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Abstract 27 

The results of the research in the field of benzene, toluene, ethylbenzene and xylene isomers 28 

(BTEX) concentrations in exhaust gases of spark ignition engines under different operating 29 

conditions are presented in this paper. The aim of this paper is to gain a clearer insight into the 30 

impact of different engine working parameters on the concentrations of BTEX. The 31 

experimental investigation has been performed on the SCHENCK 230W test stand with the 32 

controlled IC engine. The engine operating points have been chosen based on the results of a 33 

simulation and they are considered as the typical driving conditions according to the New 34 

European Driving Cycle. Concentration levels of BTEX compounds in exhaust gas mixtures 35 

have been determined by gas chromatography technique by using the combination of 36 

Supelcowax 10-Polyethylene glycol column and the PID detector. Based on the experimental 37 

research results, the emission model of BTEX compounds has been defined by the simulation 38 

of movement of a Fiat Punto Classic passenger car in accordance with the NEDC cycle. 39 

Using the results obtained within the simulation, the official statistics on the number of 40 

gasoline-powered cars on the territory of the Republic of Serbia and the European 41 

Commission data on the annual distance traveled by car, the amounts of BTEX compounds 42 

emitted annually per car have been estimated, as well as the emissions of the entire Serbian 43 

car fleet. 44 

 45 

Keywords: aromatic compounds; driving cycle; exhaust gases; engine testing; emission model46 
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 47 

1. Introduction 48 

 49 

The permanent increase in the need for various forms of energy leads to constant 50 

environmental degradation. The energy sector is the largest source of air pollution resulting 51 

from human activity, mainly from the combustion of fossil fuels (International Energy 52 

Agency, 2016). Constant emissions of pollutants into ambient air affect the global processes 53 

by increasing concentration levels of pollutants, distribution and allocation between basic 54 

environmental compartments, biotic and abiotic matrix. The consequences of uncontrolled 55 

emissions of pollutants are related to the presence of large amounts of various gases in the 56 

atmosphere, like CO2, SO2, CH4, NxOy, and VOC (Alyuz and Alp, 2014). In addition to these 57 

compounds, there is a large number of specific hazardous and carcinogenic substances in the 58 

atmosphere. Air pollution has many unwanted effects, the extent of which is determined by 59 

the concentration levels of different pollutants. There is a wide range of negative health 60 

impacts, adverse impacts on vegetation, climate change, acidification of atmospheric 61 

precipitations, and eutrophication of water bodies (Bernstein et al., 2004; Bobbink et al., 62 

2010; Künzli et al., 2000; Tong et al., 2016). 63 

A significant part of environmental air pollution and a wide range of health hazards originate 64 

from motor vehicle emissions (Caprino and Togna, 1998; Poorfakhraei et al., 2017). This has 65 

induced strong legislative efforts to reduce the harmful vehicle emissions. The notably 66 

reduced traffic emissions have been achieved by new engine technologies, exhaust 67 

aftertreatment, and newly developed, reformulated fuels. However, only a part of the exhaust 68 

compounds are legally regulated, such as nitrogen oxides (NOX), carbon monoxide (CO), total 69 

hydrocarbons (HC), and particulate matter (PM). On the other hand, more specific, 70 

carcinogenic compounds, such as BTEX, remain largely unregulated (Westphal et al. 2010).  71 



4 

 

The most recent European Union ecological standards related to the exhaust gases of motor 72 

vehicles from Euro 1 to Euro 6, which is being applied since September 2014, are focused on 73 

the lowering of the greenhouse gas emissions: CO2, CO, NxOy, suspended particles and total 74 

HCs (Diesel Net, 2018). The results of many experimental researches, including the results of 75 

this study, point to high concentration levels of BTEX aromatic compounds in motor vehicle 76 

exhaust gases (Lan and Minh, 2013; Macedo et al., 2017; Truc and Kim Oanh, 2007). These 77 

high concentrations appear as a result of the substitution of lead, an anti-detonator, by 78 

aromatic compounds in unleaded fuels with the purpose of increasing the octane number 79 

(Truc and Kim Oanh, 2007). Octane number is one of the main parameters used in quality 80 

control of gasoline and provides information about the resistance to auto-ignition (Rankovic 81 

et al., 2015). The chemical structure of hydrocarbons in gasoline has great influence on 82 

detonation. BTEX are very resistant to self-detonation, which is why they are used as octane 83 

number increasers in unleaded fuels (Mendes et al., 2012). Consequently, the problem of the 84 

presence of lead in the environment has been replaced by a new, and possibly greater, 85 

problem of BTEX compounds. It has only recently been recognized that benzene added to 86 

unleaded petrol in order to maintain vehicle performance may be a worse threat to human 87 

health than the lead it had displaced (Colls, 2002).  88 

BTEX have become the common components in the atmosphere of most urban areas 89 

(Murena, 2007; Zalel et al., 2008), and their negative impacts on environmental and public 90 

health have already caused general concern (Moolla et al., 2015; Rezazadeh et al., 2012; 91 

Tohon et al., 2014). They are highly reactive in the troposphere, and therefore play an 92 

important role in the atmospheric chemistry (Atkinson, 2007). These compounds have been 93 

recognized as the important photochemical precursors for tropospheric ozone and organic 94 

aerosols (Barletta et al., 2008; Liu et al., 2009; Zhang et al., 2012). Aromatic BTEX can be 95 

seriously toxic at both short- and long- term exposures.  96 
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Benzene is the most harmful compound from the BTEX group, which has been categorized by 97 

the International Agency for Research on Cancer (IARC) as a known human carcinogen 98 

(Group 1) (Bayliss et al., 1997; Demirel et al., 2014; Maltoni et al., 1989; Mehlman, 2008).  99 

The other BTEX compounds have also been identified as neurotoxic (Chen et al., 2011; 100 

Fustinoni et al., 2010), carcinogenic and mutagenic at concentration levels found in urban 101 

environment (Bono et al., 2003). Exposure to BTEX compounds causes symptoms such as 102 

tiredness, confusion, weakness, drunken-type actions, memory loss, nausea and loss of 103 

appetite (Edokpolo et al., 2014; Romieu et al., 1990; Tunsaringkarn et al., 2012) 104 

 105 

1.1. The New European Driving Cycle- NEDC 106 

 107 

A driving cycle is a fixed schedule of vehicle operation which allows emission tests to be 108 

conducted under reproducible conditions (Barlow et al., 2009). Driving cycles are usually 109 

defined in relations of vehicle speed as a function of time. The emission levels are dependent 110 

upon many parameters, including the vehicle-related factors such as model, size, fuel type, 111 

technology level and mileage, as well as the operational parameters such as speed, 112 

acceleration, gear selection and road gradient. (Franco et al., 2013; Tzirakis et al., 2006,) For 113 

that reason, different driving cycles have been developed for different types of vehicles such 114 

as cars, vans, trucks, buses, and motorcycles. It is also useful to note that driving cycles may 115 

be used for a variety of purposes other than emission measurements, such as engine testing or 116 

drivetrain durability.  117 

The New European Driving Cycle (NEDC) is a driving cycle designed to estimate the 118 

emission levels of car engines and fuel economy of passenger cars. The NEDC is a stylized 119 

cycle, with periods of acceleration, deceleration and constant speed, and it is supposed to 120 

represent the typical usage of a passenger car in Europe. The cycle is divided into two main 121 
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parts. The first part simulates driving of a motor vehicle in urban areas, while the second part 122 

is reserved for simulation of driving on the open road. The first part of NEDC consists of four 123 

repeated ECE-15 Urban Driving Cycles (UDC) with a total length of 4,052 km and driving 124 

time period of 13 minutes, as shown in Figure 1. The average speed in the urban part of the 125 

cycle is 19 km/h, while the maximum speed is 50 km/h. The second part, an Extra- Urban 126 

driving cycle (EUDC), consists of 13 stages and lasts 400 seconds, with a top speed of 120 127 

km/h (Fig. 1) (Agudelo et al., 2016; Barlow et al., 2009). The NEDC is used for type approval 128 

of light-duty vehicle models in the European Union.  129 

 130 

 131 
 132 

Fig. 1. The New European Driving Cycle (NEDC) 133 

 134 

The purpose of this cycle is to simulate vehicle and engine operation that usually occurs 135 

during the regular exploitation of passenger cars. In this way, the values measured during this 136 

cycle to a large extent reflect the real impact of vehicles on the environment and natural 137 

resources.  138 

1.2. Engine testing 139 

 140 

Engine testing is an expensive and complex process that requires a lot of research time and 141 

engagement, complicated measuring equipment and skilled manpower. For the purposes of 142 

this study, it was necessary to examine the toxicity of combustion products generated during 143 
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engine operation. The internal combustion engine basically works in a wide range of engine 144 

speeds (Antoni et al., 2013, Fu et al., 2014). If we add to this the fact that the engine can 145 

operate at varying loads (Karthikeya Sharma et al., 2015, Rahman et al., 2015), which also 146 

have a relatively wide operating range, it may lead us to a simple conclusion on a practically 147 

infinite number of possible combinations and setpoints. However, in the practical use of 148 

engines, particularly in the use of motor vehicles, not all combinations of engine speeds and 149 

loads are possible (Chen et al., 2016; Yunus Khan et al., 2015). The selection of characteristic 150 

setpoints is a very complex process, because it is necessary to know the features of the motor-151 

vehicle-environment system. It means that for the motion of a motor vehicle, two different 152 

engines will run at different operating points. In order to obtain the desired setpoints for this 153 

experimental research, it was necessary to establish the operating regimes which are of 154 

fundamental significance.  155 

Obtaining these interesting points can be done in two different ways. The first is an empirical 156 

determination through experiments with real motor vehicles, while the other way would be 157 

reserved for retrieving the setpoints via numerical simulations. Specifically, in this paper a 158 

numerical simulation was selected for the finding of characteristic operating points of the 159 

engine. The carried-out simulations of the internal combustion engine as the drive unit were 160 

presented in detail in Dorić Phd thesis. The results of the simulations presented in (Dorić, 161 

2012) were the input parameters for further investigation.  162 

As can be seen from Fig. 2, the operating points are connected to form an operating line. This 163 

operating line represents engine regimes during passenger car driving in accordance with the 164 

NEDC requirements. It is evident that the largest part of the engine operating regime is 165 

reserved for medium speeds and very low loads. The presented figure of engine operation was 166 

used in the selection of setpoints for analyzing the toxicity of the engine in experimental 167 

testing. It is easy to observe the commonly used operating points during the IC engine 168 
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exploitation in urban areas, as can be seen in Fig. 2. These regimes are mostly set at the low 169 

levels of load, around 10 to 30% of full load, to be more specific.  170 

 171 
Fig. 2. The operating points of IC engine selected in order to meet the power requirements of urban driving 172 

(source: Dorić, 2012)  173 
 174 

Considering that full engine load is not expected during exploitation of vehicles in urban 175 

areas, it can be concluded that full load is not relevant from the viewpoint of this research. 176 

Also, it would be unrealistic to expect the toxicity of all operating points through which the 177 

engine is running during simulation to be examined. There are many operating points where 178 

engine works for very short periods of time. On the other hand, there are many points at 179 

which the engine is kept running longer and more frequently passes through them. These 180 

points represent the focus of our experimental research.  181 

The main intention of this paper was to quantify the pollution formation of BTEX compounds 182 

from a vehicle engine, and the focus of our research was placed on engine regimes that are 183 

expected most in the urban exploitation of vehicles. To ensure the reproducibility of the 184 

experimental tests, the NEDC was selected as the pattern of driving of passenger cars in urban 185 

driving conditions. Based on the results of emission measurements at characteristic operating 186 

points of the cycle, the quantities of BTEX compounds emitted have been assessed during the 187 

movement of a Fiat Punto Classic (FPC) passenger car in accordance with the NEDC pattern.  188 
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2. Materials and methods 189 

During the experimental research, the emission characteristics of a naturally aspirated Oto 190 

engine with the specifications given in Table 1 have been investigated, with the purpose of 191 

predicting the quantities of BTEX compounds emitted during the movement of FPC 192 

passenger car in accordance with the NEDC.  193 

 194 
Table 1 195 
Main engine data 196 
 197 

Engine model 1.1 EFI (Electronic Fuel Injection) 

Engine type In-line, 4-stroke 

Bore and stroke  

Total engine displacement 1.1 L 

Firing order 1-3-4-2 

Compression ratio 10:1 

Valves per cylinder intake/exhaust 1/1 

Aspiration atmospheric 

Injection system multipoint 

Peak power @ 6000 RPM 40 kW 

Peak torque @ 3500 RPM 60 Nm 

Engine speed  1000-6000 rpm 

Testing load range 10-50% 

Fuel  Europremium unleaded gasoline 

Emission standard Euro 4 

Exhaust gas control TWC (Three-way catalyst) 

 198 
 199 

2.1. Test stand 200 

For this experimental investigation, a special category of ECU (Engine Control Unit), which 201 

is programmable in order to achieve different working parameters, has been used. These 202 

ECUs do not have a fixed behavior, but can be reprogrammed by the user.  The examples 203 

include adding or changing the turbocharger, adding or changing the intercooler, changing 204 

the exhaust system, and converting to run on alternative fuel. As a consequence of these 205 

changes, the ordinary ECU may not provide the appropriate control for the new configuration. 206 

In these situations, a programmable ECU can be wired in. These can be programmed or 207 

mapped with a laptop connected by a serial or USB cable while the engine is running. The 208 

programmable ECU may control the amount of fuel to be injected into each cylinder. This 209 

http://en.wikipedia.org/wiki/Exhaust_system
http://en.wikipedia.org/wiki/Alternative_fuel
http://en.wikipedia.org/wiki/Laptop
http://en.wikipedia.org/wiki/USB
http://en.wikipedia.org/wiki/Fuel_injection
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varies depending on the engine's RPM (Revolutions per Minute) and the position of the 210 

accelerator pedal (or the manifold air pressure). The engine tuner can adjust this by bringing 211 

up a spreadsheet-like page on the laptop where each cell represents an intersection between a 212 

specific RPM value and an accelerator pedal position (or the throttle position, as it is called). 213 

In this cell, the number corresponding to the amount of fuel to be injected is entered. This 214 

spreadsheet is often referred to as the fuel table or the fuel map. By modifying these values 215 

while monitoring the exhausts while using a wide band lambda probe to see if the engine runs 216 

rich or lean, the tuner can find the optimal amount of fuel to be injected into the engine at 217 

every different combination of RPM and throttle position. This process is carried out at 218 

a SCHENCK 230W dynamometer, giving the tuner a controlled environment to work in. An 219 

engine dynamometer gives a more precise calibration for racing applications. Tuners often 220 

utilize a chassis dynamometer for street and other high performance applications. Another 221 

parameter that is mappable and has been used for this article is the closed loop lambda. With 222 

the closed loop lambda, the ECU monitors a permanently installed lambda probe and modifies 223 

the fueling to achieve stoichiometric (ideal) combustion. On the traditional petrol-powered 224 

vehicles this air-fuel ratio is 14.7:1 (Colls, 2002; Liu et al., 2015; Wang et al., 2015).  225 

The schematic layout of the experimental equipment used to define BTEX compounds 226 

emission model is shown in Fig. 3.  227 

 228 

Fig. 3. The schematic layout of the experimental setup: 1, engine; 2, dynamometer; 3, dynamometer controller; 229 
4, high-speed data acquisition board; 5, pressure transducer; 6, Voyager Mobile GC; 7, ECU; 8, 230 

computer 1; 9, computer 2. 231 

 232 

http://en.wikipedia.org/wiki/MAP_sensor
http://en.wikipedia.org/wiki/Spreadsheet
http://en.wikipedia.org/wiki/Throttle_position_sensor
http://en.wikipedia.org/wiki/Map_(higher-order_function)
http://en.wikipedia.org/wiki/Lambda_probe
http://en.wikipedia.org/wiki/Dynamometer
http://en.wikipedia.org/wiki/Oxygen_sensor
http://en.wikipedia.org/wiki/Stoichiometric
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2.2. Measurements of BTEX concentrations 233 

The target compounds have been analyzed in exhaust gas samples by the Perkin Elmer 234 

Photovac Voyager-mobile GC. The Voyager uses the principles of gas chromatography (GC) 235 

to separate and identify volatile organic compounds. The Voyager mobile GC employs a 236 

unique set of analytical columns and preprogrammed temperatures and flow rates to optimize 237 

the separation of complex VOC mixtures found in exhaust gases. The sample components 238 

become separated from one another as they are carried through the column due to the 239 

differences in their rates of interaction with the sorptive material. For the separation of sample 240 

components the Supelcowax10-Polyethylene glycol (PEG) column has been used.  241 

In order to accurately quantify the target compounds, before each sampling set calibration of 242 

the Voyager has been carried out using the authentic Messer Techogas standard of BTEX 243 

gases prepared in Ultra Zero nitrogen as a balance gas. The concentrations of all BTEX 244 

compounds in the prepared gas standard were approximately 1 vol. ppm (benzene 1.02 ± 245 

0.100, toluene 0.945 ± 0.095, ethylbenzene 0.988 ± 0.099, m-xylene 0.958 ± 0.096, p-xylene 246 

0.979 ± 0.098 and o-xylene 0.964 ± 0.096). During the calibration process, the Tedlar bag, 247 

filled with the prepared gas standard, is connected to the Voyager using the gas bag adapter. 248 

The built-in pump of the Voyager during 20 s takes sufficient quantity of the sample at the 249 

pressure of 1 atm (101325 Pa). As the compounds elute from the column, they are detected by 250 

the photoionization detector (PID). A triangle-shaped peak results for each compound whose 251 

integrated area under the peak is proportional to the concentration of the compound.  The 252 

onboard microprocessor of the Voyager converts the area into parts-per-million or parts-per-253 

billion. A plot of the detector response versus time results in a chromatogram, where the 254 

retention time of each peak indicates an individual compound’s identity and the area under the 255 

peak indicates its concentration. The chromatogram of the calibration standard is stored in the 256 

Voyager’s library, which contains the retention time, peak area and concentration of each 257 
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target analyte. The ratio of peak area to concentration represents the compound’s sensitivity. 258 

When an unknown sample is run, peak retention times are compared to the retention times of 259 

the library compounds. If they match within the specified window, the peak is identified as 260 

the corresponding compound of interest. The peak area is then divided by the sensitivity of 261 

that compound to determine its concentration. 262 

Ideally, each compound will be retained in the column for a different period of time, having a 263 

unique retention time (benzene 284.3 s, toluene 482.0 s, ethylbenzene 825.1 s, p,m-xylene 264 

854.4s and o-xylene 1105.0 s). Due to the difficulties in resolving the chromatography peaks, 265 

the results for m-xylene and p-xylene are represented as a sum. The limit of detection (LOD) 266 

of the applied method is 0.01 ppm.  267 

Before conducting the experimental procedures of measuring the BTEX concentrations in 268 

exhaust gases of IC engine, proper values of the operating points during driving in urban areas 269 

were defined. A simulation has been performed in order to achieve the values of vehicle speed 270 

from the NEDC, which are described in Figure 1. After choosing the powertrain, defining the 271 

motor vehicle type and the velocity profile it became possible to calculate the engine speed. 272 

These values are clearly defined areas in which the engine operates during exploitation in the 273 

city and outside the city run. The velocity profile which is used when driving a motor vehicle 274 

under the conditions of NEDC has been taken as an input parameter of the simulation. The 275 

conventional aspirated gasoline engine was adopted as the drive unit. This engine was also 276 

used in the experimental research. In addition to the chosen engine, an adequate transmission 277 

system and the necessary tires were selected, as well as the coefficient of drag, the vehicle's 278 

weight and other essential parameters. The engine speed-time dependence during movement 279 

of the FPC passenger car in accordance with the NEDC is shown in Fig. 4.  280 

 281 
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 282 
Fig. 4. The engine speed-time dependence during the FPC movement according to the NEDC pattern 283 

 284 

The characteristic operating points have been defined in accordance with the fact that a 285 

passenger car in urban driving moves in conditions of low and medium levels of engine load. 286 

This parameter had a constant value of 10% during our experimental measurements. The 287 

value of the lambda factor was maintained at the value of 1 by using the lambda probe in 288 

order to achieve optimal conditions for the combustion of fuel-air mixture. The stoichiometric 289 

ratio (λ=1) corresponds to the mass of air needed to completely oxidize a mass of fuel, namely 290 

14.7 g of air for 1g of fuel (Colls, 2002; Liu et al., 2015; Wang et al., 2015). The speed of the 291 

experimental engine was varied in the range from 950 to 4000 rpm. Based on the engine 292 

speed-time dependence, the operating points that correspond to the conditions of 293 

stoichiometric mixture (λ = 1) and low load (10%) have been defined. Commercial Euro 294 

premium unleaded gasoline, has been used as motor fuel. After defining the characteristic 295 

operating points, measurements of concentration levels of BTEX compounds were carried out 296 

in controlled conditions. The sampling of exhaust gases has been conducted on an 297 

experimental engine exhaust pipe in order to determine the concentration levels of BTEX 298 

compounds in the mixture of exhaust gases. The sampling process lasted for 20 seconds, and 299 

the analysis of each portion of the exhaust gas lasted 20 minutes.  300 

 301 

 302 
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2.3. Predicting the amount of BTEX compounds emitted during the NEDC  303 

 304 

In order to predict the amount of BTEX compounds emitted during the corresponding driving 305 

cycle, the dominant factor to be considered is the fuel combustion as the primary source of 306 

BTEX emissions into the atmosphere. To overcome the resistance to movement at any speed, 307 

the drive wheels require adequate power (P = F ⋅ v). Bringing power over a period of time 308 

means spending a certain amount of energy for the realization of that power (P = dE / dt ⇒ E 309 

= ∫ P ⋅ dt). The primary source of the energy of motion of a passenger car is fuel, the internal 310 

energy of which is transformed into the mechanical one inside the engine. The given engine 311 

energy enables the vehicle to overcome the resistance to movement. Fuel consumption on a 312 

road section depends primarily on the total energy required to overcome the resistance to 313 

movement in that section. Considering the type of resistance, the total energy depends on the 314 

parameters of the vehicle and the ground, their interactions and the conditions in which the 315 

vehicle is moving. Based on the relationship between energy and power, the expression for 316 

the total energy required for the movement of vehicles on a given road section at the given 317 

conditions can be reached by:  318 

 

T

TT dttPE
dt

dE
P

0

)(  (1) 

where: 

319 

E – the energy required for the movement of the vehicle in the time interval T 320 

P
T 

– the power required for the drive wheels (generally changes over time with the changing 321 

modes of movement and external conditions) 322 

Considering the fact that the power required on the wheels must be equal to the total sum of 323 

the partial power required to overcome the individual components of the resistance to 324 

movement, the same relation can be applied to energy: 325 
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T

fINarf dttPdttPdttPdttPEEEEE
0 0 00

)()()()(   (2) 

where: 

326 

Ef – the energy required to overcome the rolling resistance 327 

Ear- the energy required to overcome air resistance 328 

EIN- the energy required to overcome the resistance of inertia (kinetic energy) 329 

Eα- the energy required to overcome the resistance of the rise/climb 330 

 331 

Considering that P = F⋅v, and taking into the account the expressions for calculating specific 332 

movement resistances (F
f
, F

W
, F

IN
, F

α
), the expressions for the partial energy spent for their 333 

overcoming can be reached.  334 

The energy required to overcome the rolling resistance: 335 

SGfdtvGfE

T

f  
0

 (3) 

where:  336 

S  – the total distance traveled  

T

dtvS
0

 337 

G - gravitational force ( 181.9 kgN ) 338 

f- the coefficient of rolling resistance 339 

v - vehicle speed  340 

 341 

The energy spent for overcoming the rolling resistance is linearly proportional to the force of 342 

the rolling resistance (Ff = F ⋅ G) and the length of distance. Different types of pneumatics 343 

have different values of coefficient f. The approximate values of the coefficient f on a hard 344 

surface are: 345 
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f
0 

= 0,01 – for passenger cars 346 

f
0 

< 0,01 – for commercial vehicles (Clark and Dodge, 1979;  Holmberg et al., 2012) 347 

The energy required to overcome the air resistance: 348 

 

(4) 

where:  349 

 - the density of air 350 

WC - the empirical air resistance- drag coefficient 351 

A - the frontal area of the vehicle 352 

                                                                                                                                                                                                                                                                                                                                                  353 

The energy required to overcome the resistance of inertia: 354 

2
0

2vm
EEv KIN


  (5) 

Where m represents the total mass of the vehicle, including the driver. 355 

The energy required to overcome the resistance of inertia of the vehicle during acceleration is 356 

equal to the kinetic energy to be submitted to the vehicle. Parts of the cycle, in which the 357 

speed is increased, therefore, contribute to an increase in fuel consumption, in proportion to 358 

the weight of the vehicle.

 

359 

The energy required to overcome the resistance of the climb: 360 

 

T

HGSGdtvGE
0

sinsin   (6) 

where: 361 

H = S⋅sinα – the height of climbing  362 

The energy consumed in overcoming the resistance of the climb is linearly proportional to the 363 

vehicle weight G and the height of climbing H. 364 

SvACdtvACE W

T

War  
2

0

3

2

1

2

1
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3. Results and discussion 365 

Based on the results of BTEX emission measurements in controlled experimental conditions, 366 

the concentration profiles of BTEX compounds that are emitted during movement of the FPC 367 

passenger car in accordance with the NEDC driving pattern have been defined.  368 

Table 2 shows the results of BTEX compound concentration measurements at different RPMs 369 

of the experimental engine under the conditions of low engine load and adjusted 370 

stoichiometric ratio in air-fuel mixture. The measurements were carried out five times under 371 

the same conditions, and all results were averaged over the five measurements. 372 

Table 2 373 
The results of BTEX compound concentration level measurements at different RPMs 374 

 375 
  10% engine load    

950 rpm  Mean SD min max 

Benzene (ppm) 16.5 0.645755 15.8 17.3 

Toluene (ppm) 55.2 4.852007 49.95 62.3 

Ethylbenzene (ppm) 11.6 2.279693 8.2 14.3 

m,p-xylene (ppm) 44.3 5.008792 38.3 51.6 

o-xylene (ppm) 12.6 3.621567 9.7 17.9 

1500 rpm      

Benzene (ppm) 19.8 3.734157 16.3 25.5 

Toluene (ppm) 50.7 14.76257 34.74 73.0 

Ethylbenzene (ppm) 10.2 3.672073 6.62 15.2 

m,p-xylene (ppm) 37.3 3.731019 33.85 43.2 

o-xylene (ppm) 11.3 5.697105 4.2 17.2 

2000 rpm      

Benzene (ppm) 22.4 0.215058 22.1 22.7 

Toluene (ppm) 37.9 1.783255 35.4 40.2 

Ethylbenzene (ppm) 9.0 1.091155 7.80 10.5 

m,p-xylene (ppm) 31.2 2.68235 28.0 34.3 

o-xylene (ppm) 10.1 0.818535 8.80 10.8 

2500 rpm      

Benzene (ppm) 25 0.960234 23.93 26,48 

Toluene (ppm) 42.8 4.836838 39 51 

Ethylbenzene (ppm) 7.951 0.204775 7.659 8.2 

m,p-xylene (ppm) 26.000 2.768429 22.2 30 

o-xylene (ppm) 9.001 0.34886 8.41 9.301 

3000 rpm      

Benzene (ppm) 25.5 4.919477 20.5 31.2 

Toluene (ppm) 37.9 1.783255 35.4 40.2 

Ethylbenzene (ppm) 9.0 1.091155 7.8 10.51 

m,p-xylene (ppm) 31.2 2.68235 28 34.3 

o-xylene (ppm) 10.1 0.818535 8.8 10.8 

3500 rpm      

Benzene (ppm) 31.2 3.706885 24.64 33.52 

Toluene (ppm) 34.3 3.497244 28.351 37.093 

Ethylbenzene (ppm) 5.875 0.322885 5.345 6.143 

m,p-xylene (ppm) 19.5 6.255953 13.1 29.3 

o-xylene (ppm) 6.655 1.959532 4.51 9.82 
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4000 rpm      

Benzene (ppm) 35.5 5.61917 26.08 40.03 

Toluene (ppm) 31 5.82648 22.45 36.74 

Ethylbenzene (ppm) 3.84 3.006884 1.04 8.75 

m,p-xylene (ppm) 12.2 5.842181 6.98 19.2 

o-xylene (ppm) 4.8 2.129641 2.52 7.98 

 376 

 377 

 378 
 379 

Fig. 5. The results of BTEX compound concentration level measurements at different RPMs 380 
 381 

The literature data point to the fact that BTEX accounts for roughly 95% of total VOCs 382 

emitted by the engine. In addition, toluene dominates (40–50%) all VOC emissions (Agarwal 383 

et al., 2015). The results of the quantification of BTEX compounds in the exhaust gas stream 384 

point to the domination of toluene emissions at almost all operating points (Fig. 5). 385 

The results obtained from the experimental measurements point to a trend of decrease in 386 

concentration levels of almost all compounds of the BTEX group, except benzene. Namely, 387 

increasing the engine speed and therefore the piston speed increases the turbulence intensity 388 

of the flame during combustion (Brequigny et al., 2016). With higher RPM values, higher 389 

temperatures in the combustion chamber of IC engines are reached (Heywood, 1988; 390 

Kilicarslan and Qatu, 2017), which enables a more complete combustion of fuel under the 391 

conditions of sufficient amounts of oxygen, which is supplied by the wide lambda probe. The 392 

increase in concentration levels of benzene in the exhaust gas stream, together with higher 393 



19 

 

RPM, can be explained by simultaneous reaching of optimal conditions for the hydro-394 

dealkylation of toluene and xylene to benzene at higher temperatures (Rabinovich 395 

and Maslyanskii, 1973; Alibeyli et al., 2003; ATSDR, 2007). In this way, at the expense of 396 

disappearance of a part of higher aromatics, there comes to a benzene formation in the 397 

exhaust gas stream. In their research for Ford Motor Company, Kaiser and associates 398 

demonstrated that pure toluene fuel generates a substantial amount of benzene emissions. This 399 

conversion contributes to the benzene enrichment in the exhaust gas stream since gasoline 400 

normally contains appreciable toluene and other higher aromatics (Kaiser, 1992). This 401 

confirms that dealkylation of substituted benzenes is a significant source of benzene emission.  402 

By using the results of emission and concentration levels of BTEX compound measurements 403 

in characteristic operating points of the NEDC cycle, the concentration profiles of BTEX 404 

compounds have been defined in accordance with the energy requirements and fuel 405 

consumption during movement of the FPC passenger car in accordance with the given 406 

movement pattern. 407 

In defining the concentration profiles we took on the zero emission in the parts of the cycle in 408 

which there are minimal energy requirements for the movement of the automobile, hence also 409 

minimal fuel consumption. Those are the stop periods, as well as the periods of deceleration 410 

during the NEDC. 411 

The concentration profiles, defined based on the measurements of BTEX compound 412 

concentrations at different RPMs of the experimental engine, are shown in Fig. 6 a-e: 413 

 414 

 415 

 416 

 417 

 418 

 419 

 420 

 421 
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 422 
a)  423 

 424 
     b) 425 

 426 
c) 427 

 428 
d) 429 
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 430 
e) 431 
 432 

Fig. 6. The dependence of BTEX concentration upon time during the NEDC for FPC 433 

 434 

The concentration profiles, defined based on the data of BTEX compound emissions during 435 

different experimental engine operating regimes, have been used as the basis for the defining 436 

of the emission model. The emission model has been defined based on the energy 437 

requirements of the FPC passenger car during movement in accordance with the NEDC 438 

driving pattern. As a result of the emission model, the quantities of the BTEX compounds 439 

emitted have been determined. The FPC passenger car uses a 1.1 EFI engine, the emission 440 

characteristics of which have been bench-tested.  441 

  442 

3.1. BTEX emission model 443 

 444 

Fuel consumption has a dominant influence on the quantities of BTEX compounds emitted 445 

during the driving cycle. It is mainly dependent on engine speed, engine power, and air-to-446 

fuel ratio. The engine power needed for the movement of a passenger car in accordance with 447 

the NEDC pattern is calculated as the sum of total tractive power requirement at the wheels 448 

and engine power requirement for accessories, such as air conditioning. The tractive power is 449 

gained by the sum of inertial driving resistance, rolling resistance, and air drag resistance. 450 

These terms depend on vehicle characteristics and on vehicle speed and acceleration. 451 
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The tailpipe emission rates for BTEX compounds in this paper are modeled as the fraction of 452 

the engine-out emission rates that leave the catalytic converter. 453 

The parameters used in calculations are shown in the Table 3. 454 

Table 3 455 
 The technical characteristics of the FPC passenger car and parameters required for the calculation 456 
 457 

Technical characteristic 

 

Value 

 

Total vehicle weight [kg] 950 

c
W 

– the empirical air resistance coefficient 0.30 

A– the frontal area of the vehicle [m
2

] 1.85  

f- the coefficient of rolling resistance 0.01 

ρ- the density of air [kg/m3] 1.2 

 458 

Taking into the account the technical characteristics of the FPC passenger car, given in the 459 

Table 3, the amount of energy required for the moving of the vehicle according to the NEDC 460 

pattern has been calculated. The energy requirements are shown in Fig. 7. Within the 461 

calculations, the component of overcoming the resistance of the climb has been neglected, 462 

since the focus of the assessment of the emitted concentrations of BTEX compounds is on 463 

largest European cities, the topography of which enables neglecting the aforementioned 464 

resistance component.  465 

 466 

 467 
Fig. 7. The energy requirement of the FPC passenger car during movement in accordance with the NEDC pattern 468 
 469 

According to the simulation results, the specific fuel consumption in (g/kWh) during the 470 

NEDC for the FPC has been calculated. The results of the simulation are shown in Fig. 8. 471 

 472 

 473 
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 474 
Fig. 8. The specific fuel consumption during the NEDC for the FPC 475 

 476 

Based on the energy requirements for the movement of the FPC passenger car in accordance 477 

with the NEDC pattern, and specific fuel consumption, the required fuel mass for moving in 478 

accordance with the aforementioned pattern has been calculated. The results of the calculation 479 

are shown in the Fig. 9. 480 

 481 

 482 
Fig. 9. The required fuel mass for moving in accordance with NEDC for the FPC 483 

 484 

Air consumption during the NEDC is obtained from the condition that for the combustion of 485 

1g of fuel it is necessary to spend 14.7 g of air in stoichiometric conditions. The necessary 486 

amount of air for the movement of FPC during NEDC cycle is shown in Fig. 10. 487 

 488 
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 489 
Fig. 10. The necessary mass of air for the movement of FPC during NEDC 490 

 491 

The total amount of gas in the exhaust (n) formed during the combustion of fuel represents the 492 

sum of the quantities of burned fuel (nfuel) and air spent (nair) for the burning of stoichiometric 493 

air-fuel mixture:  494 

    airfuel nnn                                                        (7) 

 495 

Considering the air-fuel mixture as an ideal gas, the volume of the exhaust gas can be 496 

calculated by using the Clapeyron equation: 497 

    
p

nRT
V                                                        (8) 

where: 498 

n- total amount of gas in the exhaust (mol) 499 

V- volume of exhaust gases (m3) 500 

R- universal gas constant (8,314 J/molK) 501 

T- the average temperature of exhaust gases (600°C, 873°K) 502 

p- the pressure of sampled exhaust gases (101325 Pa) 503 

The exhaust gas volume emitted during the NEDC, calculated by using the equation 8, is 504 

shown in Figure 11. 505 
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 506 
Fig. 11. Exhaust gas volume during NEDC for FPC 507 

 508 

Based on the concentration dependences (Fig. 6. a-e) and fuel consumption during the NEDC 509 

of the FPC passenger car and exhaust gas volume - time dependence (Fig. 11.), the volumes 510 

of target BTEX compounds can be calculated by using equation 9. 511 

6

,,,

,,,
10

VC
V

XETB

XETB


                              (9) 

 512 

where: 513 

VB,T,E,X- volume of the target BTEX compound: benzene, toluene, ethylbenzene or 514 

xylene (m3) 515 

CB,T,E,X- concentration of the target BTEX compound: benzene, toluene, ethylbenzene 516 

or xylene (ppm) 517 

V- volume of exhaust gases (m3) 518 

The masses of the BTEX compounds emitted during the NEDC have been calculated by using 519 

the equation 10: 520 

RT

MVp
m

XETBXETB

XETB

,,,,,,

,,,


                              (10) 

where: 521 

mB,T,E,X- mass of the target BTEX compound: benzene, toluene, ethylbenzene or 522 

xylene (g) 523 
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MB,T,E,X- molar mass of the target BTEX compound: benzene, toluene, ethylbenzene 524 

or xylene (g/mol) 525 

VB,T,E,X- volume of the target BTEX compound: benzene, toluene, ethylbenzene or 526 

xylene (m3) 527 

R- universal gas constant (8,314 J/molK) 528 

T- the average temperature of exhaust gases (600°C, 873°K) 529 

The masses of the BTEX compounds emitted during the NEDC are shown in Fig. 12. (a-e). 530 

 531 

 532 
a) 533 

 534 
b) 535 
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 536 
c) 537 

 538 
d) 539 

 540 
e) 541 

Fig. 12. The masses of BTEX compounds emitted during the NEDC 542 

 543 

After completing the experimental testing and implementation of results in the appropriate 544 

movement model based on the NEDC pattern, the results of the total masses of BTEX 545 

compounds emitted are presented in the Table 4. Taking into the account the fact that the 546 

theoretical distance traveled during one cycle based on the NEDC pattern is 11023m, the mass 547 

of BTEX components emitted on 100 km can easily be calculated, as well as specific 548 

emissions in g/km in accordance with the adopted pattern of movement. 549 
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 550 

Table 4 551 

The total masses of BTEX compounds emitted during NEDC 552 
 553 
Compound The emission during one 

NEDC [g] 

The emission on 100 km 

according to the NEDC 

[g] 

The specific emission 

[g∙km-1] 

Benzene 0.4514 4.0951 0.0410 

Toluene 0.8559 7.7647 0.0776 

Ethylbenzene 0.1931 1.7518 0.0175 

m,p-xylene 0.6526 5.9203 0.0592 

o-xylene 0.2137 1.9387 0.0194 

 554 

According to the official statistics data dated from 14th March 2014 in Serbia there have been 555 

registered 1770206 passenger cars, and approximately 40% of the total number use gasoline 556 

as motor fuel, i.e. 708082 (SORS, 2014). Considering the fact that in Serbia there are no exact 557 

data on the number of annual kilometers per car traveled, European commission data for the 558 

assessment of the BTEX compounds emitted on a yearly level have been used in this paper 559 

(Nemry et al., 2008). Namely, motor fuel passenger cars in Europe travel 16500 km a year, 560 

which means that a passenger car emits 676.5 g of benzene annually. In regard to the data in 561 

Serbia, that would amount to 479 t of benzene on a yearly level. We are talking about an 562 

extremely high quantity of group I carcinogenic substance, and considering the fact that for 563 

the carcinogen effects there are no small or safe doses, there is no threshold. It is supposed 564 

that the carcinogen effect occurs at any dose applied. This assumption is based on the 565 

knowledge of the biological evolution of cancer. All that is needed is a single molecule of a 566 

toxic substance to change a cell, giving it the possibility to develop itself into cancer. The 567 

development of cancer is a multi-step process which occurs over many years (Tanaka et al., 568 

2013; Ibuki and Goto, 2004). As the dose (the concentration) grows, so does the risk, i.e. the 569 

possibility, of cancer development. 570 

The estimated quantities of emissions for other components of the BTEX group are shown in 571 

Table 5. 572 

 573 
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Table 5 574 

The estimated quantities of BTEX compounds emitted in Serbia per car annually 575 
   576 
Compound The specific emission 

[g/km] 

per car annually 

[g] 

total emission 

annually 

[t] 

Benzene 0.0410 676.5 479 

Toluene 0.0776 1280.4 906 

Ethylbenzene 0.0175 288.75 204 

m,p-xylene 0.0592 976.8 691 

o-xylene 0.0194 320.1 226 

 577 

4. Conclusion 578 

The simulation in the field of IC engines and motor vehicles today represents a sophisticated 579 

world-recognized tool for solving complex problems in the area of defining emission 580 

characteristics. The modeling of the motor vehicle emissions via simulations significantly 581 

reduce the time that is normally needed for extensive experiments and prototypes, because 582 

these simulations can perform predictions of a large number of experiments. One such model 583 

can be used later for numerous studies where in many cases the high costs of engine testing 584 

can be avoided. It would be unrealistic to say that numerical calculation can completely 585 

replace test bench, but with validation, for example, of several working points and defining 586 

the motor model in accordance with the proven results, accurate results in other operating 587 

points can be expected. Experimental investigation, conducted within this paper, was used to 588 

define the most important engine operating points, where the engine works most of the time. 589 

In this way, the unnecessary experiments were avoided, i.e. setpoints that do not occur during 590 

engine exploitation of motor vehicles in urban driving conditions. In this way, the 591 

investigation which leads to the loss of valuable time on the analysis of toxicity of 592 

unnecessary operating points can be avoided.  593 

The developed model enables the BTEX compound emissions to be predicted based on the 594 

exhaust gas analyses of different types of passenger cars at characteristic operating points of 595 
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the driving cycle. Besides that, contributory aspects like load, road gradient, gearshift 596 

strategies should be also included. Such a model shall be, thus, significantly more flexible 597 

than the existing approaches and would be especially useful for assessment of the local 598 

studies (i.e. the impact of traffic management schemes, the change of driving behavior, etc). 599 

 600 
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