound as shown in the CPD plots (Figure 5.4) with 

correlation coefficients (R2) of 0.97 indicating a high linearity of distribution of the data. 

The exposures to BTX (Figure 5.4) were compared to the exposure limits in Table 3.6. 

At 50%CP and 95%CP, all exposures to benzene, toluene and xylene plots were lower 

than NIOSH REL, ACIGH TLV, OSHA PEL, SAOHS OEL and EC LV (Table 3.6).  
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Figure 5.4 Scenario 3, CPD plots for exposure to concentrations of benzene, toluene and 

xylene in the air for people operating within the forecourt perimeter of the service stations 

as measured by static air sampling pumps 
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5.5 Scenario 4 - Exposure of Workers to Concentrations of BTX in Air in 

the Offices of Service Stations 
 

The concentration levels of benzene (B3), toluene (T3) and xylene (X3) in the offices of 

service stations were plotted as CPD plots in Figure 5.5. None of the BTX exposures in 

the offices of the service stations exceeds the exposure limits in Table 3.6 at 50%CP and 

95%CP (Figure 5.5). From the linear regression equations, xylene and toluene have 

almost identical slopes of 34 and 42 respectively which are quite different from the slope 

obtained for benzene (213). This indicates that the concentrations of toluene and xylene 

were distributed over a wider range than benzene.   
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Figure 5.5 Scenario 4, CPD plots for exposure of workers to concentrations of benzene, 

toluene and xylene in the air of offices of service stations as measured by personal air 

sampling pump 
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5.6 Scenario 5 - Exposure to Concentrations of BTX in Air for Customers 

during Car Refuelling 
 

The concentration levels of benzene (B5), toluene (T5) and xylene (X5) collected during 

customers refueling of cars in the service stations were plotted as Figure 5.6. Linear 

equations were obtained from the CPD plots of benzene, toluene and xylene.  

Exposure to BTX for customers during car refueling was compared with the short term 

exposure limit (STEL) for NIOSH, OSHA and ACIGH (Table 3.6) since there is no 

guideline for such situations. At 50%CP and 95%CP, xylene was lower than NIOSH, 

OSHA and ACIGH STEL, while toluene was lower than NIOSH. However, at 50%CP 

benzene was higher than the STEL of NIOSH, OSHA and ACIGH. At 95%CP benzene 

was higher than NIOSH STEL but lower than the STEL of ACIGH and OSHA. Although 

the concentrations of BTX in this Scenario was very high as compared to the others, 

however, the exposure is only for a short time for less than an hour and probably about 

once in a week. 
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Figure 5.6 Scenario 5, CPD plots for exposure to customers to concentrations of benzene, 

toluene and xylene during car refuelling as measured by deploying semipermeable 

membrane devices (SPMDs) on peoples clothing for a few minutes during vehicle 

refuelling 
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 5.7 Scenario 6 - Exposure to Concentrations of BTX in Air for People 

External to the Service Stations 
 

Ambient concentration levels of benzene, toluene and xylene from the boundary of the 

service stations to distances of approximately 300 meters were plotted as CPD plots B4, 

T4 and X4 as shown in Figure 5.7. From the CPD plots, the linear equations and 

correlation coefficients were obtained.  

The exposure data were used to compare the air quality guidelines (AQG) presented in 

Table 3.6. At 50%CP and 95%CP, none of the exposures for toluene and xylene exceeds 

the AQGVs for WHO and AAAQO Canada. At 50%CP benzene concentration levels 

were high than AQGVs for European Commission but lower than AQG for United 

Kingdom and AAAQO Canada. However, at 95%CP, concentrations of benzene were 

above both the AQG for United Kingdom Canada and European Commission. 
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Figure 5.7 Scenario 6, CPD plots for exposure to people outside the service stations to 

concentrations of benzene, toluene and xylene from the service stations as measured by 

static air sampling pumps 
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5.8 Risk Characterization using Guideline Values 

5.8.1 Hazard Quotient Calculated at 50 and 95%CP Exposure 

In comparing concentrations of benzene, toluene and xylene in the air of service stations 

to the exposure limits, concentrations of toluene and xylene were below the exposure 

limits (Table 3.6) for all Scenarios. Therefore, further evaluation using the LADD for 

toluene and xylene were not carried out. From the CPD plots, exposure to benzene at 

50%CP and 95%CP levels were estimated in terms of LADD for each of the scenarios by 

using Equation 4.3. The default values in estimating LADD were presented in Table 5.2. 

The hazard quotient (HQ) was evaluated using USEPA RfD (Table 5.3) at 50 and 95%CP 

in terms of lifetime exposure (LADD) by using Equation 4.5.  

 

 

The HQ50/RfD and HQ95/RfD for lifetime exposure to benzene in Scenario 3, Scenario 4, 

Scenario 5 and Scenario 6 were < 1. These results suggest minimal risk to the majority of 

the population in the exposure Scenarios. HQ50/RfD and HQ95/RfD for lifetime exposure to 

benzene for service station attendants (Scenario 1) and mechanics repairing petrol 

dispensing pumps (Scenario 2) were > 1 indicating possible adverse health effects. 
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5.8.2 Cancer Risk Calculated at 50 and 95%CP Exposure 

The excess CR was calculated using Slope Factor for benzene for Scenarios 1 to 6 at 50 

and 95%CP exposure in terms of LADD and the results were presented in Table 5.4. The 

estimated CR for a lifetime exposure to concentrations of benzene within and outside the 

service stations for majority of the population (50%CP) and the high exposed group 

(95%CP) in all the Scenarios. The results suggest potential cancer risk for chronic 

exposure to benzene in the various Scenarios but at different levels. The excessive cancer 

risk for Scenario 3, 4, 5 and 6 are effectively the same and they are very low as compared 

to Scenario 1 and 2.  However, the highest cancer risk was for service station attendants 

with values ranging from 340 to 1800 in 1,000,000. 
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Table 5.2 Summary of USEPA standard default exposure factors (USEPA, 1991, 

Badjagbo et al., 2010) 

LT = 7days/week x 52weeks/year x 70years =25480days (Scenario 1 to 6) 

ED = 5days/week x 48weeks/year x 25years = 6000days (Scenario 1, 2 and 4) 

ED = 7days/week x 52weeks/year x 25years = 9100days (Scenario 3) 

ED = 1days/week x 52weeks/year x 30years = 1560days (Scenario 5) 

ED = = 7days/week x 52weeks/year x 30years = 10920days (Scenario 6) 

IR = 1.4m3/h (Scenario 1, 2, 3, 5 and 6) 

IR = 0.83 m3/h (Scenario 4) 

 

 

 

 

 

Table 5.3 Slope Factor for benzene; Reference Dose for benzene, toluene and xylene* 

 

 

 

 

 

 

 

 

*The Risk Assessment Information System (RAIS 2010) 

 

 

 

 

 

 

 

 

 

Parameter   Unit Default Value 

Lifetime (LT) years 70 

Body Weight (BW) kg 70  

Exposure Length h/day 8 (workers) 

4 (outdoor) 

Exposure Duration (ED) years 25 (commercial/industrial)                     

30 (residential) 

Inhalation Rate (IR) m3/h 0.83 (indoor) 

1.4 (outdoor) 

Chemical Inhalation Reference Dose 

(RfD) (mg/kg/day) 

Inhalation Slope Factor (SF) 

 (mg/kg/day)-1 

Benzene  0.00855 0.0273 

Toluene  1.4 None  

Xylene 0.029 None  
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Table 5.4 Calculated HQ and CR per 106 at 50 and 95% CP and ORP 

 

 

5.8.3 Overall Risk Probability (ORP) 

The overall risk probability was estimated as the percentage of cancer risk for exposure 

to benzene in the various Scenarios (Table 5.4). The exposure exceedence values as 

percentage were calculated and plotted against the percentage of affected population to 

obtain an ORP curve for Scenario 1 to 6. The CPD plots for Scenarios 1 to 6 together with 

the dose – cancer response curve and the ORP plots are shown in Figure 5.8 and 5.9 

respectively. The Overall Risk Probability for cancer on exposure to benzene was 

calculated for all Scenarios and this was higher amongst service station attendants than 

any other Scenario (Table 5.4). 

The difference between the ORP method and single point methods such as HQ and CR 

in risk characterisation, is that HQ and CR were calculated for high exposed group 

(95%CP) and the main group of individuals (50%CP) in the population, while in using 

ORP all of the exposed population in the CPD plots were taken into consideration. 

 

SCENARIO HQ50/RfD HQ95/RfD CR per 106 

at  LADD50 

CR per 106 

at LADD95  

CR per 106 

estimated by ORP 

Scenario 1 1.4 7.8 340 1800 670 

Scenario 2 1.1 2.8 240 650 370 

Scenario 3  0.027 0.27 6.0 62 100 

Scenario 4 0.0081 0.084 2.0 21 <100 

Scenario 5 0.034 0.12 8.0 28 <100 

Scenario 6 0.041 0.26 10.0 61 100 
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Figure 5.8 CPD plots lifetime exposure to benzene concentrations in air of service station 

(LADD) for Scenario 1 – 6 and Adverse Effects  
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Figure 5.9 Overall risk probabilities for cancer as a result of exposure to benzene 

concentrations in air of service station environments 
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5.9 Summary 

Of the BTX compounds, benzene is the compound of most concern because levels higher 

than the exposure limits were observed in some Scenarios. The time spent during work 

and the proximity of emission sources is a major contributor to BTX exposure. Service 

station attendants and workers maintaining petrol dispensing pumps were at risk of been 

exposed to relatively high levels of benzene in concentrations ranging from 1.9 to 

2900µg/m3 and 51 to 540µg/m3 respectively. Although, appreciably high concentrations 

of benzene were observed with customers refueling cars (150 to 4900 µg/m3) this is only 

for a few minutes. This chronic exposure to BTX suggests minimal health effects. The 

HQ50/RfD and HQ95/RfD for toluene and xylene were < 1. Also, HQ50 and HQ95/RfD for 

lifetime exposure to benzene for Scenario 3, Scenario 4, Scenario 5 and Scenario 6 were 

< 1 in all Scenarios. This result suggests minimal risk to the majority of the population in 

the exposure Scenarios. HQ50/RfD and HQ95/RfD for lifetime exposure to benzene for service 

station attendants (Scenario 1) and mechanics repairing petrol dispensing pumps 

(Scenario 2) were > 1 suggesting possible adverse health effects. 

The result indicated low risk from lifetime exposure to benzene concentrations in the 

offices of service stations (1.6 to 20 µg/m3), within (1.0 to 220 µg/m3) and outside (0.71 

to 190 µg/m3) the service stations. The estimated CR suggest that chronic exposure to 

benzene concentrations in air for all the Scenarios poses a potential cancer risk (Table 5). 

The highest cases of CR were observed for service station attendants ranging from 340 to 

1800 in 1,000,000 exposed populations. The values obtained using the new ORP method 

suggest that service station attendants are at more risk to adverse health effects than the 

other exposed Scenarios. 
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CHAPTER 6    

 HEALTH RISK ASSESSMENT FOR EXPOSURE TO BENZENE IN 

PETROLEUM REFINERY ENVIRONMENTS USING PROBABILISTIC 

TECHNIQUES 
 

6.1 Background 

Petroleum refineries and petrochemical plants are major sources of VAHs in the 

environment (Rao et al., 2006). Benzene is a major VAH emitted during petroleum 

refinery operations (Mirkova et al., 1999) and has been widely used as a solvent in 

industries such as printing and the manufacture of shoes (WHO, 2010). It is a confirmed 

human carcinogen (IARC, 1989) and epidemiological studies have shown it causes the 

occurrence of acute and chronic leukemia even at low concentrations (Rinsky et al., 

1987). Also, acute exposure to high benzene concentrations can affect the central nervous 

system and cause dizziness, headache and nausea. While chronic exposure can give rise 

to more serious adverse health effects such as blood disease, haematotoxicity, 

genotoxicity, increased levels of persistent chromosome aberrations, reproductive effects 

and mortality (Nordlinder and Ramnnas 1987, WHO, 2000; ATSDR, 2007). 

Where possible, the use of benzene in manufacturing processes has been reduced by use 

of less hazardous compounds. Hence, benzene is now generally regarded as a product of 

petroleum refining (Capleton and Levy, 2005). Workers in petroleum refineries including 

those involved in loading and transportation of petroleum products may have some level 

of exposure to benzene (Lin et al., 2004). Exposure to benzene is mainly through the 

inhalation, oral and dermal routes (ATSDR, 2007). 

Occupational exposure limit (OEL) has been introduced by various organizations for 

management of benzene exposure. In 2011, Basso et al. (2011) reported that generally 
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benzene concentrations in modern refineries in Italy have been reported to be less than 

3mg/m3. Investigations in Bulgaria with petroleum refinery workers found benzene 

concentrations levels higher than 3mg/m3 (Markova et al., 1999). Exposure to benzene 

for petroleum refineries worker has been conducted in several different countries and a 

significant body of exposure data is available in the scientific literature. However health 

risk assessments for benzene apart from comparison with guidelines are rare in the 

scientific literature. The related VAHs (toluene and xylene) have a more limited amount 

of data and in previous work were found to pose much less hazard to health (Edokpolo et 

al., 2014).  

Health risk assessment for toxic pollutants is usually carried out to evaluate the adverse 

effects of exposure to these substances using single data points to quantify the risk. 

Previously we have used probabilistic techniques to evaluate the health effects of volatile 

aromatic hydrocarbons, benzene, toluene and xylene on workers and customers in service 

stations serving petrol fuel for motor vehicles. This allowed us to overview international 

data indicating that service station attendants and mechanics repairing dispensing petrol 

pumps had a significant health risk due to exposure to benzene.  

The strategy used in evaluating the health risk for exposure to benzene in petroleum 

refineries environment on a global scale is shown in Figure 6.1. Benzene data was 

collected from the scientific literature (Section 4.3.2) and presented in Table 6.1. The data 

sets were then divided into Scenarios according to location and setting (see Section 4.5.3). 

The data sets for each Scenario were used to develop CPD plots using Equation 4.1.  
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Figure 6.1 Strategy for research in Chapter 6 (pink background) based on the overall 

research strategy (Chapter 4 Figure 4.1) 
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Table 6.1 Investigations of benzene concentrations in petroleum refineries  

 

 

 

 

 

 

 

Country Description Reference 

Italy (Two different Italian 

petroleum refineries) 

Cytogenic biomonitoring on a group 

of petroleum refinery workers 

Basso et al., 2011 

Bulgaria (NEFTOCHIM 

oil company in Burgas) 

Cytogenic effects of Bulgarian 

petroleum refinery workers 

chronically exposed to benzene 

Mirkova et al., 1999 

Australia (Nine companies 

with employees 

participating in health 

watch) 

Retrospective exposure assessment 

for benzene in the Australian 

petroleum industry 

Glass et al., 2000 

Canada, Australia, United 

Kingdom 

Ensuring comparability of benzene 

exposure estimates across three nested 

case-control studies in the petroleum 

industry in support of a pooled 

epidemiological analysis 

Glass et al., 2010 

United Kingdom (Four 

companies in the petroleum 

marketing and distribution 

industry in the United 

Kingdom) 

Retrospective estimation of exposure 

to benzene in a leukaemia case-

control study of petroleum marketing 

and distribution workers in the United 

Kingdom 

Lewis et al., 1997 

India (Digboi petroleum 

refinery at Gowahati 

Seasonal variation of toxic benzene 

emissions in petroleum refinery 

Rao et al., 2007 

Italy (A petroleum refinery 

in Valle Galeria, Rome 

Monitoring and analysis of volatile 

organic compounds around an oil 

refinery                                       

Gariazzo  et al., 

2005 

Taiwan, Kaohsiung 

refinery  

Volatile organic compounds in 

ambient air of Kaohsiung petroleum 

refinery 

Lin et al., 2004 
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6.2 Scenario 1 – Exposure to Benzene as Base Estimates for Petroleum 

Refinery Workers 

The CPD plot as shown in Figure 6.2 is for exposure to benzene concentrations for 

refinery workers in Australia, Canada and United Kingdom from 1902 - 1996. The linear 

equation has a slope of 54 and correlation coefficient (R2) of 0.97 indicating a normal 

distribution. 

The exposure to benzene was compared to NIOSH REL, ACIGH TLV, OSHA PEL, EC 

LV and SWA OEL (Table 3.6). At 50%CP, exposure to benzene was higher than NIOSH 

REL but lower than ACIGH TLV, OSHA PEL, EC LV and SWA OEL. However, at 

95%CP exposure to benzene was higher than NIOSH REL, ACIGH TLV, OSHA PEL, 

EC LV and SWA OEL. The workers in the highly exposed group reported by the high 

exposure concentrations in the CPD plots were workers involved in activities such as 

drum fillers, large terminal operator, gauging, line pigging, rail car loading, refueling, 

tanker loading and cleaning.  
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Figure 6.2 Retrospective exposure to benzene concentrations as base estimate 

concentrations for petroleum refinery workers in Australia (1940 to 1989), Canada (1902 

to 1996) and United Kingdom (1906 to 1989). Base estimate concentration data for years 

prior to 1970 is based on modelling and is included in this plot 
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6.3 Scenario 2 – Exposure to Benzene for Petroleum Refinery Workers  

The CPD plots (Figure 6.3) are for exposure to benzene concentrations for petroleum 

refinery workers in Italy, 2011 (A) and Bulgaria, 1999 (B). The linear regression 

equations had correlation coefficients (R2) > 0.94 for both CPD plots indicating normal 

distributions. The CPD plots of Scenario 2A and 2B have almost identical slopes 65 and 

60 respectively. This implies that there was a comparatively wide range of benzene 

concentration distribution.  The exposure to benzene for refinery workers was compared 

to NIOSH REL, ACIGH TLV, OSHA PEL, EC LV and SWA OEL (Figure 6.3). At 

50%CP and 95%CP exposure to benzene for Scenario 2A was lower than NIOSH REL, 

ACIGH TLV, OSHA PEL, EC LV and SWA OEL (Table 3.6). While at 50%CP and 

CEXP95 exposure to benzene in Scenario 2B was higher than NIOSH REL, ACIGH TLV, 

OSHA PEL, EC LV and SWA OEL. The high exposure to benzene was for workers in 

transport and storage of petroleum products facility, benzene manufacturing plant and 

ethylbenzene – styrene manufacturing plant. 
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Figure 6.3 Exposure to benzene concentrations in air measured using personal sampling 

techniques for petroleum refinery workers in Italy (A) 2011 and Bulgaria (B) 1999  
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6.4 Scenario 3 – Benzene Concentrations in Air inside the Petroleum 

Refineries 

The CPD plots in Figure 6.4 are for benzene concentrations in the air for petroleum 

refinery in India (A), Taiwan (A) and Bulgaria (B). The linear regression equations had 

correlation coefficients (R2) > 0.94 for both CPD plots indicating high level of linearity 

in the distributions. The slope for Scenario 3C is 40 while Scenario 3A has a slope of 117 

indicating a relatively wide range of benzene concentration distribution for both CPD 

plots.  The concentrations of benzene in the air of the petroleum refineries were compared 

to NIOSH REL, ACIGH TLV, OSHA PEL, EC LV and SWA OEL (Figure 6.3). At 

50%CP and 95%CP exposure to benzene for Scenario 3A was lower than NIOSH REL, 

ACIGH TLV, OSHA PEL, EC LV and SWA OEL. While at 50%CP and CEXP95 exposure 

to benzene in Scenario 3B was higher than NIOSH REL, ACIGH TLV, OSHA PEL, EC 

LV and SWA OEL (Table 3.6). The high exposure to benzene was for workers in 

transport and storage of petroleum products facility, benzene manufacturing plant and 

ethylbenzene – styrene manufacturing plant. 
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Figure 6.4 Exposure to benzene concentrations in air measured using personal sampling 

techniques for petroleum refinery workers in Italy (A) 2011 and Bulgaria (B) 1999 
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6.5 Scenario 4 – Benzene Concentrations in Air outside the Petroleum 

Refineries 

The concentrations of benzene in the air measured outside the petroleum refineries in 

India, Italy and Taiwan were plotted as CPD plots (Figure 6.5). The linear regression 

equations had a correlation coefficient (R2) > 0.96 indicating a high level of linearity in 

the distribution and a normal distribution. The slope for CPD plot (Figure 6.5) was 42 

indicating a relatively wide range of benzene concentrations. The exposure to benzene 

outside the refineries was compared to the air quality guidelines (AQG) presented in 

Table 3.6. At 50%CP benzene concentration levels were higher than AQG for European 

Commission but lower than AQG for United Kingdom and at 95%CP indicated that 

exposures to benzene were higher than AQG for European Commission but lower than 

AQG for United Kingdom (Figure 6.5).   
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Figure 6.5 Benzene concentrations in air measured by static sampling techniques around 

the petroleum refineries in India (2000), Italy (2004) and Taiwan (2008) at a maximum 

distance of 2km 
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6.6 Risk Characterization using Guideline Values 

6.6.1 Hazard Quotient (HQ) at 50 and 95%CP Exposure 

From the CPD plots (Figure 6.2 – 6.5), the lifetime average daily dose was calculated at 

50%CP and 95%CP using Equation 4.3. Hazard quotient and cancer risk were evaluated 

at 50%CP and 95%CP in terms of LADD using Equation 4.5 and 4.8 respectively. The 

50%CP level gave an evaluation relevant to most of the exposed population while 95%CP 

level was relevant to the 5% most exposed group. On the other hand, overall risk 

probability was an estimate relevant to the whole population.  The calculated LADD using 

default values in Table 6.2 at 50 and 95%CP for exposure to benzene were used in 

estimating the HQ (Equation 3) values at 50 and 95%CP summarized in Table 6.2. 

The HQ50/RfD for lifetime exposure to benzene in Scenario 2A (petroleum refinery 

workers), 3A (benzene concentrations in air inside the petroleum refineries), and 4 

(benzene concentrations in air outside the petroleum refineries) were < 1. This result 

suggests minimal risk to the majority of the population in these exposure Scenarios (2A, 

3A and 4). At 95%CP, HQ95/RfD was < 1 for Scenario 4 suggesting minimal risk to the 

high exposed group (Scenario 4), however, HQ95/RfD were >1 for Scenarios 2A and 3A 

indicating possible risk to human health for the high exposed group. HQ50/RfD and 

HQ95/RfD for lifetime exposure to benzene for Scenario 1 (base estimates for petroleum 

refinery workers), 2B (exposure to benzene for petroleum refinery workers) and 3B 

(benzene concentrations in air inside the petroleum refineries) were > 1 indicating 

possible adverse health effects. 
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Table 6.2 Summary of default exposure factors (USEPA 1991; Badjagbo et al. 2010; 

RAIS 2010) 

Parameter   Unit Default Value 

Lifetime (LT) years 70 

Body Weight (BW) kg 70 

Exposure Length (EL) day/day   0.33 (8h/day) (workers) 

  0.17 (4h/day) (outdoor) 

Exposure Duration (ED) years 25(commercial/industrial)                          

30 (residential) 

Inhalation Rate (IR) m3/day 20 

Inhalation Reference Dose 

(RfD) 

mg/kg/day  0.0085 

Slope Factor (mg/kg/day)-1  0.0273 

   LT = 7days/week x 52weeks/year x 70years =25480days (Scenario 1 to 4) 

   ED = 5days/week x 48weeks/year x 25years = 6000days (Scenario 1and 2) 

   ED = 7days/week x 52weeks/year x 25years = 9100days (Scenario 3) 

   ED = = 7days/week x 52weeks/year x 30years = 10920days (Scenario 4) 

   EL = 0.33day/day (8h/day) (Scenario 1, 2 and 3) 

   EL = 0.17day/day (4hday) (Scenario 4) 

 

 

 

 

 

 

 

Table 6.3 Calculated HQ and CR per 106 at 50 and 95%CP and ORP 

 

 

SCENARIO HQ50/RfD HQ95/RfD CR per 106 

at  LADD50 

CR per 106 

at LADD95  

CR per 106 

estimated by ORP 

Scenario 1     2.5    44     590 10000   1700 

Scenario 2A   0.20   1.9       45     420     110 

Scenario 2B      43  210 10000 48000 44000 

Scenario 3A 0.068   1.8       18     460     150 

Scenario 3B      39  120   9200 28000 17000 

Scenario 4 0.024 0.85      6.0     200     110 
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6.6.2 Cancer Risk at 50 and 95%CP Exposure 

The excess CR was calculated for exposure to benzene at 50 and 95%CP in Scenario 1 to 

4 and the results were presented in Table 6.3. The results suggest different levels of cancer 

risk for chronic exposure to benzene for the main group and highest exposed group in the 

various Scenarios. At 50%CP, the excess cancer risk in terms of lifetime exposure to 

benzene for Scenario 2A (petroleum refinery workers), 3A (benzene concentrations in air 

inside the petroleum refineries) and 4 (benzene concentrations in air outside the petroleum 

refineries) are very low in the range of 6 to 18 per 106 as compared to Scenario 1 (base 

estimates for petroleum refinery workers), 2B (petroleum refinery workers) and 3B 

(benzene concentrations in air inside the petroleum refineries) that is in the range of 590 

to 10000 per 106.  On the other hand, at 95%CP, the highly exposed group that occurs at 

a level of 5% in the population, the excess cancer risk in terms of lifetime exposure to 

benzene for Scenario 2A (petroleum refinery workers), 3A (benzene concentrations in air 

inside the petroleum refineries) and 4 (benzene concentrations in air outside the petroleum 

refineries) are very low in the range of 200 to 460 per 106 as compared to Scenario 1 (base 

estimates for petroleum refinery workers), 2B (petroleum refinery workers) and 3B 

(benzene concentrations in air inside the petroleum refineries) that is in the range of 10000 

to 48000 per 106. The cancer risk estimated at 95%CP is only for 5% of the exposed 

population. The significance difference in the cancer risk estimated is as a result of higher 

concentration levels of benzene observed in 2B (petroleum refinery workers) and 3B 

(benzene concentrations in air inside the petroleum refineries) that was 17 to 1400  and 

4.6 to 230 times higher than Scenarios 1 to 4 at 50%CP and 95%CP respectively. 
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6.6.3 Overall Risk Probability  

Cancer risk adverse dose – response relationship for Scenario 1, 2A, 2B, 3A, 3B and 4 

are shown in Figure 6.6. The ORP plots are shown in Figure 6.7. The area under the ORP 

curves was calculated to obtain values of Overall Risk Probability (Table 6.3). ORP of 

0.17% (1700 per 106) was obtained for Scenario 1 (base estimates for petroleum refinery 

workers), 0.011% (110 per 106) for Scenario 2A (petroleum refinery workers), 4.8% 

(48000 per 106) for Scenario 2B (exposure to benzene for petroleum refinery workers), 

0.015% (150 per 106) for Scenario 3A (benzene concentrations in air inside the petroleum 

refineries), 1.7% (17000 per 106) for Scenario 3B (benzene concentrations in air inside 

the petroleum refineries) and 0.009% (110 per 106) for Scenario 4 (benzene 

concentrations in air outside the petroleum refineries).  

Overall the ORP and the CR are in reasonable agreement (Table 6.3).  The difference 

between the ORP method and CR method is that the CR were calculated for the highly 

exposed group 95%CP and the main group of individuals 50%CP in the population, while 

with ORP all of the exposed population were taken into consideration. 
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Figure 6.6 CPD plots of exposure to benzene as lifetime average daily dose (LADD) for 

Scenario 1 – 4 and cancer risk adverse effects dose – response relationship  
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Figure 6.7 Overall risk probability (ORP) for cancer risk as a result of exposure to 

benzene concentrations in petroleum refinery environments 
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6.7 Summary 

Benzene levels were estimated to pose a significant risk with HQ50/RfD >1 and HQ95/RfD 

>1 for workers exposed to benzene as base estimates for petroleum refinery workers 

(Scenario 1), petroleum refinery workers evaluated with personal samplers in Bulgarian 

refineries (2B) and evaluated using air concentrations inside petroleum refineries in 

Bulgarian refineries (3B). On the other hand HQ50/RfD were <1 for lifetime exposure to 

benzene in petroleum refinery workers (Scenario 2A), benzene concentrations in air 

inside the petroleum refineries (Scenario 3A), and benzene concentrations in air outside 

the petroleum refineries (Scenario 4) suggesting minimal risk to the majority of the 

population in these exposure Scenarios. HQ95/RfD was <1 for Scenario 4 suggesting 

minimal risk to the high exposed group however, HQ95/RfD were >1 for Scenarios 2A and 

3A indicating possible risk to human health for the high exposed group.  

The excess cancer risk for lifetime exposure to benzene for all the Scenarios was 

evaluated using the Slope Factor method at 50% and 95%CP and also using the ORP 

method. The two methods showed a reasonable level of agreement.  With the ORP 

method workers in petroleum refineries in Scenario 2B were observed to have the highest 

cancer risk 44,000 per 106 followed by those evaluated with data from air inside the 

petroleum refineries in Scenario 3B with cancer risk of 17000 per 106 and base estimates 

for petroleum refinery workers Scenario 1 with cancer risk of 1700 per 106. 
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CHAPTER 7  

EVALUATION OF LOWEST ADVERSE EFFECTS LEVELS (LOAEL) FOR 

BENZENE 
 

7.1 Background  

Benzene is used by many industries as an industrial solvent, an intermediate in chemical 

syntheses and it is a component of petrol. Exposure to benzene is mainly through 

inhalation exposure although oral and dermal routes are other possible routes (ATSDR, 

2007).  

Exposure to benzene can occur in both indoor and outdoor settings. Emissions from 

cigarette smoke are considered as one of the main indoor sources of benzene (Singer et 

al., 2003). Other indoor sources are stoves, wood heaters, fireplaces, solvent products, 

polystyrene, paints and vinyl floor coverings (Raw et al., 2004, Weisel et al., 2008). Major 

sources of outdoor exposure to benzene for the general population are service stations, 

emissions from exhaust of motor vehicles and industrial emissions. Industrial sources 

include petrochemicals, petroleum refining, storage or transport of benzene, processing, 

rubber tire manufacturing, coke and coal chemical manufacturing. 

Exposure to benzene can cause adverse health effects as highlighted in various case and 

epidemiological studies (Lan et al., 2004). Hematotoxicity has been consistently reported 

in humans and experimental animals exposed to benzene with bone marrow as the 

principal target organ. Benzene has also been shown to produce neurotoxic effects in test 

animals and humans after short-term exposure. There is some evidence of reproductive 

and developmental effects due to benzene exposure from human epidemiological studies. 

Benzene is a known human carcinogen and rated among the top chemicals to avoid 

exposure to by USEPA (2012) and IARC (2010).  
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Health risk assessment provides us with a systematic approach for characterising the 

nature and magnitude of the risks associated with environmental health hazards (USEPA, 

2002; USEPA, 2005; enHealth, 2004). Exposure to benzene can be evaluated using 

guidelines based on the WHO acceptable daily intake (ADI), USEPA slope factor (SF) 

and reference dose (RfD) as well as ATSDR minimal risk level (MRL) as single points 

to quantify the risk.  

 Probabilistic risk assessment technique is considered to give a better understanding of 

the hazard and associated risks by use of cumulative probability plots for the exposure 

and adverse effect data. A new method for setting guidelines to protect human health from 

the use of chlorpyrifos in agricultural uses has been suggested by Phung et al., 2015. A 

probabilistic dose – adverse response relationship was established from published data 

available in epidemiological studies associated with exposure to chlorpyrifos.  

The strategy for this study to evaluate a new approach (Phung et al., 2015) in setting of 

guideline values for chemicals using exposure to benzene is shown in Figure 7.1. This 

was achieved by utilizing human data from epidemiological investigations of benzene 

exposure as well as surrogate animal data from laboratory studies as a comparison using 

probabilistic techniques. The data from human epidemiological studies and animal 

experiments for benzene were presented in Appendix A (A1 – A5). 
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Figure 7.1 Strategy for research in Chapter 7 (orange background) based on the 

overall research strategy (Chapter 4 Figure 4.1)  
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7.2 Developing Guidelines for Benzene Using Cumulative Probabilistic 

Distributions (CPDs) 

The data on benzene available from various epidemiological studies for humans and 

animal experiments (Appendix A) were used to develop cumulative probability of lowest 

effects distribution (CPLED) using Equation 4.1 (Section 4.4). From the CPLED plots of, 

the linear regression equations were estimated between approximately 5 – 95% of the 

CPLED plots since this represents the approximately linear part of the CPLED plots, 

where 5%CP can be estimated. The 5%CP level is preferred as the lowest level that can 

be reliably estimated from data using the CPLED relationships (Phung et al., 2015).  

The 5%CP values obtained from this relationship for STE and LTE were in μg/kg/day. 

Values in μg/kg/day were converted to μg/m3 using Equation 7.1. 

 

                  𝐶 (µ𝑔/𝑚³) = [𝐴𝐷𝐷 ×  𝐵𝑊] [𝐼𝑅]⁄                                        𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 7.1   

 

7.3 Health Effects for Exposure to Benzene 

The adverse health effects for exposure to benzene were available from human and animal 

studies. Adverse effects such as haematotoxicity, immunotoxicity, genotoxicity and 

carcinogenicity both in humans and animals are summarized in Tables A1 to A5 

(Appendix A). Exposure to benzene can give rise to effects such as pancytopenia, 

lymphocytopaenia, anaemia, leukopaenia, aplastic anaemia and thrombocytopaenia (Paci 

et al., 1989; Cody et al., 1993; Lan et al., 2004a; Kipen et al., 1989; Xia et al., 1995). 

Death as a result short – term exposure has been reported in the epidemiological studies 

of (Flurry, 1928; Avis and Hutton, 1993; Greenberg, 1926). Long – term exposure to 

benzene causes damage to the bone marrow that can result in a decrease in the numbers 
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of circulating blood cells, and aplastic anemia (Yin et al., 1987c; Snyder et al., 1980). 

However other studies on human and animals have indicated the development of different 

types of leukaemia (Cronkite et al., 1985; Maltoni et al., 1982a; Maltoni et al., 1985, Yin 

et al., 1989, Thurston et al., 2000).  

The cohort Pliofilm study of workers (Paxton et al., 1994, Paustenbach et al., 1992) and 

Chinese cohort study of workers (Yin et al., 1996) occupationally exposed to benzene 

suggest a causal relationship between exposure to benzene and the development of 

leukaemia. Aksoy, (1982) and Snyder et al. (1984) have suggested that the principal 

carcinogenic response to long – term human exposure to benzene is leukaemia while 

animal experiment studies indicated solid tumours in specific organs of the animal 

species. A causal relationship between long-term exposure to benzene and the risk of 

lymphoma (non-Hodgkin's lymphoma and multiple myeloma) was identified in some 

studies (Kane and Newton, 2010). But the evidence is not as clear as it is for leukaemia 

(Smith et al., 2007). 

 

7.4 Calculation of Exposure Dose using the ADD and LADD 

Exposure doses are usually evaluated in several different ways however the most common 

measures of dose for risk assessment are average daily dose (ADD) (Equation 4.2) and 

lifetime average daily dose (LADD) (Equation 4.3). ADD is normally used for calculating 

non-cancer risks over periods up to the actual exposure duration. On the other hand, the 

LADD is used to evaluate carcinogenic effects over the long term usually a lifetime (70 

years). As shown in ATSDR (2005) and WHO (2010), the difference between these two 

measures is the time over which the calculation is made. 



109 

  

In this work the ADD was used in estimating the non-carcinogenic effects of benzene 

with the average exposure during the period of contact with benzene as the actual 

exposure duration. In situations where the dominant health risk for exposure to benzene 

is leukaemia, the exposure dose is often described in terms of lifetime exposure (70 years) 

(LADD). Although the exposure to benzene does not occur continuously for a lifetime, 

however, it is assumed that cancerous effects are cumulative over this period. In the 

utilization of animal data, the toxicity data were converted to human equivalent dose 

(HED) (see Section 4.6.3 in Methodology). 

 

7.5 CPD Relationships of LOAEL- Doses of Benzene  

7.5.1 CPD Relationships from Human Epidemiological Data 

The adverse effects for long – term exposure (LTE) to benzene from human 

epidemiological data (Table A1 and A2, Appendix A) in terms of ADD and LADD were 

plotted as CPLED plots of LOAEL-ADD (Figure 7.2) and LOAEL-LADD (Figure 7.3). 

Linear regression relationships gave high correlation coefficient values from 0.90 to 0.94 

indicating normal distributions of the data. The chronic inhalation reference dose for 

USEPA (8.5μg/kg/day) (Table A6) was above the lowest LOAEL – ADD of 7.0μg/kg/day 

(Figure 2 Plot B) and effectively the same as lowest LOAEL – ADD of 9.0μg/kg/day 

shown in the CPLED plot A in Figure 7.2.  
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Figure 7.2 CPLED plots of for human epidemiological data on the LOAEL-ADD for A, 

LTE non carcinogenic effects; B, LTE carcinogenic effects from Tables A2 (Data in 

Appendix A) 
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Figure 7.3 CPLED plots of LOAEL-LADD using epidemiological data for human 

exposure to benzene (Table A2) estimated for lifetime exposure of cancer and non – 

cancer effects  
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7.5.2 CPD Relationships from Animal Experiment Toxicity Data 

Animal toxicity data for short – term exposure (STE), medium – term exposure (MTE) 

and long – term exposure (LTE) to benzene are summarized in Table A3, A4 and A5 

(Appendix A). The toxicity data were plotted as CPLED plots of LOAEL-HEADD 

(Figure 7.4 and Figure 7.5). Correlation coefficient (R2) values ranging from 0.69 to 0.96 

were obtained for CPLED plots for Figure 7.4 and Figure 7.5.  

USEPA inhalation reference dose RfD (8.5μg/kg/day) for chronic exposure to benzene 

was much lower than the minimum LOAEL – HEADD values of 3600μg/kg/day and 

11000μg/kg/day. 
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Figure 7.4 CPLED plots for benzene exposure to animals with data (Tables A3 to A5 , 

Appendix A).used in developing LOAEL- HEADDD CPD plots for A, short term 

exposure (non – lethal effects); B, medium term exposure (non – lethal effects); C, long 

– term exposure (non – carcinogenic effects)  
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Figure 7.5 CPLED plots using toxicity data for benzene exposure to animals in 

developing LOAEL- HEADD CPLED plots for A, MTE (lethal effects); B, LTE 

(carcinogenic effects) to benzene for animals (data from Tables A3 to A5, Appendix A) 
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7.6 Methods for Estimating 5%CP in a CPLED Relationship 

Several methods were used in estimating the 5%CP from the CPLED relationships for 

STE and LTE.  As shown in Figure 7.6, Method 1 is the use of linear trend line between 

5% - 95%CP of the CPLED plots at the 5%CP level. Method 2 is the 5%CP level of best 

fit non – linear trend line for the CPLED plots which follows the normal distribution 

pattern. Method 3 used the linear trend line between 5 – 95%CP estimated at the 0%CP 

level. Method 1 is the easiest method to apply but a small change in slope can give quite 

different values at the 5%CP level. Method 2 is a complicated method because the 

nonlinear shape involves complex equations. It is also difficult to get a consistent value 

at 5%CP because a small difference in the slope can give quite different values of the 

5%CP. It is suggested that the best method is Method 3. The value obtained by this 

method is below the values obtained using Method 1 and Method 2. 
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Figure 7.6 Part of Figure 7.3 expanded to illustrate the LOAEL-ADD CPLED plots of 

LED showing the three methods for estimating 5%CP with human data.  1, linear trend 

line method; 2, best fit trend line method; 3, estimated guideline value from linear trend 

line at CP0% 
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7.7 Estimation of the Safety Ratio of Animal to Human from CPLED 

Relationships  

Surrogate animal data is principally used in setting guideline values for exposure to 

benzene. These are often derived by applying a safety factor to the data to account for 

factors such as different species, different experiments and so on. Thus the safety ratio 

(SR) was calculated using human and animal data to compare with the safety factors used 

with setting guideline for benzene. The safety ratio values were estimated at 5% and 

50%CP as the ratio of the animal data to the human data (LOAEL-HEADD/LOAEL-

ADD) in terms of ADD and the ratio of animal data to human data (LOAEL-

HELADD/LOAEL-ADD) in terms of LADD from Figure 7.7.  
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Figure 7.7 Comparison of CPLED plots of human and animal data for A, LOAEL-ADD 

(humans) and B, LOAEL-HEADD (animals), STE; C, LOAEL-ADD (humans) and D, 

LOAEL-HEADD (animals), LTE; E, LOAEL-LADD (humans) and F, LOAEL-

HELADD (animals), Lifetime Exposure (data in Tables A1 to A5, Appendix A) 
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The values at 5% and 50%CP for STE and LTE in terms of ADD and LTE in terms of 

LADD were summarized in Table 7.1. The safety ratio for long – term exposure to 

benzene (ADD, 11 and 100; 0.25 and 2.5) was compared to the Uncertainty Factor for 

deriving USEPA reference dose (RfD). An uncertainty factor of 300 was applied in 

estimating the reference concentration (RfC). This was approximately 3 to and 1,200 

times higher than the value of the Safety Ratio derived in this study for LTE in terms of 

ADD (3.5 and 100) and LADD (0.25 and 2.5). This suggests that the uncertainty factor 

used by USEPA may have been too large. 

 

The information from human epidemiology studies provides relevant and reliable toxicity 

for the risk assessment process. However human data are not commonly available and 

animal toxicity data are usually utilized. This requires the use of a safety factor (SF) or 

uncertainty factor (UF) is required to make the animal toxicity data usable for situations 

faced by humans. However, the use of SF or UF also has some disadvantages. Firstly, 

there is no data available to allow quantification of the magnitude required apart from a 

set of qualitative rules. Also, it is derived from surrogate animal data which may not be 

applicable. In addition, the nature of the adverse effects which can be expected by cannot 

be defined. 
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Table 7.1 Summary of Safety Ratio values for STE and LTE to benzene 

*Safety Ratio at 50%CP in terms of ADD 

Exposure Duration 

(ADD) 

LOAEL-ADD 

(Human)  

μg/kg/day 

LOAEL-HEADD 

(Animal) 

μg/kg/day 

Safety Ratio  

 ADD 

STE  9700 34000 3.5 

LTE  3100 33000 11 

*Safety Ratio at 5%CP in terms of ADD 

STE  510 5100 10 

LTE  32 3200 100 

*Safety Ratio at 50%CP in terms of LADD 

Exposure Duration 

(LADD) 

LOAEL-LADD 

(Human) μg/kg/day 

LOAEL-HELADD  

(Animal) μg/kg/day 

Safety Ratio 

LADD 

Lifetime Exposure   220 55 0.25 

*Safety Ratio at 5%CP in terms of LADD  

Lifetime Exposure 3.2 7.9 2.5 

*SR= LOAEL-HEADD/ LOAEL-ADD; LOAEL-HELADD/ LOAEL-LADD 

 

7.8 Proposed Guideline Values Relating to Exposure Dose  

It is considered that the actual human data is more appropriate to use since this data is 

directly relevant to setting of guidelines. It is noteworthy that the CP is not related to the 

actual human population exhibiting adverse effects but it is the CP of the different studies 

used in developing the CPLED plots. However the CPLED plots place the toxicity data 

in a sequence of increasing toxic effects which can be used for predictive purposes. 

Hence, GVs can be derived for STE and LTE using the LOAEL–ADD at 5%CP of the 

CPLED relationship. The 5%CP represents the minimum of the reliable LOAEL values 

in the CPLED plot and can be considered as a guideline value (Phung et al., 2015). Below 

the guideline, there are no reliable records of adverse effects and above this value, adverse 

effects have been reliably detected. The value obtained at 5%CP for STE was 

approximately 510µg/kg/day. This value is not discussed any further because it was 

derived from only 5 data points which is regarded insufficient. The guideline value 
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obtained at 5%CP for LTE in terms of ADD was 32µg/kg/day and 3.2µg/kg/day for 

Lifetime (70years) exposure in terms of LADD.   

For comparison purposes, the guideline value derived at 5%CP for LTE in terms of ADD 

(32µg/kg/day) and LADD (3.2µg/kg/day) were converted from dose values in µg/kg/day 

to concentration values in µg/m3 using Equation 7.1 as most of the guideline values are 

in terms of concentration in air. The guideline values were compared with sets of 

guideline values for both occupational exposure and general public exposure summarized 

in Table 7.2. The derived guideline value at 5%CP for LTE in terms of ADD was 

compared with occupational exposure limits (OEL) based on the assumption that 

occupational exposure is on a daily basis over a specific period of time. LTE in terms of 

ADD relates to daily exposure to benzene in occupational environment. The suggested 

occupational exposure limit for LTE (8hr/day) exposure to benzene is 340µg/m3 and 

280µg/m3 for LTE (10hr/day) exposure. Lifetime exposure in terms of LADD (11µg/m3) 

was compared with air quality guideline (AQG) for chronic exposure (Table 7.2). This 

guideline value in terms LADD relates to chronic exposure for general population based 

on the assumption that exposure for general population could be for a lifetime. Hence this 

derived value (11µg/m3) is suggested as air quality guideline value for general population 

exposure to benzene. 
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Table 7.2 Standards and guidelines for exposure to benzene 

Regulatory Body Description Limit Value 

(µg/m3) 

Reference 

Occupational Exposure Limits (OEL) 10 hour TWA 

This Study 5%CP Level  (ADD) 280  

National Institute for Occupational 

Safety and Health (NIOSH), USA 

Recommended Exposure 

Limit 

320 NIOSH 2007 

Occupational Exposure Limits (OEL) 8 hour TWA 

This Study 5%CP Level  (ADD) 340  

Occupational Safety and Health 

Administration (OSHA), USA 

Permissible Exposure 

Limit 

3200 NIOSH 2007 

American Conference of 

Governmental Industrial Hygienists 

(ACGIH), USA 

Threshold Limit Values 1600 ACGIH 2007 

Safe Work Australia (SWA) Occupational Exposure 

limit 

3200 SWA 2011 

European Directives 2000/39/EC 

and 97/42/EC (ED) 

Limit Value 3200 European 

Union 2000 

South African Occupational Health 

and Safety (SAOHS) 

Occupational Exposure 

limit 

1600  

Air Quality Guidelines (AQGs) for Chronic Exposure 

This study 5%CP Level  (LADD)                   11  

Expert Panel on Air Quality 

Standards (EPAQS), United 

Kingdom 

Annual Mean 16 EPAQS 1994 

European Union Directives 

2000/69/EC 

Annual Mean 5 European 

Union 2000 

Agency for Toxic Substances and 

Disease Registry (ATSDR) 

Minimum Risk Level 10 ATSDR 2007 

Integrated Risk Information System 

(IRIS) 

Reference Concentration 30 USEPA, 

2002 

Office of Environmental and Hazard 

Assessment (OEHHA) 

Reference Exposure Level 60 OEHHA, 

2008a 
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7.9 Summary  

For humans, leukaemia was the most common type of cancer reported for exposure to 

benzene while other types of cancers were reported from animal studies. The concept of 

the 5%CP provides an alternative method for estimating a guideline value using human 

data. It is different from current methods used to derive guideline values by various 

regulatory organisations which uses safety factors and different biological endpoints. 

From the linear equations obtained from plots of Figures 7.2 and 7.3, exposure dose 

values for benzene was estimated at 5%CP which has been suggested as a guideline level. 

Guideline values were 32µg/kg/day for long term (8hr/day) for occupational exposure 

and 3.2µg/kg/day for lifetime exposure (70yearrs) for general population exposure to 

benzene.  The new guideline of 3.2µg/kg/day using the LADD is a new guideline not used 

by regulatory agencies but indicated by this analysis.  This guideline value when 

converted to concentration in air (11µg/m3) can be compared to the air quality guideline 

for general population by European Union (5µg/m3), ATSDR (10µg/m3) and EPAQS 

(16µg/m3), USEPA (30µg/m3), OEHHA (60µg/m3). Safety ratio values describing the 

relationships of human epidemiological data and animal toxicity data ranging from 0.25 

to 100 was estimated from the CPLED plots are somewhat lower than that used by 

regulatory agencies which usually ranges from 10 to 1000. It is noteworthy that safety or 

uncertainty factors have been used for a long period to estimate guideline values by 

various organisations without verification. 
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CHAPTER 8     

RISK CHARACTERISATION FOR EXPOSURE TO BENZENE IN 

SERVICE STATIONS AND PETROLEUM REFINERIES 

ENVIRONMENTS USING PROBABILISTIC TECHNIQUES 
 
 

8.1 Background 

In risk assessment process, the risk characterisation is the final step (Figure 8.1 modified 

from Figure 4.1). The sequence of stages carried out in the research are illustrated in 

Figure 8.1. This requires integrating data from exposure assessment (service stations and 

petroleum refineries environments) with human data from evaluation of LOAEL 

relationships for benzene.  

Several methods can be used in quantifying risk however hazard quotient (HQ95/5) method 

is considered the simplest method. It uses data point to estimate the risk as a ratio of 

exposure level of 95%CP to the adverse effects at 5%CP. However, the information from 

the HQ95/5 does not give the magnitude of the risk to the whole population or information 

on the specific adverse effects from exposure to a chemical. 

To address the limitations using HQ95/5 method, the full range of CPD distributions can 

be used in estimating the risk. Probabilistic techniques in risk characterisation are 

considered to give a better understanding of the distribution of the risk within the whole 

population and associated adverse effects. Probabilistic risk assessment techniques gives 

a comprehensive risk estimates for the non – cancer effects of BTX and cancer effects of 

benzene. In this chapter (Chapter 8), the risk characterisation was evaluated for exposure 

to benzene in service stations and petroleum refinery environments. 
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Figure 8.1 Strategy for research in this thesis illustrates how Chapter 8 (blue 

background) is based on the overall research strategy (Chapter 4, Figure 4.1)  
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8.2 Methods for Risk Characterisation Based on Probabilistic 

Techniques 

The data used for the risk characterisation have been discussed in Chapter 4 Section 4.3.4. 

The data consist of exposure data for benzene in service stations and petroleum refinery 

environments discussed in Section 4.3.1 and 4.3.2 respectively in Chapter 4. The 

conversion of the exposure data from concentration in air (µg/m3) to inhalation dose in 

terms of ADD and LADD (µg/kg/day) was carried out with Equation 4.2 and 4.3 

respectively which has been previously applied in Chapter 5 (exposure to benzene in 

service station environments) and Chapter 6 (exposure to benzene in petroleum refinery 

environments). 

     𝐴𝐷𝐷  (µ𝑔/𝑘𝑔/𝑑𝑎𝑦) = [𝐶 ×  𝐼𝑅 ×  𝐸𝐹 ] [𝐵𝑊]⁄                    𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.2   

 

     𝐿𝐴𝐷𝐷 = 𝐴𝐷𝐷 ×   𝐸𝐷/𝐿𝑇                                                            𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.3                                     

 

The evaluation of LOAEL corresponding to adverse health effects in epidemiological 

studies on human population that was also used for risk characterisation were categorized 

as non – carcinogenic effects and carcinogenic effects discussed in Chapter 4, Section 

4.3.3. The LOAEL was converted to LOAEL-ADD for STE, LOAEL-ADD for LTE 

using Equation 4.2 and LOAEL-LADD for lifetime exposure to benzene using Equation 

4.3. 

 

Three methods were used in the risk characterisation for exposure to benzene. 

The first method used for evaluation of the risk was HQ95/5, the second method used the 

Monte-Carlo simulation technique and the third method was the overall risk probability. 

The HQ95/5 is calculated (Equations 4.6 and 4.7) using the highest exposed group in the 
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population at 95%CP (5% most exposed) and the most sensitive group of the population 

at 5%CP it is therefore a conservative evaluation of the health risk. 

 

The second method was hazard quotient using Monte-Carlo simulation techniques 

(HQMC). Monte-Carlo simulation (MCs) is a probabilistic risk assessment tool for 

estimating the hazard quotient (Biesiada, 2001). In the Monte-Carlo approach, the 

distribution of exposure and adverse effects used in estimating HQ are regarded as 

distributed throughout the population. A process of repeated simulations was used to 

calculate the HQ at random values for 10,000 times giving the probability distribution 

density (PDD) for the whole population (Thompson et al., 1992). From the PDD, the 

Monte-Carlo risk probability (MRP) was estimated as the percentage risk probabilities of 

HQ >1 in the distribution.  The third method was the overall risk probability (ORP) 

method. The ORP curve is the plot of exposure exceedance values in cumulative 

percentage against affected population also in cumulative percentage (Cao et al., 2011). 

The overall risk probability of adverse effects is estimated as the area under the ORP 

curve. The method is described in detail in Chapter 4, Section 4.7.3. The ORP was 

estimated as the area under the curve of the relationships between exposure exceedence 

(EE) values and affected population (AP). 

In contrast to the point method (HQ95/5), the Monte-Carlo simulation and overall risk 

probability (ORP) are based on probabilistic distribution which utilize all the data points 

in calculating the risk. 
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8.3 Risk Characterisation for Exposure to Benzene in Service Station 

and Petroleum Refinery Environments  

8.3.1 Hazard Quotient Calculated at HQ95/5  

Hazard Quotient (HQ95/5) for Service Station Environments 

Benzene exposure in terms of dose for service station attendants (Scenario 1), mechanics 

repairing fuel dispensing pumps (Scenario 2), exposed population inside (Scenario 3), 

workers in the office of service stations (Scenario 4), customers during car refueling 

(Scenario 5) and people external to the service stations (Scenario 6) were plotted as 

CPLED relationships (LOAEL evaluation of adverse effects) for short term, long term 

and lifetime exposure to benzene from human epidemiological studies shown in Figure 

8.2 other similar plots are contained in Appendix D.  

 

The calculated HQ values presented in Table 8.1 for STE and LTE in terms of ADD 

indicated that the HQ95/5 for Scenario 1 to 6 was less than unity for STE (<1hr/day) 

suggesting minimal or no risk for STE to benzene in the service station environments.  

HQ at HQ95/5  was <1 for Scenarios 4, 5 and 6 for LTE and Scenarios 3, 4, 5 and 6 for 

lifetime exposure suggesting no risk of adverse effects. 

HQ for LTE (8hr/day) at HQ95/5 was >1 for Scenarios 1, 2 and 3, for lifetime exposure to 

benzene (70years) (Table 8.1), HQ at HQ95/5 was >1 for Scenarios 1 and 2. This implies 

potential risk of adverse effects summarized in Table 8.1 for LTE and lifetime exposure 

to benzene for the scenarios with HQ >1. 
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Figure 8.2 CPD plots for exposure scenarios in service station environments with 

corresponding CPLED plots of adverse health effects for long term exposure to benzene 

(modified from Figure B1, Appendix B) 
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Hazard Quotient (HQ95/5) for Petroleum Refinery Environments 

The exposure dose for Scenario 1, 2A, 2B, 3A, 3B and 4 were plotted as CPD 

relationships with CPLED of adverse effects (LOAEL evaluation) for STE, LTE and 

lifetime exposure to benzene shown in Figure 8.3 other similar plots are contained in 

Appendix B. STE to benzene, HQ95/5 was >1 for Scenario 1, 2B and 3B (Table 8.2). 

Suggesting possible risk of adverse effects summarized in Table 8.2 for workers wearing 

air sampling pumps (Scenario 2B), workers exposed to benzene concentrations inside the 

petroleum refinery (Scenario 3B) in Bulgaria and Base Estimate Exposure (Scenario 1) 

from refineries in Australia, Canada and United Kingdom. Scenario 2A (workers in 

Italian refinery), 3A (concentrations inside Indian refinery) and 4 (concentrations outside 

Indian and Italian refineries) has HQ95/5 value <1. The result suggests minimal or no risk 

for STE (<1hr/day) exposure to benzene for the affected population in Scenario 2A, 3A 

and 4.  For LTE (8hr/day) and lifetime (70years) exposure to benzene, HQ at HQ95/5  was 

>1 for all the scenarios such as Scenario 12A, 2B, 3A, 3B and 4 suggesting risk to adverse 

effects (summarized in Table 8.2) for the affected population in all the scenarios exposed 

to benzene for long term and lifetime. 
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Figure 8.3 CPD plots for exposure scenarios in petroleum refinery environments with 

corresponding CPLED plots of adverse health effects for lifetime exposure to benzene 

(modified from Figure B2, Appendix B) 
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8.3.2 Distribution of Hazard Quotient using Monte-Carlo Simulation 

Hazard Quotient Distribution from Monte-Carlo Simulation (HQMC) for Service Station 

Environments 

CPD plots for Scenario 1 to 6 of exposure to benzene in service station environments 

were made and compared to the CPLED plots (LOAEL evaluation of adverse effects) 

plots (Figure B1, Appendix B) as the HQMC. HQMC, as shown in Figures B3 and B4 

(Appendix B), was less than unity (1) for most of the population for STE (<1hr/day), 

LTE (8hr/day) and lifetime (70years) exposure to benzene. The percentage of the 

proportion of the population with HQMC >1 is presented in Table 8.3 as the Monte-Carlo 

risk probabilities (MRP). LTE has the highest percentage risk probability of affected 

population (2.2 to 17%) as compared to STE (0.043 to 0.78%) and lifetime exposure 

(0.23 to 2.1%). The highest Monte-Carlo risk probability value was for attendants in 

service stations (Scenario 1) distributed above unity level at 17%. This suggests that 

17% of the exposed group in Scenario 1 have a probability risk of adverse effects for 

long term exposure to benzene as compared to the lowest Monte-Carlo risk probabilities 

value of 0.043% of the exposed group in Scenario 4 (Table 8.3). 

 

Hazard Quotient Distribution from Monte-Carlo Simulation (HQMC) for Petroleum 

Refinery Environments 

CPD plots made using Scenario 1, 2A, 2B, 3A, 3B and 4 and CPLED plots of adverse 

effects (LOAEL evaluation) plots (Figure B2 Appendix B) were used in developing 

HQMC probabilistic distribution density (PDD) as in Figure 8.4. Other similar HQMC PDD 

plots were presented in Figures B5 to B8 (Appendix B) showing hazard quotient 

distributions for HQMC <1 and HQMC >1. Percentages of Monte-Carlo risk probabilities 
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of hazard quotient >1 in the probability distribution of exposed population groups was 

presented in Table 8.3. The maximum Monte-Carlo risk probabilities level was in terms 

of LADD for lifetime exposure to benzene for Scenarios 2B (56%) and 3B (52%) 

implying that the exposed population are at risk of cancer and non-cancer effects for 

lifetime exposure to benzene. Monte-Carlo risk probabilities >1 was estimated for 

lifetime exposure with values ranging from 18 to 56% for Scenarios 1 to 4 than LTE  and 

STE with percentage risk levels with Monte-Carlo risk probabilities >1 ranging from 3.8 

to 30% and 2.8 to 23% respectively. This implies that the magnitude of risk of adverse 

effects is from low for STE and LTE to high level of risk of adverse effects for lifetime 

exposure to benzene for the affected population in petroleum refinery environment. 

 

 

 

Figure 8.4 Simulated probability distribution density (PDD) of the hazard quotients for 

exposure to benzene 
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8.3.3 Overall Risk Probability   

Overall Risk Probability for Service Station Environments 

The CPD plots for Scenario 1 to 6 and the CPLED plots of adverse effects (LOAEL 

evaluation) (Figure B1, Appendix B) were used in developing ORP curves (plots attached 

in Appendix B). 

The overall risk probability of adverse health effects with human data for exposure to 

benzene in Scenario 1 to 6 presented in Table 8.3 was estimated as the area under the 

curves of the ORP plots (Figure B9) with an example shown in Figure 8.5. In general, the 

ORP values for STE and lifetime exposure to benzene (<10%ORP) were lower than the 

ORP values for LTE exposure to benzene (<20% ORP) for Scenario 1 to 6 shown in Table 

8.3.Suggesting less than 20% of the affected population in Scenario 1 to 6 were at risk of 

adverse health effects and cancer for LTE. This implies that about 18% of attendants in 

the service stations (Scenario 1), 15% mechanics repairing dispensing pumps (Scenario 

2) and 12% of exposed population inside the service stations (Scenario 3) were at risk of 

adverse effects and cancer. While less than 10% of exposed population in Scenarios 1 to 

6 for STE and lifetime exposure to benzene were at risk of adverse health effects which 

is mainly leukaemia respectively 

 

Overall Risk Probability for Petroleum Refinery Environments 

The CPD plots for Scenario 1 to 4 and the CPLED plots of adverse effects (LOAEL 

evaluation) were used in developing ORP curves shown in Figure 8.5. Other similar plots 

are attached in Appendix B (Figure B10). The overall risk probability of adverse health 

effects with human data for Scenario 1 to 4 are presented in Table 8.4 estimated as the 

area under the curve of the ORP plot for Figure B10 (STE, LTE and lifetime exposure). 
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Higher values for the ORP for adverse effects and cancer were recorded for Scenario 2B 

and 3B as the percentage of affected population. As shown in Table 8.3, close to half of 

the affected population in Scenario 2B and 3B would be expected to be at risk of adverse 

health effects and cancer for long term and lifetime exposure to benzene. Generally, 

higher percentage levels of ORP was estimated for lifetime exposure (11 to 52%) than 

LTE (6.4 to 47%) and STE (4.6 to 29%). This implies that higher level of risk of cancer 

and non-cancer effects will be expected for lifetime (70years) exposure to benzene than 

risk for STE (<1hr/day) and LTE (8hrs/day) in all the scenarios (Scenarios 1 to 4). 

 

 

 

Figure 8.5 Overall risk probability curve derived for lifetime exposure to benzene in 

petroleum refinery environments derived from Figures B10 (Appendix B) 
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8.4 Outcome of Health Risk Assessment  

The risk values in using the three methods that includes ORP, HQ95/5 and MRP indicated 

higher risk of adverse effects for attendants in service stations (Scenario 1) followed by 

mechanics repairing dispensing pumps (Scenario 2) and exposed population inside the 

service stations (Scenario 3) for service station environments. Although low risk to 

adverse effects were observed for workers in the offices of service stations (Scenario 4), 

customers during refuelling (Scenario 5) as well as people external to the service station 

(Scenario 6) for STE and LTE exposure to benzene. However, lifetime exposure indicated 

potential risk to adverse health effects in all the scenarios. 

For petroleum refinery environments, higher health risks were estimated for petroleum 

refinery workers wearing air sampling pumps (Scenario 2B) and workers exposed to 

benzene concentrations inside the petroleum refinery (Scenario 3B) in Bulgaria. This is 

followed by base estimate exposure (Scenario 1) from refineries in Australia, Canada and 

United Kingdom. The risk values for Scenario 2A (workers in Italian refinery) and 3A 

(concentrations inside Indian refinery) were effectively the same but higher than Scenario 

4 (concentrations outside Indian and Italian refineries). 

 

Evaluation of HQ95/5, MRP and ORP 

Table 8.3 is a summary of the HQ95/5, MRP and ORP values estimated for exposure to 

benzene in service station and petroleum refinery environments. The results derived for 

the three methods are in effective agreement as shown in Table 8.3 which indicates a 

strong positive association between the results of HQ95/5, MRP and ORP of the affected 

population. However HQ95/5 is not directly comparable to MRP and ORP. The difference 

between HQ95/5 and MRP as well as ORP in the risk characterisation is that HQ95/5 method 

estimates the risk of adverse effects for not only the highly exposed population group 
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(95%CP Exp) but the most sensitive population group to adverse health effects (5%CP, 

LOAEL). Furthermore, the risk of adverse effects is difficult to interpret with the HQ95/5 

as the result only suggest HQ >1 or HQ <1 for the highly exposed population. This 

limitation was addressed by the ORP and MRP method. 

 

The MRP and ORP method takes into account the exposure dose for all the population in 

estimating risk of adverse effects at all sensitivity levels. Thus, estimating risk of adverse 

effects with the MRP and ORP methods gives the quantitative risk value for all the 

exposed groups in the population sensitive to adverse effects levels. With the ORP 

method, the area under the curves (Figure B9 and B10, Appendix B) gave ORP values 

that can be interpreted as the probability percentage of affected population at risk of 

adverse effects. MRP provides the risk probability (percentage probability) within the 

specified range of uncertainty in PDD. 

Both methods, the ORP and MRP can be used to estimate non-cancer and cancer effects 

for exposure to benzene. 

 

Figure 8.6 is an evaluation of the relationship between the MRP and the ORP methods. If 

the risk characterisation is a perfect relationship, there would be a slope of unity and R2 

value close to unity. From the linear relationship (Figure 8.6), of the ORP and MRP values 

using values from Table 8.3 for exposure to benzene in service station and petroleum 

refinery environments. A good correlation with R2 of 89% was obtained from the 

relationship as well as a slope of 0.89 which are clearly close to unity. The results suggests 

that the risk probabilities of non-cancer and cancer effects estimated using MRP and ORP 

for the affected population are relatively consistent with risk values hence in good 

agreement.  
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Figure 8.6 Relationship of percentage of ORP of affected population and MRP of the 

affected population with increased risk of adverse effects for exposure to benzene in 

service stations and petroleum refinery environments 
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8.5 Evaluation of Health Risk Using Data from Surrogate Animals 

The risk using animal toxicity data in terms of human equivalent dose (HED), risk of 

adverse effects was much lower (HQ <1) for STE and LTE to benzene in service station 

and petroleum refinery environments as compared to HQ values estimated for lifetime 

exposure. HQ values >1 were obtained for more than 90% of the scenarios for service 

station and petroleum refinery environments in terms of LADD. The ORP and MRP risk 

percentage values were much lower with the animal data than with human data for STE 

and LTE exposure to benzene indicating lower risk using animal toxicity data in terms of 

HED than using human data for STE and LTE. This implies that the animal toxicity data 

were less toxic to the human data in the evaluation of the health risk. 

 

8.6 Summary  

The health risk results using the three methods including HQ95/5, MRP and ORP shows 

that workers in petroleum refineries  have a higher risk of adverse health effects from 

exposure to benzene as compared to exposure to benzene of the affected popluation in 

service station environments. The risk of adverse effects from benzene exposure for 

customers during car refueling, workers in the offices of service stations and people 

external to service stations and petroleum  refineries was found to be low (HQ95/5 <1) .  

In the service station environments the risk values with ORP, expressed as the percentage 

of adverse effects in the affected population was low for STE and lifetime exposure 

(0.28% to 2.1%) as compared to risk values for LTE to benzene (2.2% to 17%). The 

values were similar to MRP (0.043% to 3.4% for STE, 0.93% to 15% for LTE). On the 

other hand, higher risk probabilities percentage of affected population likely to have 

health effects for lifetime exposure (11% to 52%) as compared to STE (4.6% to 29%) and 
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LTE (6.4% to 47%) for exposure to benzene in petroluem refinery environments. The 

results (risk values) from ORP and MRP were in good agreement with values obtained at 

HQ95/5 for service stations and petroleum refinery environments for risk characterization.  
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Table 8.1 Hazard Quotient (HQ) values for exposure to benzene in service station 

environments using benzene data from human epidemiological studies 

Estimated HQ for STE to benzene (<1hr/day) in terms of ADD 

Scenario 95%CP  5%CP HQ95/5 Observed adverse health effects at 5%CP 

level 

1 280 510      0.55 Mucous membrane irritation, dyspnea 

Drowsiness, headaches, dizziness.  2 140 510      0.27 

3 120 510      0.23 

4 2.5 510 0.0049 

5 19 510        0.037 

6 3.1 510 0.0061 

Estimated HQ for LTE to benzene (8hrs/day) in terms of ADD 

Scenario 95%CP 5%CP HQ95/5  

1 280 32        8.8 Hematotoxicity effects such as Aplastic, 

anemia. Also Cancer mainly leukaemia was 

observed. 
2 140 32        4.4 

3 120 32        3.8 

4 2.5 32 0.078 

5   19 32           0.59 

6 3.1 32 0.096 

Estimated HQ for Lifetime exposure (70 years) to benzene in terms of LADD 

Scenario 95%CP 5%CP HQ95/5  

1          66 3.2           21 Cancer mainly leukaemia was observed. 

2          24 3.2            7.5 

3           2.3 3.2 0.72 

4 0.72 3.2 0.23 

5           1.0 3.2 0.31 

6            2.2 3.2 0.68 
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Table 8.2 Hazard Quotient (HQ) values for exposure to benzene in petroleum refinery 

environments using benzene data from human epidemiological studies 

Estimated HQ for STE to benzene (<1hr/day) in terms of ADD 

Scenario 95%CP  5%CP HQ95/5 Observed adverse health effects at 

5%CP level 

1 4700 510               9.2 Mucous membrane irritation, dyspnea 

Drowsiness, headaches, dizziness.  2A 470 510 0.92 

2B 12000 510              24 

3C 160 510 0.31 

3D 9800 510             19 

4 85 510 0.17 

Estimated HQ for LTE to benzene (8hrs/day) in terms of ADD 

Scenario 95%CP 5%CP HQ95/5 Observed adverse health effects at 

5%CP level 

1 4700 32        150 Hematotoxicity effects such as Aplastic, 

anemia. Also Cancer mainly leukaemia 

was observed. 
2A 460 32        14 

2B 12000 32        375 

3A 160 32 5.0 

3B 9800 32           310 

4 85 32 2.7 

Estimated HQ for Lifetime Exposure (24hrs/day) to benzene in terms of LADD 

Scenario 95%CP 5%CP HQ95/5 Observed adverse health effects at 

5%CP level 

1   380 3.2 120 Cancer mainly leukaemia was observed. 

2A     16 3.2 5.0 

2B 1800 3.2 560 

3A   15 3.2 4.7 

3B 1200 3.2 380 

4    7.3 3.2 2.3 
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Table 8.3 Health risk outcomes derived for ORP, MRP and HQ95/5  

Scenario STE (ADD) (<1hr/day) LTE (ADD) (8hrs/day) LTE (LADD) (24hrs/day) 

ORP 

(%) 

MRP 

(%) 

HQ95/5 ORP 

(%) 

MRP 

(%) 

HQ95/5 ORP 

(%) 

MRP 

(%) 

HQ95/5 

SERVICE STATION ENVIRONMENTS 

1 1.7 0.78 0.55 17 15 8.8 2.7 3.4 21 

2 0.57 0.34 0.27 12 7.9 4.4 2.1 2.4 7.5 

3 0.35 0.15 0.23 6.7 3.2 3.8 1.3 0.96 0.72 

4 0.28 0.043 0.0049 2.2 0.93 0.078 0.57 0.30 0.23 

5 0.35 0.086 0.037 4.4 1.8 0.59 0.57 0.15 0.31 

6 0.35 0.051 0.0061 2.8 1.3 0.096 0.57 0.18 0.68 

PETROLEUM REFINERY ENVIRONMENTS 

1  15 13 9.2        22    30 150  38 37 120 

2A 6.5 3.4 0.92 9.5 7.5 14 17 29 5.0 

2B     29 23 24        47    49 375        52                      56 560 

3A 6.5 3.3 0.31 9.5 6.9 5.0 17 28 4.7 

3B     27      20 19        44    47 310        47                     52 380 

4 4.6 2.9 0.17 6.4 3.8 2.7 11 18 2.3 
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CHAPTER 9  

CONCLUSIONS 
 

Exposure to BTX in Service Station Environments 

Of the BTX compounds, benzene is of most concern because levels higher than the 

exposure limits (OEL and AQGs) were observed in some scenarios. The time spent during 

work and the proximity of emission sources is a major contributor to BTX exposure. The 

vapour recovery systems (VRS) reduced the level of exposure to benzene to levels of 

minimal concern. Service station attendants and workers maintaining petrol dispensing 

pumps were at risk of been exposed to relatively high levels of benzene in concentrations 

ranging from 1.9 to 2900µg/m3 and 51 to 540µg/m3, respectively. Although, appreciably 

high concentrations of benzene were observed with customers refueling cars (150 to 4900 

µg/m3), this group had only about 10 minutes of exposure per week which results in 

HQ50/RfD and HQ95/RfD <1. The lifetime exposure to benzene for service station attendants 

(HQ50/RfD 1.4 and HQ95/RfD 7.8, Scenario 1) and mechanics repairing petrol dispensing 

pumps (HQ50/RfD 1.1 and HQ95/RfD 2.8, Scenario 2) had HQ50/RfD and HQ95/RfD >1 

suggesting possible adverse health effects. The lifetime exposure to benzene for Scenario 

3 (HQ50/RfD 0.027 and HQ95/RfD 0.27), Scenario 4 (HQ50/RfD 0.0081 and HQ95/RfD 0.084), 

Scenario 5 (HQ50/RfD 0.034 and HQ95/RfD 0.12) and Scenario 6 (HQ50/RfD 0.041 and 

HQ95/RfD 0.26) had HQ50/RfD and HQ95/RfD <1 in all Scenarios. Also, HQ50/RfD and HQ95/RfD 

<1 was estimated for toluene and xylene in all Scenarios suggesting minimal risk to the 

majority of the population in the exposure Scenarios. The highest cases of CR was 

observed for service station attendants ranging from 340 to 1800 in 106 exposed 

population.  
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A new method of overall risk probability in estimating the cancer risk was developed 

based on slope factor for benzene. The probability of cancer risk values obtained using 

the overall risk probability (ORP) method suggested that service station attendants (ORP 

of 670 per 106, Scenario 1) were at more risk to incidence of cancer than the other 

exposure scenarios. 

 

Exposure to Benzene in Petroleum Refinery Environments 

Benzene levels were estimated which pose a significant risk with HQ50/RfD >1 and 

HQ95/RfD >1 for workers exposed to benzene as base estimates for petroleum refinery 

workers (HQ50/RfD 3, HQ95/RfD 44, Scenario 1), petroleum refinery workers with personal 

samplers in Bulgarian refineries (HQ50/RfD 43, HQ95/RfD 240, Scenario 2B) and evaluated 

using air concentrations inside petroleum refineries in Bulgarian refineries (HQ50/RfD 39, 

HQ95/RfD 120, Scenario 3B). The HQ50/RfD for lifetime exposure to benzene in petroleum 

refinery workers (HQ50/RfD 0.20, Scenario 2A), benzene concentrations in air inside the 

petroleum refineries (HQ50/RfD 0.068, Scenario 3A), and benzene concentrations in air 

outside the petroleum refineries (HQ50/RfD 0.024, Scenario 4) were <1. The results 

suggested minimal risk to the majority of the population in these exposure scenarios (2A, 

3A and 4). At 95%CP, HQ95/RfD was <1 for Scenario 4 (HQ50/RfD 0.85) suggesting minimal 

risk to the high exposed group. However, HQ95/RfD were >1 for Scenarios 2A (HQ50/RfD 

1.9) and 3A (HQ50/RfD 1.6) indicating possible risk to human health for the high exposed 

group. 

 

With the ORP method for estimating cancer risk based on slope factor for benzene, 

workers in petroleum refineries in Bulgaria (Scenario 2B) were observed to have the 

highest cancer risk of 44,000 per 106 followed by those evaluated with data from air inside 
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the petroleum refineries in Bulgaria (Scenario 3B) with cancer risk of 17000 per 106 and 

base estimates for petroleum refinery workers (Scenario 1) with cancer risk of 1700 per 

106. 

 

Development of Exposure Guidelines with Benzene Using Probabilistic Techniques  

For humans, leukaemia was the most common type of cancer caused from exposure to 

benzene while other types of cancers were detected from animal studies. The concept of 

the 5%CP provided an alternative method for estimating a guideline value using human 

data. It was different from current methods used to derive guideline values by various 

regulatory organisations which use safety factors and different biological endpoints. 

Linear equations were obtained from the CPLED plots with guideline exposure dose 

values for benzene estimated at 5%CP level. Guideline values were estimated to be 

32µg/kg/day for long term exposure (8hr/day) in relation to occupational exposure and 

3.2µg/kg/day for lifetime exposure (24hr/70yrs) for general population exposure to 

benzene. A guideline of 3.2µg/kg/day was calculated from LADD. This guideline is not 

currently used by regulatory agencies but indicated as appropriate by this analysis.  The 

guideline value when converted to concentration in air (11µg/m3) can be compared to the 

air quality guideline for general population by European Union (5µg/m3), ATSDR 

(10µg/m3) and EPAQS (16µg/m3), USEPA (30µg/m3), OEHHA (60µg/m3). Safety Ratio 

values describing the relationships between human epidemiological data and animal 

toxicity data ranging from 0.25 to 100 was estimated from the CPLED plots and were 

somewhat lower than those used by regulatory agencies which usually ranges from 10 to 

1000. It was also noted that Safety or Uncertainty Factors have been used regularly to 

estimate guideline values by various organisations without verification. 
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Risk Characterisation for Exposure to Benzene in Service Stations and Petroleum 

Refineries Environments Using Probabilistic Techniques 

The health risk results obatined from the three methods including HQ95/5, Monte Carlo 

risk probability (MRP) and ORP showed that workers in petroleum refineries had a higher 

risk of adverse health effects from exposure to benzene as compared to exposure to 

benzene of the affected popluation in service station environments. The risk of adverse 

effects from benzene exposure for customers during car refueling, workers in the offices 

of service stations and people external to service stations and petroleum  refineries was 

found to be low (HQ95/5 <1).  

 

In general, for service station environments with the ORP, the risk probabilities were 

expressed as the percentage of the affected population. This was relatively low for short 

term exposure (STE) and lifetime exposure (0.28% to 2.7%) as compared to risk 

probabilities for long term exposure (LTE) to benzene (2.2% to 17%) and was in 

agreement with MRP (0.043% to 3.4% for STE, 0.93% to 15% for LTE). On the other 

hand, in petroluem refinery environments, ORP gave a higher risk probabilities 

percentage of affected population likely to have health effects for lifetime exposure (11% 

to 52%) as compared to STE (4.6% to 29%) and LTE (6.4% to 47%) to benzene which 

was also in agreement with MRP (2.9% to 13%, STE; 3.8% to 30%, LTE; 18% to 37%, 

Lifetime exposure). The results from ORP and MRP were also similar to values obtained 

at HQ95/5 for service stations and petroleum refinery environment for risk characterization.  
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APPENDIX A List of sources of LOAEL data from human epidemiological 

studies and animal experiments 
 

Table A1 Reported toxicity data for short – term human exposure to benzene 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

LETHAL EFFECTS 

Reference LOAEL 

(μg/m3) 

 ED 

(d) 

EF 

(d/d) 

LOAEL–ADD 

(μg/kg/day) 

Observed Health 

Effects 

Flurry, (1928) 6.38 x 107 1 0.01 1.82 x 105 Death  

NON – LETHAL EFFECTS 

Reference  LOAEL 

(μg/m3) 

ED 

(d) 

EF 

(d/d) 

LOAEL–ADD 

(μg/kg/day) 

Observed Health 

Effects 

Midzenski et al., 

(1992) 

 

1.91 x 105 

 

1 

 

0.1 

 

5.47 x 103 

Drowsiness, dizziness, 

headaches, strong 

odour, fatigue  

Flurry (1928)  

9.57 x 105 

 

0.5 

 

0.04 

 

1.09 x 104 

Drowsiness, 

headaches, dizziness   

Midzenski et al., 

(1992) 

 

191 x 105 

 

1 

 

0.1 

 

5.47 x 103 

 

Mucous membrane 

irritation 

Midzenski et al., 

(1992) 

 

1.91 x 105 

 

21 

 

0.33 

 

1.81 x104 

 Mucous  membrane 

irritation, dyspnea  
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Table A2 Reported toxicity data for long – term human exposure to benzene 

NON CANCINOGENIC EFFECTS 

Reference LOAEL     

(μg/m3) 

ED  

(d) 

   EF 

(d/d) 

LOAEL–ADD 

(μg/kg/day) 

Observed Health Effects 

Aksoy and 

Erdem, (1978) 

 

4.79 x 105 

 

5475 

 

0.33* 

 

4.51 x 104 
 

Hematotoxicity – Pancytopenia  

 

Doskin, (1971)  

 

9.57 x 103 

 

1095 

 

0.33* 

 

9.02 x 102 

Hematotoxicity – Anemia, 

lymphocytosis, leukopenia,  

Aksoy et al., 

(1972) 

 

6.69 x 105 

 

365 

 

0.33* 

 

6.32 x 104  

Hematotoxicity – Pancytopenia, 

hypercellular bone marrow  

Cody et al., 

(1993) 

 

1.28 x 105 

 

365 

 

0.33* 

 

1.21 x 104 

Hematotoxicity – Decrease in 

white blood cells counts  

Yin et al., 

(1987c) 

 

9.25 x 104 

 

6935 

 

0.33* 

 

8.72 x 103 
 

Hematotoxicity – Aplastic, 

anemia  

Baak, (1999) 6.38 x 101 7665 0.33* 6.02  Hematotoxicity – Aplastic, 

anemia 

Fishbeck et al., 

(1978) 

 

7.98 x104 

 

1058

5 

 

0.33* 

 

7.52 x 103 

Hematotoxicity – Increased mean 

corpuscular volume  

Lan et al., 

(2004a) 

 

1.82 x 103 

 

2190 

 

0.33* 

 

1.71 x102 

Reduced WBC and platelet counts 

– Hematotoxicity 

Qu et al., 

(2002) 

 

7.21 x 103 

 

3541 

 

0.33* 

 

6.79 x 102 

Hematotoxicity – Reduced 

neutrophils and RBC counts  

Rothman et al., 

(1996a) 

 

2.42 x 104 

 

2300 

 

0.33* 

 

2.29 x 103 

Hematotoxicity – Reduced 

absolute lymphocyte count  

Aksoy et al., 

(1972) 

 

6.69 x 105 

 

365 

 

0.33* 

 

6.32 x 104  

Immunological – hypoplastic to 

hyperplastic bone marrow 

Cody et al., 

(1993) 

 

1.28 x 105 

 

365 

 

0.33* 

 

1.21 x 104 
 

Immunological – Decreased 

lymphocytes  

Goldwater, 

(1941) 

 

3.53 x 104 

 

1852 

 

0.33* 

 

3.33 x 103 

Immunological – Anemia, 

macrocytosis, thrombocytopeniav  

Kipen et al., 

(1989) 

 

2.39 x 105 

 

9125 

 

0.33* 

 

2.26 x 104 
 

Immunological – Leukopenia   

Aksoy et al., 

(1972) 

 

6.67 x 105 

 

365 

 

0.33* 

 

6.29 x 104  
 

Immunological – Pancytopenia 

Cody et al., 

(1993) 

 

1.28 x 105 

 

365 

 

0.33* 

 

1.21 x 104 
 

Immunological – Decreased 

lymphocytes  

Greenburg et 

al., (1939) 

 

3.51 x 104 

 

1852 

 

0.33* 

 

3.31 x 103 

Immunological – Anemia, 

macrocytosis, thrombocytopeniav  

Xia et al., 

(1995) 

 

2.20 x 103 

 

365 

 

0.33* 

 

2.08 x 102 
 

Immunological – Leukopenia  

Bogadi-Sare et 

al., (1997) 

 

6.06 x 103 

 

6205 

 

0.33* 

 

5.71 x 102 

Reproductive – increased in 

chromosome aberration  

Yardley – 

Jones, (1990) 

 

3.19 x 103 

 

2190 

 

0.33* 

 

3.01 x 102 

Reproductive – increased in 

chromosome aberration 

Chen et al., 

(2000) 

 

6.87 x 101 

 

2210 

 

0.33* 

 

6.48 

Reproductive – increased in 

chromosome aberration 
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CANCINOGENIC EFFECTS 

Reference LOAEL     

(μg/m3) 

ED  

(d) 

   EF 

(d/d) 

LOAEL–ADD 

(μg/kg/day) 

LOAEL–LADD 

(μg/kg/day) 

Observed 

Health Effect 

Aksoy and 

Erdem, (1978) 

 

4.79 x 105 

 

5475 

 

0.33* 

 

4.51 x 104 

 

9.67 x 103 
 

Cancer – 

Leukemia  

Collins et al., 

(2003) 

 

3.19 x 105 

 

2590 

 

0.33* 

 

3.01 x 104 

 

3.05 x 103 
 

Cancer – 

Leukemia 

Yin et al., 

(1987c) 

 

9.25 x 104 

 

6935 

 

0.33* 

 

8.72 x 103 

 

2.37 x 103 
Cancer – 

Human 

lymphocytic 

leukemia 

Aksoy et al., 

(1987) 

 

3.19 x 103 

 

1460

0 

 

0.33* 

 

3.01 x 102 

 

1.72 x 102 
 

Cancer – 

Leukemia  

Ott et al., 

(1978) 

 

9.57 x 102 

 

548 

 

0.33* 

 

9.02 

 

1.94 
 

Cancer – 

Leukemia  

Rinsky et al., 

(1981) 

 

5.1 x 104 

 

5110 

 

0.33* 

 

4.81 x 103 

 

9.62 x 102 
 

Cancer – 

Leukemia  

Thurston et al., 

(2000) 

 

2.74 x 103 

 

2555 

 

0.33* 

 

2.59 x 102 

 

2.58 x 101 
Cancer – 

Acute myeloid 

leukemia 

Infante et al., 

(1977a) 

 

5.1 x 104 

 

5110 

 

0.33* 

 

4.81 x 103 

 

9.62 x 102 
 

Cancer – 

Leukemia  

Yin et al., 

((1989) 

 

6.87 x 103 

 

365 

 

0.33* 

 

6.48 x 102 

 

9.25 
Cancer – 

Chronic 

erythroid 

leukemia  

Vigliani and 

Forni, (1976) 

 

6.38 x 105 

 

1095

0 

 

0.33* 

 

6.02 x 104 

 

2.58 x 104 
 

Cancer – 

Leukemia  

Infante, (1978) 3.19 x 104 3650 0.33* 3.01 x 103 4.29 x 102 Cancer – 

Leukemia  

*0.33d/d (8h/d) is assumed to be equivalent occupational exposure 

LOAEL – Lowest Observed Adverse Effects Levels 

ED – Exposure Duration (day) 

EF – Exposure length (day/day) 

LOAEL–ADD - Lowest Observed Adverse Effects Average Daily Dose 

LOAEL–LADD - Lowest Observed Adverse Effects Lifetime Average Daily Dose 

 

 

 

 

 

 

 

 
 



192 

  

Table A3 Reported toxicity data for short - term exposure to benzene from animal 

experiments 

LETHAL EFFECTS 

Reference Test 

Animal 

LOAEL  

(μg/m3) 

ED 

 (d) 

EF 

 (d/d) 

LOAEL-

HEADD 

(μg/kg/day) 

Observed Adverse Health Effects 

Smyth et al. 

1962 

 

Rat 

 

5.1 x 107 

 

1 

 

0.16 

 

2.7 x 107 

 

Death 

Carpenter et 

al. 1944 

 

Rabbit 

 

1.43 x 108 

 

1 

 

0.02 

 

4.1 x 107 

 

Death 

Drew and 

Fouts (1974) 

 

Rat 

 

4.37 x 107 

 

1 

 

0.16 

 

2.4 x 107 

 

Death  

NON – LETHAL EFFECTS 

Reference Test 

Animal 

LOAEL  

(μg/m3) 

ED 

 (d) 

EF 

(d/d) 

LOAEL-

HEADD 

(μg/kg/day) 

Observed Adverse Health Effects 

Robinson et 

al. (1997) 

 

Rat 

 

1.27 x 107 

 

28 

 

0.25 

 

4.29 x 104 

Reduction in total splenic cells 

Dow (1992)  

Rat 

 

1.59 x 106 

 

21 

 

0.25 

 

5.36 x 104 

Decreased myeloid and 

lymphoid cells 

Kuna and 

Kapp (1981) 

 

Rat 

 

1.59 x 105 

 

14 

 

0.25 

 

5.36 x 103 

Decreased maternal body weigh 

chertkov et al. 

(1992) 

 

Mice  

 

9.57 x 105 

 

14 

 

0.25 

 

3.36 x 104 

Decreased in bone marrow 

cellularity and leukocytes 

Aoyama 

(1986) 

 

Mice 

 

1.53 x 105 

 

14 

 

0.25 

 

5.38 x 103 

Decreased leukocytes count 

Li et al. 1986  

Rat  

 

3.19 x 105 

 

7 

 

0.33 

 

1.41 x 104 

Decreased leukocytes count 

Ward et al. 

(1985) 

 

Mouse  

 

9.57 x 105 

 

14 

 

0.25 

 

3.36 x 104 

Decreased lymphocytes and 

leukocytes 

Cronkite et al. 

1985 

 

Mouse 

 

3.19 x 105 

 

14 

 

0.25 

 

1.12 x 104 

Decreased hematocrit, hemolytic 

anemia) 

Dempster and 

Snyder (1991) 

 

Mouse 

 

3.19 x 104 

 

7 

 

0.25 

 

1.12 x 103 

 

Decrease in CFU-E numbers 

Wells et al.,   

(1991)  

 

Mouse 

 

9.57 x 105 

 

7 

 

0.25 

 

3.36 x 104 

 

Decrease in WBC count 

Plappert et al. 

(1994a) 

 

Mouse 

 

9.57 x 105 

 

7 

 

0.25 

 

3.36 x 104 

 

Increased in lymphocytes 

Keller and 

Snyder 1988 

 

Mouse 

 

6.38 x 104 

 

21 

 

0.25 

 

2.24 x 103 

Decreased circulating erythroid 

precursors 

Green et al. 

1978 

 

Rat 

 

3.19 x 105 

 

21 

 

0.25 

 

1.07 x 104 

Increased incidence of missing 

sternebrae) 

Coate et al. 

1984 

 

Rat 

 

3.19 x 105 

 

21 

 

0.25 

 

1.07 x 104 

Decreased fetal weight) 

Neun et al. 

1992 

 

Mouse  

 

9.57 x 105 

 

15 

 

0.25 

 

3.36 x 104 

Reduced bone marrow 

cellularity) 

 

Gill et al. 

1980 

 

Mouse 

 

3.19 x 105 

 

8 

 

0.29 

 

4.48 x 104 

leukopenia; decrease in marrow 

cellularity) 
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Table A4 Reported toxicity data for medium – term exposure to benzene from animal 

experiments 

LETHAL EFFECTS 

Reference Test 

Animal 

LOAEL  

(μg/m3) 

ED 

 (d) 

EF 

 (d/d) 

LOAEL-

HEADD 

(μg/kg/day) 

Observed Adverse 

Health Effects 

Maltoni et 

al. 1985 

 

Rat  

 

6.38 x 105 

 

105 

 

0.29 

 

2.49 x 104 

 

Death  

Cronkite 

1986 

 

Mouse  

 

9.57 x 105 

 

112  

 

0.25 

 

3.36 x 104 

 

Death  

Rosenthal 

and Snyder 

1987 

 

 

Mouse 

 

 

3.19 x 105 

 

 

140 

 

 

0.25 

 

 

1.12 x 104 

 

 

Death 

Cronkite et 

al 1989 

 

Mouse  

 

9.57 x 105 

 

112 

 

0.25 

 

3.36 x 104 

 

Death  

Farris et al, 

1993 

 

Mouse  

 

9.57 x 105 

 

112 

 

0.25 

 

3.36 x 104 

 

Death  

Cronkite et 

al. (1985) 

 

Mouse   

 

9.57 x 105 

 

112 

 

0.25 

 

3.38 x 104 

 

Death     

Snyder et 

al. 1982 

 

Mouse  

 

2.94 x 105 

 

35 

 

0.25 

 

1.03 x 104 

 

Death 

NON LETHAL EFFECTS 

Reference Test 

Animal 

LOAEL  

(μg/m3) 

ED (d) EF (d/d) LOAEL-

HEADD 

(μg/kg/day) 

Observed Adverse 

Health Effects 

Luke et al. 

1988b 

 

Mouse 

 

9.57 x 105 

 

91 

 

0.25 

 

3.36 x 104 

Depressed rate of 

erythropoiesis 

Ward et al. 

(1985) 

 

Rat  

 

9.57 x 105 

 

91 

 

0.25 

 

3.21 x 105 

Lower cellularity in 

bone marrow  

Green et al. 

(1981a) 

 

Mouse  

 

3.01 x 104 

 

70 

 

0.25 

 

1.06 x 103 

Some increase in 

spleen weight and 

cellularity  

Ferris et al. 

(1997) 

 

Mice 

 

3.19 x 105 

 

56 

 

0.25 

 

1.12 x 104 

Altered bone marrow 

cells, and blood cells. 

Ward et al. 

(1985) 

 

Mouse  

 

3.14 x 103 

 

91  

 

0.25 

 

1.10 x 103 

Decreased blood cell 

counts 

Cronkite et 

al. (1985) 

 

Mouse  

 

3.14 x 103 

 

91  

 

0.25 

 

1.10 x 103 

Reduced bone 

marrow cellularity  

Plappert et 

al. (1994a) 

    

Mouse 

 

9.57 x 105 

 

70 

 

0.25 

 

3.36 x 104 

Decreased erthrocye 

count and slight 

anemia 

Ferris et al. 

(1993) 

 

Mice  

 

9.57 x 105 

 

           

112 

 

          

0.25 

 

3.36 x 104 

Developed lymphoid, 

preputial and lung 

tumors  

Cronkite et 

al. (1985) 

 

Mouse   

 

9.57 x 105 

 

           

112 

 

          

0.25 

 

3.36 x 104 

Thymic lymphomas, 

leukaemia, 

lymphomas 

Cronkite et 

al. 1989 

 

Mouse 

 

1.39 x 107 

 

112 

 

0.25 

 

4.88 x 105 

Decreased stem cells 

in bone marrow 
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Table A5 Reported toxicity data for long – term exposure to benzene from animal 

experiments  

NON – CARCINOGENIC EFFECTS 

Reference Test 

Animal 

LOAEL  

(μg/m3) 

ED* 

(d) 

EF 

(d/d) 

LOAEL-

HEADD 

(μg/kg/day) 

LOAEL-

HELADD 

(μg/kg/day) 

Observed Adverse Health 

Effects 

Deichmann 

et al. (1963) 

 

Rat  

 

1.53 x 105 

 

224 

 

0.29 

 

5.97 x 103 

 

8.17 

Slight leucopoenia was 

observed 

Snyder et al 

1982 

 

Mouse  

 

9.57 x 105 

 

222 

 

0.25 

 

2.24 x 104 

 

41.0 

Decreased red blood 

counts and lymphocytes 

Snyder et al. 

(1980) 

 

Mouse  

 

3.19 x 105 

 

490 

 

0.25 

 

1.10 x 104 

 

20.1 

Anemia, bone marrow 

hypoplasia.   

Snyder et al. 

(1980) 

 

Mouse  

 

9.42 x 105 

 

490 

 

0.25 

 

3.31 x 104 

 

606 

 

Bone marrow hyp0plasia 

Snyder et al. 

(1984) 

 

Rat  

 

3.19 x 105 

 

728 

 

0.25 

 

1.06 x 104 

 

145 

Decreased lymphocyte 

counts, splenic 

hyperplasia 

Green et al. 

(1981a) 

 

Mouse  

 

9.57 x 105 

 

182 

 

0.25 

 

3.36 x 104 

 

615 

Reduced red blood cell 

count, reduced spleen 

weight 

 

Baarson et 

al. (1984) 

 

 

Mouse  

 

 

1.02 x 105 

 

 

179  

 

 

0.25 

 

 

3.59 x 103 

 

 

6.56 

Depression in the number 

of splenic nucleated cells 

and lymphocytes. 

Green et al. 

(1981a) 

 

Mouse  

 

9.57 x 105 

 

182 

 

0.25 

 

3.36 x 104 

 

615 

Lymphocytopenia, 

reduced red blood cell  

Deichmann 

et al. (1963) 

 

Rat  

 

4.78 x 105 

 

224  

 

0.29 

 

1.86 x 104 

 

255 

 

Slight leucopoenia 

CARCINOGENIC EFFECTS 

Reference Test 

Animal 

LOAEL  

(μg/m3) 

ED 

 (d) 

EF 

 (d/d) 

LOAEL-

HEADD 

(μg/kg/day) 

LOAEL-

HELADD 

(μg/kg/day) 

Observed Adverse Health 

Effects 

Snyder et al. 

(1980) 

 

Mouse  

 

9.57 x 105 

 

490 

 

0.25 

 

3.90 x 104 

 

71.0 

 

Leukaemia 

Snyder et al. 

(1978b) 

 

Mouse  

 

3.19 x 105 

 

728  

 

0.25 

 

1.12 x 104 

 

205 

Developed myelogenous 

leukaemia 

Snyder et al. 

(1988) 

 

Mouse  

 

9.57 x 105 

 

728  

 

0.25 

 

3.62 x 104 

 

615 

Incidence of leukaemia or 

lymphomas 

Cronkite et 

al. (1985) 

 

Mouse  

 

9.57 x 105 

 

728 

 

0.25 

 

3.36 x 104 

 

615 

Incidence of leukaemia all 

types 

Maltoni et 

al. 1982a 

 

Rat  

 

6.38 x 105 

 

728 

 

0.29 

 

2.49 x 104 

 

3.41 x 104 

 

Hepatomas 

Snyder et al. 

(1984) 

 

Rat  

 

3.19 x 105  

 

728 

 

0.25 

 

1.07 x 104 

 

1.47 x 102 

Incidence of total and 

malignant tumours 

Maltoni et 

al. 1985 

 

Rat 

 

6.38 x105 

 

728 

 

0.29 

 

2.49 x 104 

 

341 

 

Hepatomas  

ED – Exposure Duration (day); EF – Exposure Frequency (day/day) 

LOAEL-HEADD – Lowest Observable Adverse Effects-Human Equivalent Dose in terms of ADD 

LOAEL-HELADD – Lowest Observable Adverse Effects -Human Equivalent Dose in terms of LADD 

LOAEL– Lowest Observable Adverse Effects 



195 

  

APPENDIX B List of Figures for risk characterisation in service stations 

and petroleum refinery environments using HQ95/5, Monte-Carlo 

simulation and overall risk probability method  
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Figure B1 Exposure scenarios in service station environments with corresponding 

adverse health effects for A, short term exposure; B, long term exposure and C, lifetime 

exposure to benzene 



197 

  

Figure B2 Exposure scenarios in petroleum refinery environments with corresponding 

adverse health effects for A, short term exposure; B, long term exposure and C, lifetime 

exposure to benzene 

30

31

32
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Figure B3 Simulated probability distribution density (PDD) of the hazard quotient for 

exposure to benzene in service station environments in terms of ADD evaluated from 

human data 

 

 

Figure B4 Simulated probability distribution density (PDD) of the hazard quotient for 

exposure to benzene in service station environments in terms of LADD evaluated from 

human data 
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Figure B5 Simulated probability distribution density (PDD) of the hazard quotient less 

than unity for exposure to benzene in petroleum refinery environments in terms of ADD 

evaluated from human data 

 

 

Figure B6 Simulated probability distribution density (PDD) of the hazard quotient 

greater than unity for exposure to benzene in petroleum refinery environments in terms 

of ADD evaluated from human data 
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Figure B7 Simulated probability distribution density (PDD) of the hazard quotient less 

than unity for exposure to benzene in petroleum refinery environments in terms of LADD 

evaluated from human data 

 

 

Figure B8 Simulated probability distribution density (PDD) of the hazard quotient 

greater than unity for exposure to benzene in petroleum refinery environments in terms 

of LADD evaluated from human data  
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Figure B9 Overall risk probability curve derived for A, short term; B, long term and C, 

lifetime exposure to benzene in petroleum refinery environments derived from Figures 

B1 
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Figure B10 Overall risk probability curve derived for A, short term; B, long term and C, 

lifetime exposure to benzene in petroleum refinery environments derived from Figures 

B2 

  


