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Abstract. The aim of this article was to analyse the correlation of emission intensity of carbon monoxide, hydrocarbons,
nitrogen oxides, and carbon dioxide in various conditions of operation of the automotive internal combustion engine. The
operational properties of the engine were investigated on chassis dynamometer in driving test cycles simulating various
real-world conditions of the vehicle drive: street congestions, urban traffic without congestions, extra-urban traffic, and
high-speed traffic. The correlational dependence of the pollutant emission intensity on the non-negative effective power of
the engine and the correlational interdependence between the emission intensity of individual pollutants were investigated.
The coeflicients of Pearson’s linear correlation, Spearman’s rank correlation, Kruskal’s gamma correlation, and Kendall’s tau
correlation were calculated. It was found that the emission intensity of pollutants in the driving test cycles strongly depends
on the dynamic states of operation of the engine. The time histories of the emission intensity of pollutants were strongly
correlated with the non-negative effective power of the engine. There were only a few cases where this correlation can be
assessed as weak. The time histories of the emission intensity of individual pollutants were also strongly correlated with
each other, with only a few exemptions.

Keywords: motor vehicle, internal combustion engine, pollutant emission, correlational analysis, driving test cycle,

dynamic state.

Introduction

The Internal Combustion (IC) engines of motor vehicles
operate predominantly in dynamic states (Chtopek 1999).
Therefore, the works aimed at improving the operational
properties of IC engines must include the testing of the
engines in dynamic states corresponding to the conditions
of typical engine operation in a moving vehicle.

The conditions corresponding to the operation of
IC engines in moving vehicles are characterized by the
process frequency range of the order of 0.1...10 Hz. The
main process, which determines the state of operation
of an automotive engine, is the vehicle speed (Chtopek
1999). Hence, automotive engines are often tested in mo-
tor vehicles subjected to vehicle driving test cycles on
chassis dynamometers. In the case of engines of heavy
motor vehicles, engine test benches are used (chiefly due
to limited availability of adequate test equipment), where

the conditions of engine operation in a moving vehicle
are simulated.

For motor cars, many types of vehicle driving test
cycles simulating vehicle drives in various traffic condi-
tions have been developed. An important group of such
tests consists of those used in type-approval procedures
(Delphi Technologies 2016). Apart from the type-approv-
al tests, many test cycles have been developed to obtain
as accurate time-domain simulation of vehicle drives
as possible. To determine the specific distance pollut-
ant emissions and specific distance fuel consumption in
the software developed by INFRAS (2018), an extensive
family of motor car drive simulation tests has been pre-
pared, which covers a very wide range of traffic condi-
tions, from street congestions to high-speed (motorway)
traffic (BAFU 2010). Within the implementation of the
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European Artemis program (https://artemis-ia.eu), a sys-
tem of Common Artemis Driving Cycles has been pre-
pared, which consists of test cycles that simulate motor
car drives in various traffic conditions (André et al. 2009;
Barlow et al. 2009; Delphi Technologies 2016). Another
example of vehicle driving test cycles is the system of test
cycles developed at a French National Institute for Trans-
port and Safety Research (Institut national de recherche
sur les transports et leur sécurité — INRETS) (Nollet et al.
2000; Delphi Technologies 2016).

Many articles contain results of car testing in various
driving cycles. The work of Favre et al. (2013) concerns
investigation on pollutant emission from engines of pas-
senger cars used in various driving cycles. The publication
of Tutuianu et al. (2015) is devoted to the development of
driving cycles to test the operational properties of light-
duty vehicles. The results of empirical studies show high
sensitivity of vehicle operational properties to the driving
conditions. Particularly strong is the sensitivity of pollut-
ant emission to the working conditions of the motor ve-
hicle, determined by the vehicle’s motion. Furthermore,
operational properties of electric cars are also investigated
in various driving cycles (Chtopek 2012; Raslavicius et al.
2013).

At Automotive Industry Institute (Przemystowy Insty-
tut MOToryzacji - PIMOT) in Warsaw, families of vehicle
driving test cycles have been prepared, which simulate
the conditions of motor car drives in street congestion,
urban, extra-urban, and high-speed (motorway and fast
road) traffic (Chlopek et al. 2013a, 2013b, 2014, 2015).
The PIMOT tests are treated as realizations of stochas-
tic processes that characterize the conditions of vehicle
drives (Chtopek et al. 2013b).

Increasing interest in the properties of IC engines
in dynamic states can be observed in the recent years.
The issues of modelling the pollutant emissions from IC
engines in the static and dynamic states have been ad-
dressed in publications (Ajtay, Weilenmann 2004; Ajtay
2005). Results of correlational investigations on the pro-
cesses of pollutant emissions from IC engines in dynamic
states have been presented in publications (Chlopek 2010;
Chlopek, Piaseczny 2013; Chiopek, Szczepanski 2013;
Nobuyuki et al. 2013). The modelling of the processes
taking place in IC engines in dynamic states is often uti-
lized to steering of the engines (Del Re et al. 2010; Ezzed-
dinne et al. 2008).

For several recent decades, pollutant emissions have
been considered one of the main criteria of assessment
of the quality of IC engines. The aim of this article is to
analyse the correlation of emission intensity of pollutants
in various conditions of operation of the automotive IC
engine. The operational properties of the IC engine were
tested in conditions simulating the real engine operation
in a moving vehicle with respect to the dependence of the
pollutant emission intensity on the current engine opera-
tion states characterized by non-negative effective power
of the engine and with respect to the interdependence be-
tween the emission intensity of individual pollutants.
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1. Materials and methods

The necessary empirical data was collected during traction
tests of a passenger car under real-road driving conditions.
These data were needed to simulate those conditions on
the vehicle chassis dynamometer and then (on the basis
of real-road data) to determine pollutant emission from
an IC engine of the car tested (Chlopek et al. 2013a, 2014,
2015).

Road tests of vehicle were carried out in Masovian
Voivodeship and L6dz Voivodeship in Poland. Urban
traffic testing was conducted in Warsaw and £6dz, while
non-urban - on the south-west exit routes from Warsaw
and on the new section of the A2 motorway between
Warsaw and Strykow.

The driving style has been adapted to most of the oth-
er road users.

A passenger car with a spark-ignition engine was used as
the test object. Its basic characteristic is presented in Table.

Table. Specifications of passenger car used in tests

Original equipment manufacturer Honda

Type EJ9

Trade name Civic 3D 1.4i

Engine displacement 1396 cm?

Engine type D14z1

Number and 4,

arrangement of cylinders in-line

Fuel system indirect,

4 multipoint injection

manual:

Gearbox 5 gears forward,
1 gear reverse

The tests were performed using Automex AMX530
OBDII/EOBD scanner, which is a universal reader of
information from On-Board Diagnostics (OBD) system
of vehicles. When installed in the Data Link Connector
(DLC) port, the scanner allows real-time recording of en-
gine parameters and other information provided by the
vehicle manufacturer. AMX530 was used to record the
following parameters during road tests: IC engine crank-
shaft speed, vehicle speed, engine steering.

The position of the car was also recorded during the
measurements. For real-time positioning, the device Ra-
celogic Performance Box, based on Global Positioning
System (GPS) technology, was used. The data obtained
was recorded in real time on a mobile computer.

The results of the traction tests of a passenger car un-
der real-road conditions were divided into the following
categories: street congestions, urban traffic without con-
gestions, extra-urban (rural) traffic, high-speed traffic (on
motorways and fast roads). Under those individual traffic
conditions, the following numbers of vehicle speed sam-
ples were collected: 19 for street congestions, 34 for urban
traffic without congestions, 16 for extra-urban traffic, 8
for high-speed traffic.
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Recorded samples of vehicle speed (speed vs. time
curves) were treated as stochastic processes and subject-
ed to the analysis in time, frequency and process value
domains. Selected characteristics of the samples, includ-
ing extreme values, mean value, variance, median and
quadratic deviation were determined. The dependency
of power spectral density of speed on frequency was also
determined. There was a significant similarity of power
spectral density of speed for the individual realizations
of the investigated processes belonging to the particular
category of traffic.

It has been found that the investigated processes are
characterized by varying probability density. Statistical
distributions are mostly asymmetrical. Some parameters
show considerable variations, e.g. skewness (from -3.2 to
1.9) and kurtosis (from -1.5 to 13.1).

Based on the results of empirical tests of vehicle under
real-road conditions, driving test cycles (PIMOT tests) for
modelling of passenger car driving have been proposed.
PIMOT tests were treated as stochastic processes having
the form of the sets of vehicle speed realizations simulat-
ing traffic in the following conditions: street congestions
(denoted by “CT?), urban traffic without congestions (de-
noted by “UT”), extra-urban (rural) traffic (denoted by
“RT”), high-speed traffic (on motorways and fast roads,
denoted by “HT”).

The individual realizations of PIMOT tests, that mod-
elled the assumed traffic conditions, were determined in
accordance with the principle of faithful simulation in
the time domain. As the criteria of similarity between the
tests and actual traffic conditions, zero-dimensional char-
acteristics of speed processes were compared: in the first
place the mean value and standard deviation, and in the
second place the median and quartile deviation.

Figures 1-4 present the final version of PIMOT tests —
four realizations for each individual stochastic process
that correspond to the specific traffic model.

Figure 5 shows the average vehicle speed in all PIMOT
tests.

Further information on the development of PIMOT
tests and detailed results of the investigation on their
statistical properties are presented in the other article by
Chtopek et al. (2013b). For the purposes of this study,
only CT1, UTI1, RT1 and HT1 tests were used to evalu-
ate the correlation of pollutant emission intensity in vari-
ous conditions of operation of the IC engine. Figures 6-9
show the vehicle speed vs. time curves in these tests.

The average vehicle speed in individual tests (CTI,
UT1, RT1, HT1) as well as the average value AV and the
standard deviation D of the average vehicle speed in those
tests have been shown in Figure 10. The significant di-
versity in the average vehicle speeds in individual tests
indicates that the conditions of operation of an auto-
motive engine and, in consequence, the states of engine
operation are also diverse to a considerable degree. The
minimum value of the average vehicle speeds in the CT1
test is 8.5 km/h, while the maximum value of the average
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Figure 1. CT test (stochastlc process of vehicle speed)
for street congestions
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Figure 3. RT test (stochastic process of vehicle speed)
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Figure 4. HT test (stochastic process of vehicle speed)
for motorways and fast roads
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vehicle speeds in the HT1 test is 118.9 km/h. The total
average value of the average vehicle speeds in all the tests
is 58.4 km/h, with the coefficient of variation being 0.81.

The car was tested on a vehicle chassis dynamometer
Schenk Komeg EMDY 48. To examine the pollutant emis-
sions, 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), nitro-
gen oxides (CLA-755A), carbon dioxide (AIA-722), and
oxygen (MPA-720). The details of the emission testing are
presented in other publications by Chiopek et al. (2013a,
2014, 2015).
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Figure 5. Average vehicle speed in individual
realizations of PIMOT tests
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During the experiments the values of, inter alia, the
following quantities sampled with a frequency of 1 Hz
and averaged from 10 measurements were recorded: ve-
hicle speed, effective power of the IC engine, IC engine
crankshaft speed, IC engine torque output, carbon mon-
oxide, hydrocarbons, nitrogen oxides, and carbon dioxide
emission intensity, fuel flow intensity.

The signals recorded were subjected to data process-
ing. The gross errors were identified by the method of an-
alysing the current variance of measurement results. The
signals were subjected to low-pass filtration with the use
of a Savitzky-Golay filter (Savitzky, Golay 1964), where
both-side approximation from four data points on each
side to a polynomial of degree 2 was applied.
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Figure 8. Vehicle speed v vs. time ¢ curve in the RT1 test
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Figure 9. Vehicle speed v vs. time ¢ curve in the HT1 test
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Figure 10. Average vehicle speed v,y in individual tests (CT1,
UT1, RT1, HT1) as well as the average value AV and the standard
deviation D of the average vehicle speed in all the tests
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2. Results and discussion

Emission intensities of carbon monoxide, hydrocarbons,
nitrogen oxides and carbon dioxide were determined for
all the tests. As an example, time histories of emission in-
tensity of pollutants in the CT1 test have been shown in
Figures 11-14.

Considering time histories of two different param-
eters, e.g. pollutant emission intensity and effective power
of the engine, it is possible to assess similarity between
them. The criteria of similarity can be various and con-
cern the present values, the probability of occurrence
of the individual values, frequency of their changes, etc.
The correlation coeflicients are single numbers informing
about the link between the two parameters. All such coef-
ficients operate on the same principle, but with different
ways of modifying the value scale of the parameters. The
information gained through the analysis of correlation
coeflicients can in some way prove a mutual relationship
between the two courses, but do not represent the knowl-
edge on this, which could be interpreted unambiguously.
Because of the theoretical ambiguity of the assessment of
the existence or non-existence of relationship (correla-
tion) between the examined engine operational param-
eters, time histories there are significance tests used to
verify the relevance of statistical hypotheses. It is possible
then to define the basic hypothesis, for example, stating
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Figure 11. Time history of the carbon monoxide emission
intensity Eqq in the CT1 test
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Figure 12. Time history of the hydrocarbons emission
intensity Ecy in the CT1 test

no existence of correlation and the alternative hypoth-
esis (Chtopek 2010; Chlopek, Piaseczny 2013; Chlopek,
Szczepanski 2013).

The correlational dependence of the pollutant emis-
sion intensity on the non-negative effective power of the
engine and the correlational interdependence between the
emission intensity of individual pollutants were investi-
gated. For this purpose, the coeflicients of Pearson’s linear
correlation (Pearson 1904), Spearman’s rank correlation
(Spearman 1904), Kruskal’s gamma correlation (Kruskal,
Wallis 1952), and Kendall's tau correlation (Kendall 1938)
were calculated.

Results of the calculation of the above coeflicients for
the pollutant emission intensity and the non-negative ef-
fective power of the engine in individual tests have been
presented in Figures 15-18.

Most of the sets of pollutant emission intensity were
strongly correlated with the set of values of the non-neg-
ative effective power of the engine, to such an extent that
the probability that the hypothesis of absence of Pearson’s
linear correlation would not be rejected was at a level of
below 0.02. Only in the cases of the hydrocarbons emis-
sion intensity in the HT test and the carbon monoxide
emission intensity in the CT test, the probability that the
hypothesis of absence of the correlation would not be re-
jected was at a level of more than 0.35 and more than
0.05, respectively.
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Figure 13. Time history of the nitrogen oxides emission
intensity Eyg, in the CT1 test
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Figure 14. Time history of the carbon dioxide emission
intensity Eqp, in the CT1 test
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Figure 15. Coefficient of Pearson’s linear correlation r between
the pollutant emission intensity (E¢o,» Eno, Eca» Eco)
and the non-negative effective power of the engine N,
in individual tests (CT1, UT1, RT1, HT1)
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Figure 16. Coefficient of Spearman’s rank correlation R between
the pollutant emission intensity (E¢o, Eno, Eca» Eco)
and the non-negative effective power N, of the engine
in individual tests (CT1, UT1, RT1, HT1)

A definite majority of the sets of pollutant emission
intensity were strongly correlated with the set of values of
the non-negative effective power of the engine, to such an
extent that the probability that the hypothesis of absence
of Spearman’s rank correlation, Kruskal's gamma correla-
tion, and Kendall’s tau correlation would not be rejected
was at a level of below 0.01. Only in the case of the ni-
trogen oxides emission intensity in the CT test, the prob-
ability that the hypothesis of absence of any of the above
correlation types would not be rejected was at a level of
more than 0.95. In most cases, the lowest and the highest
values of the coefficients of correlation were obtained for
the CT test and HT test, respectively.

The coefficients of Pearson’s linear correlation, Spear-
man’s rank correlation, Kruskal’s gamma correlation, and
Kendall’s tau correlation between the emission intensity
of individual pollutants in specific tests have been pre-
sented in Figures 19-22.

A definite majority of the sets of emission intensity
of individual pollutants were strongly correlated with
each other, to such an extent that the probability that the
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Figure 17. Coeficient of Kruskal’s gamma correlation y
between the pollutant emission intensity (Eco,» Exop Ecr Eco)
and the non-negative effective power N, in individual tests
(CT1, UT1, RT1, HT1)
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Figure 18. Coeficient of Kendall’s tau correlation t between the
pollutant emission intensity (Eco,» Exop Ecr Eco)
and the non-negative effective power N, in individual tests
(CT1, UT1, RT1, HT1)

hypothesis of absence of a correlation would not be re-
jected was at a level of below 0.01. Only in the case of
the carbon monoxide emission intensity and the carbon
dioxide emission intensity in the HT test, the probability
that the hypothesis of absence of any of the above corre-
lation types would not be rejected was at a level of more
than 0.13. Hence, an opinion should be formulated that
in general, the emission intensity of individual pollutants
are strongly correlated with each other in diverse IC en-
gine operation states determined by diverse conditions of
vehicle motion. In most cases, the lowest and the highest
values of the coefficients of correlation were obtained for
the CT test and HT test, respectively.

The results of correlation analysis between operation-
al parameters of IC engines often carry important cog-
nitive information on their performance characteristics.
However, there are some limitations of this approach.
In the case of the correlation, the causal relationship is
postulated (Chlopek, Szczepanski 2013), although in fact
sometimes it is difficult to determine which parameter
can be considered as the cause, and which as the effect.
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It should also be noted that the correlation coefficient val-
ue depends not only on the existence of the link between
two parameters, but also on the value of the courses in-
vestigated and of their length (multiplicity of the discrete
time samples) (Chtopek, Szczepanski 2013). Therefore,
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the interpretation of the magnitude of the result is a very
relative matter. For this reason, it is necessary to verify
the relevance of statistical hypotheses of no existence of
correlation and the alternative hypothesis.
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Figure 19. Coeflicient of Pearson’s linear correlation r between the emission intensity of specific pollutants
(Ecop Enoy Ecs Eco) in individual tests (CT1, UTL, RT1, HT1)
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Figure 20. Coefficient of Spearman’s rank correlation R between the emission intensity of specific pollutants
(ECOZ’ ENOX, ECH’ Eco) in individual tests (CTI, UTI, RTI, HTI)
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Figure 21. Coefficient of Kruskal’s gamma correlation y between the emission intensity of specific pollutants
(Ecop Enoy Ecw» Eco) in individual tests (CT1, UTL, RT1, HT1)
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Figure 22. Coefficient of Kendall’s tau correlation t between the emission intensity of specific pollutants
(Eco, Enoy Ecws Eco) in individual tests (CT1, UT1, RT1, HT1)

Conclusions

In result of the tests carried out, the following conclusions
may be formulated:

- the emission intensity of pollutants in the driving test
cycles strongly depends on time, which indicates that
the emission intensity of pollutants depends on the
dynamic states of operation of the automotive engine
in the driving test cycles;

- the time histories of the emission intensity of pol-
lutants have been found to be strongly correlated
with the non-negative effective power of the engine,
to such an extent that the probability that the hy-
pothesis of absence of Spearman’s rank correlation,
Kruskal’s gamma correlation, and Kendall’s tau cor-
relation would not be rejected was at a level of below
0.01. There were only a few cases where this correla-
tion can be assessed as weak;

- the time histories of the emission intensity of in-
dividual pollutants have been found to be strongly
correlated with each other, to such an extent that
the probability that the hypothesis of absence of a
correlation would not be rejected was at a level of
below 0.01. Only in the case of the carbon monoxide
emission intensity and the carbon dioxide emission
intensity in the HT test, the probability that the hy-
pothesis of absence of any correlation would not be
rejected was at a level of more than 0.13. In most
cases, the lowest and the highest values of the coef-
ficients of correlation were obtained for the CT test
and HT test, respectively.

Contemporary environmental priorities justify the
continued pursuit of research into the determinants of
pollutant emissions from automotive combustion en-
gines. It is expedient, in the first place, to conduct further
research involving larger number of cars, with different
properties. The authors have particularly high expecta-
tions in the planned investigation of pollutant emission
from car engines in terms of their actual use with the
Portable Emissions Measurement System (PEMS) (An-
dersson et al. 2014). It is also planned by the authors to

present the results of investigations of the dependence of
pollutant emission from IC engines on engine operating
conditions in the domains of: spectral analysis and prob-
ability distribution (Chtopek 1999).
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