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Abstract 

Air pollutant emissions and fuel consumption of vehicles 
equipped with internal combustion engines are highly 
susceptible to the conditions of engine operation. 
The purpose of this research was to investigate the 
correlation between the emissions of individual pollutants 
(carbon monoxide, hydrocarbons, nitrogen oxides, and 
carbon dioxide), the fuel consumption and various dynamic 
conditions of the operation of an engine. 
The empirical data was obtained by testing of passenger 
car with a spark-ignition engine on a chassis dynamometer 
in 12 various driving tests, both type-approval and special. 
The results indicate, that the strongest correlation exists 
between the emissions of carbon dioxide and 
hydrocarbons and between the fuel consumption and the 
emissions of hydrocarbons and carbon dioxide. The 
weakest correlation was found to be between the 
emissions of carbon monoxide and nitrogen oxides. The 
average value of vehicle velocity proved to be suitable 
zero-dimensional characteristic of the dynamic driving 
conditions. The correlation between the emission of 
hydrocarbons and the average vehicle velocity can be 
assessed as the strongest, while between the emission of 

nitrogen oxides and the average vehicle velocity – the 
weakest. 

Keywords: Pollutant emission, correlation, internal 
combustion engines, driving test cycles, exhaust emission. 

1. Introduction 

The operational properties of internal combustion (IC) 
engines are susceptible to the states of operation of the 
engines, i.e. not only to the static states but also, and above 
all at that, to the occurrence of dynamic states (Chłopek, 
1999). This susceptibility is particularly distinct in the case 
of the emissions of pollutants harmful to human health; for 
the fuel consumption and carbon dioxide emission, the 
degree of this susceptibility is somewhat lower. Therefore, 
the results of examination of IC engine properties may only 
be considered with reference to the specific states of 
engine operation during the tests, which precludes any 
generalization of the examination results. In this 
connection, it is reasonable to investigate the susceptibility 
of the operational properties of IC engines to their states 
of operation, both static and dynamic. This objective may 
be accomplished by testing the properties of IC engines in 
the states determined by the engine operation conditions 
simulating the conditions of real operation of the engines. 
For automotive engines, such conditions are ensured by 
driving cycles simulating real vehicle movement. 

For passenger cars and light-duty vehicles, many types of 
driving test cycles simulating driving in various traffic 
conditions have been developed. An important group of 
such tests consists of those used in type-approval 
procedures, e.g. New European Driving Cycle (NEDC) or 
Federal Test Procedure 75 (FTP-75) (Barlow et al., 2009). 
Apart from the type-approval tests, many other test cycles 
have been developed, usually intended to simulate vehicle 
drives in the time domain as accurately as possible. 
The example of such approach is Athens Driving Cycle 
(ADC-2002) (Tzirakis et al., 2006). To determine the 
distance specific pollutant emissions and distance specific 
fuel consumption in the software developed by INFRAS AG 
(2010), an extensive family of motor vehicle drive 
simulation tests has been prepared, which covers a very 
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wide range of traffic conditions, from street congestions to 
high-speed (motorway) traffic (BUWAL and INFRAS AG, 
1995; INFRAS AG, 2010). Within the implementation of the 
European Artemis program, a system of Common Artemis 
Driving Cycles has been prepared, which consists of test 
cycles that simulate motor car drives in various traffic 
conditions (André et al., 2009; Barlow et al., 2009). Another 
example of vehicle driving test cycles is the system of test 
cycles developed at a French institute INRETS (Institut 
National de Recherche sur les Transports et leur Sécurité, 
i.e. National Institute of Transport and Safety) (Nollet et al., 
2000). At PIMOT (Automotive Industry Institute) in 
Warsaw, families of vehicle driving test cycles have been 
prepared (Chłopek et al., 2013b), which simulate the 
conditions of motor car drives in street congestion, urban, 
extra-urban, and high-speed (motorway and expressway) 
traffic. The PIMOT tests are treated as realizations of 
stochastic processes that characterize the conditions of 
vehicle drives (Chłopek et al., 2013a, 2013b). 

In this work, a task was undertaken to answer a question 
whether results of the testing of pollutant emissions and 
fuel consumption in specific states of operation of an IC 
engine provide grounds for drawing conclusions about 
these properties in other engine operation conditions. 
Obviously, the drawing of such conclusions in general 
terms is unreasonable, but there is a possibility of 
considering IC engine operation states that would be 
similar to each other, in a predefined sense. Such states 
were sought in the driving test cycles simulating the real 
operation of automotive engines in moving vehicles. 
In spite of fundamental differences between the driving 
test cycles under consideration, there are also some 
similarities between them, especially when the average 
vehicle velocity values are close to each other. 

2. Material and methods 

The empirical tests were carried out on a Honda Civic EJ9 
car with a spark-ignition engine of 1396 cm3 capacity, 
meeting the requirements of the Euro 3 exhaust emission 
standard. The car was tested with its engine warmed up to 
a stable temperature. 

The pollutant emission and fuel consumption tests were 
carried out with the use of the following type-approval test 
cycles (Barlow et al., 2009): 

– NEDC (New European Driving Cycle), consisting of the 
UDC (Urban Driving Cycle) and EUDC (Extra Urban Driving 
Cycle) tests; 

– FTP-75 (Federal Test Procedure); 

– HWFET (Highway Fuel Economy Test); 

– Japan 10–15 Mode; 

special test cycles (BUWAL and INFRAS AG, 1995): 

– “Stop-and-Go” test cycle, simulating a vehicle drive in 
street congestions; 

– “Autobahn” test cycle, simulating a vehicle drive on 
motorways and expressways; 

and test cycles developed by Chłopek et al. (2013b), where 
passenger car drives in the following conditions were 
simulated: 
– street congestions (denoted by “CT”); 
– urban traffic without congestions (denoted by “UT”); 
– extra-urban (rural) traffic (denoted by “RT”); 
– high-speed traffic (on motorways and expressways, 
denoted by “HT”). 

The car was subjected to each of the test cycles five times. 
Tests were carried out on a vehicle chassis dynamometer 
Schenk Komeg EMDY 48. To examine the pollutant 
emissions, an exhaust gas analysing test stand was used, 
which incorporated a Horiba Mexa 7200 system provided 
with Horiba analysers to measure the concentrations of 
carbon monoxide (AIA-721A), hydrocarbons (FIA-725A), 
nitrogen oxides (CLA-755A), carbon dioxide (AIA-722), and 
oxygen (MPA-720). 

The correlational interdependences between the results of 
measurements of pollutant emissions and fuel 
consumption were investigated. The coefficient of 
Pearson’s linear correlation (Pearson, 1904) and the 
probability that the hypothesis of absence of Pearson’s 
linear correlation would not be rejected for the sets of 
results were calculated. This approach is often used in the 
analysis of correlation between atmospheric pollutants 
(Jiang et al., 2016; Lee et al., 2016). 

3. Results and discussion 

Figure 1 shows the average value of the distance specific 
pollutant emissions and the average value of the 
operational fuel consumption determined experimentally 
in individual test cycles. 

 

Figure 1. Average value of the distance specific emission of: a) 

carbon monoxide – bCO, b) hydrocarbons – bHC, c) nitrogen 

oxides – bNOx, d) carbon dioxide – bCO2 and e) average value of 

the operational fuel consumption – bCO in driving test cycles 

The test results have indicated high susceptibility of 
pollutant emissions and fuel consumption to the conditions 
of vehicle motion in individual tests. Figure 2 shows the 
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coefficient of variation for the sets of distance specific 
pollutant emissions and operational fuel consumption in 
individual tests. Especially for hydrocarbons, the 
susceptibility of distance specific emission of this pollutant 
to the state of engine operation in individual tests should 
be assessed as high. 

The dependence of the average value of the distance 
specific pollutant emissions and the average value of the 
operational fuel consumption on the average vehicle 
velocity in individual tests has been presented in Figure 3. 

 

Figure 2. Coefficient of variation (W) for the sets of distance 

specific pollutant emissions and operational fuel consumption in 

individual driving test cycles 

 

Figure 3. The dependence of distance specific emission of: a) 

carbon monoxide, b) hydrocarbons, c) nitrogen oxides, d) carbon 

dioxide, and e) operational fuel consumption on average vehicle 

velocity in driving test cycles 

The general shape of the curves plotted is consistent with 
the current state of the knowledge, e.g. with the curves 
plotted by Xiaomeng et al. (2015). 

Apart from the conclusion formulated previously about the 
significant susceptibility of test results to the conditions of 
vehicle motion in individual tests, it is noteworthy that 
even at similar average vehicle velocity in different tests, 
the test results may considerably differ from each other. 

This confirms the hypothesis that the average vehicle 
velocity should not be taken as the only zero-dimensional 
parameter defining the dynamic states of the IC engine in a 
motor vehicle that determine the pollutant emissions and 
fuel consumption. Another parameter, supplementing the 
description of vehicle operation conditions, could be the 
average absolute value of the product of velocity and 
positive acceleration of the vehicle (BUWAL and INFRAS 
AG, 1995; Chłopek, 1999). 

The correlational interdependences between pollutant 
emissions and fuel consumption in various dynamic 
conditions of IC engine operation, determined by the 
engine operation in various driving tests, were investigated 
with the use of sets of the test results presented. 

The first investigations were carried out to verify the 
correlation between the sets of results of testing the 
distance specific pollutant emissions and the operational 
fuel consumption in various conditions of IC engine 
operation, determined by the vehicle motion in individual 
driving test cycles. The results of determining the 
coefficient of Pearson’s linear correlation and the 
probability that the hypothesis of absence of Pearson’s 
linear correlation would not be rejected for the sets under 
analysis have been presented in Figure 4. Figure 4a and 4b 
show the values determined for the test combinations for 
which the correlation was found to be the strongest; for the 
test combinations with the weakest correlation, the results 
have been shown in Figure 4c and 4d. 

 

Figure 4. Coefficient of Pearson’s linear correlation (r) and 

probability that the hypothesis of absence of Pearson’s linear 

correlation would not be rejected (p) for the sets of results 

concerning the distance specific pollutant emissions and the 

operational fuel consumption in the test pairs: a, b – test 

combinations with the strongest correlation; c, d – test 

combinations with the weakest correlation 

The correlation between the distance specific emission and 
the operational fuel consumption for dynamic states of 
operation of an IC engine for different pairs of the driving 
test cycles should be assessed as strong. The highest value 
of the probability that the hypothesis of absence of 
correlation would not be rejected for the sets under 
analysis is lower than 0.2. In general, the strongest 
correlation can be observed, as expected, between the sets 
of results of the tests in which the average vehicle velocity 
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are close to each other, i.e. the tests representing similar 
vehicle drive conditions. This is the case e.g. for the test 
pairs NEDC & FTP-75, Stop-and-Go & CT, EUDC & HT, or 
NEDC & UT. The correlation was found to be the weakest 
for the tests where the drive conditions significantly differ 
from each other, e.g. for the test pairs Stop-and-Go & 
Autobahn and CT & Autobahn. 

The second series of investigations was carried out to 
assess how strong interdependences exist between 
individual pollutant emissions and the operational fuel 
consumption in various IC engine operation conditions. The 
results of determining the coefficient of Pearson’s linear 
correlation and the probability that the hypothesis of 
absence of Pearson’s linear correlation would not be 
rejected for the sets under analysis have been presented in 
Figure 5. 

 

Figure 5. Coefficient of Pearson’s linear correlation (r) and 

probability that the hypothesis of absence of Pearson’s linear 

correlation would not be rejected (p) for individual combinations 

of results concerning the distance specific pollutant emissions 

and the operational fuel consumption in all the tests 

The correlation between individual sets was found to be 
highly diverse. The strongest correlation was found to exist 
between the distance specific emission of carbon dioxide 
and the distance specific emission of hydrocarbons and 
between the operational fuel consumption and distance 
specific emissions of hydrocarbons and carbon dioxide. The 
weakest correlation was revealed to be between the 
distance specific emission of carbon monoxide and the 
distance specific emission of nitrogen oxides. 

In consideration of some regularity of the dependence of 
distance specific pollutant emissions and operational fuel 
consumption on the average vehicle velocity, the 
correlational interdependences between the sets of 
distance specific pollutant emissions and operational fuel 
consumption values and the set of average velocity values 
were examined. The results of this examination have been 
presented in Figure 6. 

 

Figure 6. Coefficient of Pearson’s linear correlation (r) and 

probability that the hypothesis of absence of Pearson’s linear 

correlation would not be rejected (p) for individual combinations 

of results of determining the pollutant emissions and 

operational fuel consumption and the average vehicle velocity in 

all the tests 

It was found that the strongest correlation existed between 
the distance specific emission of hydrocarbons and the 
average vehicle velocity and that the weakest correlation 
existed between the distance specific emission of nitrogen 
oxides and the average vehicle velocity. Based on these 
results, an opinion may be formulated that the 
dependence on the IC engine operation states is the 
strongest in the case of the distance specific emission of 
hydrocarbons and the weakest in the case of the distance 
specific emission of nitrogen oxides. This is confirmed, in 
the case of hydrocarbons, by the coefficient of variation for 
the sets of specific distance pollutant emissions and 
operational fuel consumption in individual tests (Figure 2). 

4. Conclusions 

The investigations carried out on pollutant emissions and 
fuel consumption in tests simulating diverse driving 
conditions of motor vehicle justify the statement that there 
are reasonable grounds for an objective assessment of the 
IC engine properties under examination in the conditions 
of various tests, based on the knowledge of results of tests 
carried out to other test procedures. 
Such a conclusion stems from the results of correlational 
investigations on the sets of results of testing the pollutant 
emissions and operational fuel consumption in the test 
cycles under consideration. This is particularly reasonable 
in the case of the test cycles that are characterized by 
similar values of the average vehicle velocity. This confirms 
that the average value of vehicle velocity is an effective 
zero-dimensional parameter describing specific states of 
operation of an automotive engine in respect of its 
operational properties (BUWAL and INFRAS AG, 1995; 
Chłopek, 1999). 

Another conclusion drawn from the investigations carried 
out is that no considerable correlation has been found 
between the results of determining the distance specific 
pollutant emissions and the operational fuel consumption 
in various driving test cycles. 
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