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The influence of driving pattern on pollutant emission and fuel consumption  

of hybrid electric vehicle 
 

Hybrid electric vehicles (HEVs) have an increasing presence in passenger transport segment. They have been designed to minimize 

energy consumption and pollutant emission. However, the actual performance of HEVs depends on the dynamic conditions in which they 

are used, and vehicle speed is one of the key factors. A lot of excess emission and fuel consumption can be attributed to rapid changes of 

vehicle speed, i.e. accelerations and decelerations. On the other hand, dynamic driving favours energy recovery during braking. This 

study examines the relationship between HEVs speed, pollutant emission and fuel consumption. The considerations were based on the 

results of testing vehicles in WLTC and NEDC driving cycles, performed on a chassis dynamometer. The test objects were two light-duty 

passenger vehicles, one with series-parallel, gasoline-electric hybrid system and the other, used as a reference, with conventional spark-

ignition engine. Both vehicles had similar technical parameters and combustion engines supplied with gasoline. The driving cycles were 

divided into several parts according to the speed range. For each part, pollutant emission and fuel consumption were determined and 

appropriate values of selected parameters of driving pattern were calculated. Combining the results of empirical research and 

calculated parameters allowed to obtain characteristics. Their analysis provided valuable insight into the impact of driving pattern on 

actual emission and fuel consumption of HEV. 
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1. Introduction 

With the rapid development of world transportation, en-
vironment pollution and the depletion of non-renewable 
energy resources have become two serious problems. The 
need to address these concerns led many academic institu-
tions and automobile manufacturers to adopt research and 
development programs that included not only more efficient 
and cleaner ways to use fossil fuel in internal combustion 
engine vehicles (ICEVs), but also the development of alter-
native propulsion systems and energy carriers. In recent 
years, battery electric vehicles (BEVs) have received in-
creased attention worldwide and their production numbers 
for large markets has increased. However, despite remarka-
ble achievements in the development of BEVs in the last 
years [5], there are still two serious problems to be solved: 
low operational range of BEVs due to relatively limited 
capacity of batteries and considerably high vehicle and 
battery costs, which reduces the number of potential buyers. 

BEVs and ICEVs features are combined in hybrid elec-
tric vehicles (HEVs), with the variety of subtypes available, 
including plug-in hybrid electric vehicles (PHEVs). HEVs 
usually consist of two different power sources – an internal 
combustion engine and an electric motor. Some powertrain 
configurations of HEVs enable them to switch between two 
power sources, which allows for the use of pure electric 
mode under certain driving conditions or in low-emission 
zones of city centers. HEVs certainly do not have the opera-
tional range restriction of BEVs and they are beneficial in 
terms of environmental impact due to reduction in tailpipe 
emissions and fossil fuel consumption [8–10]. In the case of 
PHEVs there is also potential to diversify transportation 
energy sources and stimulate real opportunities on the inte-
grating renewable energy into the power system. On the 
other hand, two separate power sources increase vehicle 
mass, which in turn lead to a higher consumption of both 
electricity and fuel. 

The actual performance of HEVs depends on the dy-
namic conditions in which they are used [8–10], and vehi-
cle speed is one of the key factors. A lot of excess emission 
and fuel consumption can be attributed to rapid changes of 
vehicle speed, i.e. accelerations and decelerations. On the 
other hand, dynamic driving favors energy recovery during 
braking. 

The present study aims at investigating the impact of 
driving pattern on pollutant emission and fuel consumption 
of HEVs. It involves empirical testing of two light-duty 
vehicles – HEV with series-parallel hybrid system and 
ICEV with conventional spark-ignition combustion engine 
– on a chassis dynamometer in the WLTC and NEDC driv-
ing cycles. 

2. Parameters of driving pattern 
Vehicle driving pattern is usually defined by the varia-

tion of vehicle speed with time [5]. Some researchers ex-
tend this definition to other factors like gear changing, 
driving distance etc. [6, 12]. It is possible to quantify driv-
ing patterns using certain parameters, also known as zero-
dimensional or point characteristics [2–6]. A large number 
of such parameters has been proposed [6], Among them, 
those related to speed and acceleration are most often con-
sidered for investigating the influence of driving pattern on 
vehicle pollutant emission and fuel consumption [3, 4]. 

The examples of driving pattern parameters used in pre-
vious research works [1, 6, 7, 11] can be divided into five 
categories: 
1. Average value, in relation to: speed, driving speed (ex-

cluding stops), acceleration, deceleration, driving time 
within one driving period (from start to stop), number of 
acceleration-deceleration changes (and vice versa) with-
in one driving period, etc. 

2. Time share, in relation to: stop (v = 0), acceleration, 
deceleration, driving at constant speed, etc. 
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3. Standard deviation, in relation to: speed, acceleration, 
deceleration, etc. 

4. Relative and joint distribution, in relation to: speed, 
acceleration, deceleration, etc. 

5. Complex parameters: relative positive acceleration, 
positive kinetic energy, product of the speed and accel-
eration, product of the squared speed and acceleration, 
average absolute value of product of speed and accelera-
tion, number of stops per distance, etc. 
One of the classic examples of employing driving pat-

tern parameters to examine their influence on pollutant 
emission and fuel consumption is the research of Ericsson 
[6]. She collected driving data from a vehicle driven in 
urban conditions and used the results to determine the val-
ues of 62 independent parameters, including commonly 
used variables based on speed and acceleration as well as 
newly proposed variables related to engine rotational speed 
and gear changing. After statistical analysis of the results 
obtained, 9 parameters were found to have significant envi-
ronmental effects [6]. 

3. Materials and methods 
The general concept of this study was to obtain data on 

pollutant emission and fuel consumption of vehicles tested 
in driving cycles that simulate dynamic driving conditions 
on the chassis dynamometer. Next, values of the selected 
driving pattern parameters for the speed profiles of these 
driving cycles were determined. Combining the results of 
empirical research and calculated parameters allowed to 
obtain dependencies for pollutant emission and fuel con-
sumption on driving pattern parameters. 

Empirical part of the research concerned two vehicles: 
– HEV, with a series-parallel drive system, consisting of 

spark-ignition combustion engine, electric motor and 
continuously variable transmission e-CVT, 

– ICEV, with spark-ignition combustion engine and con-
tinuously variable transmission CVT. 
HEV was treated as the main object of research, while 

ICEV served as a reference, to compare test results. Both 
vehicles had similar technical parameters and combustion 
engines supplied with gasoline (Table 1). 
 

Table 1. Specifications of the vehicles tested 

Parameter HEV ICEV 
Combustion engine 
displacement 

1798 cm3 1798 cm3 

Maximum power 90 kW at 5200 rpm 108 kW at 6400 rpm 
Maximum torque 142 N∙m at 3600 rpm 180 N∙m at 4000 rpm 
Combustion engine 
compression ratio 

13 11 

Fuel type used Gasoline Gasoline 
Fuel injection type Multi-point (MPI) Multi-point (MPI) 
Gearbox type e-CVT CVT 

 
Vehicles were tested in two type-approval driving cy-

cles: the Worldwide Harmonized Light Vehicles Test Cycle 
class 3.2 (WLTC) and the New European Driving Cycle 
(NEDC). The driving cycles were divided into parts accord-
ing to the vehicle speed range – WLTC into four parts: low 
speed, medium speed, high speed and extra high speed, 

while NEDC into two parts: Urban Driving Cycle (UDC) 
and Extra Urban Driving Cycle (EUDC). 

Driving cycles were performed in laboratory conditions 
on the chassis dynamometer at Motor Transport Institute in 
Warsaw. The tests were repeated several times for each 
vehicle, with the combustion engine warmed up. The influ-
ence of the cold engine start was outside the scope of the 
current study. For a detailed description of test conditions, 
refer to previous publications [8–10]. 

The results obtained included averaged values of: 
– fuel consumption (Q), expressed in dm3/100 km, 
– road emission of: carbon dioxide (CO2), total hydrocar-

bons (THC), nitrogen oxides (NOx) and carbon monox-
ide (CO), expressed in g/km. 
In the second part of the study, the parameters of driv-

ing pattern were determined for each part of the driving 
cycle. The analysis involved: 
– average speed – vAV [km/h], 
– average acceleration – a+

AV [m/s2], 
– average deceleration – a-

AV [m/s2], 
– relative positive acceleration – RPA [m/s2], 
– average absolute value of the product of speed and ac-

celeration – |v∙a|AV [m2/s3], 
– time share of vehicle stop (v = 0) – ustop [%]. 

The parameters listed above are regarded as relevant for 
experimental investigation and modelling of pollutant emis-
sion and fuel consumption of light-duty vehicles [6]. Vehi-
cle's average speed is the basic parameter used to determine 
the characteristics of internal combustion engines under 
dynamic conditions, e.g. for the inventory of pollutant 
emissions and fuel consumption [2]. Average acceleration 
determines the demand for maximum engine torque, while 
average deceleration indicates the intensity of braking [5]. 
Besides, both average acceleration and average deceleration 
can be considered as criteria for an aggressive driving style. 
Relative positive acceleration is calculated as the integral of 
speed multiplied with positive acceleration and the time 
interval when the acceleration is positive, divided by the 
total distance of the drive [6]. Relative positive acceleration 
value is large for driving pattern that includes a lot of high 
power-demand accelerations and is found to increase fuel 
consumption [5]. The average value of absolute value of 
product of speed and acceleration can be interpreted as 
a measure of engine power output per unit mass of the 
vehicle [5]. 

In order to determine the characteristics of pollutant 
emissions and fuel consumption, their values were normal-
ized to the highest value obtained for one of the vehicles in 
a given category (fuel consumption or road emission of 
each exhaust component). In this way, differences in values 
are clearly visible and at the same time it is possible to 
compare the characteristics for both vehicles in one graph, 
without losing information relevant for the qualitative as-
sessment of the course of the given dependence. 

4. Results and discussion 
The dependence of normalized fuel consumption on in-

dividual parameters of driving pattern is shown in Fig. 1. 
The sets of points were approximated by second degree 
polynomial functions. 
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Fig. 1. The dependence of normalized fuel consumption on driving pattern parameters: average speed (a), average acceleration (b), average  

deceleration (c), relative positive acceleration (d), average absolute value of the product of speed and acceleration (e), time share of vehicle stop (f) 
 

The dependencies of fuel consumption on the driving 
pattern parameters show considerable regularity along 
curves of approximation. By far the most effective parame-
ters in this case are the average speed and time share of 
vehicle stop, followed by the product of speed and accelera-
tion. On the other hand, average deceleration can be con-
sidered the worst parameter among those analyzed. Interest-
ingly, smaller spread of points along the curves of approx-
imation can be observed for HEV, which may result from 
more stable operating conditions of the internal combustion 
engine in the hybrid system and lower sensitivity to dynam-
ic states of operation than in the case of ICEV. 

The characteristics determined for ICEV are consistent 
with those known from the literature [4–5] and databases 
implemented in specialized software such as INFRAS or 
COPERT. In principle, fuel consumption of ICEVs is high 
in heavy traffic conditions, characterized by low average 
vehicle speed, high time share of vehicle stop with engine 
working at idle speed and high dynamics of driving, as 
reflected in the frequent acceleration and deceleration. For 
HEV it is just the opposite, because at a low speed a signif-
icant part of the power used to drive the vehicle's wheels 
comes from the electric motor, hence the fuel consumption 
is low. In addition, in the dynamic driving conditions, the 
share of energy recovered by recuperative braking increas-
es. Perhaps because of this the impact of the deceleration on 
fuel consumption is more pronounced for HEV than ICEV. 

There is also a significant increase in fuel consumption 
of HEV and ICEV at high average speed, which corre-
sponds to high engine load. This time, however, both the 
power generated by the electric motor and the intensity of 
recuperative braking are relatively low and do not allow 
a significant reduction in fuel consumption. Last but not 
least, high average speed implies low time share of vehicle 
stop, hence high fuel consumption observed. 

For obvious reasons, the dependencies of normalized 
road emission of carbon dioxide are almost identical to 
those of normalized fuel consumption. Factors determining 
their courses are largely the same as those affecting fuel 

consumption. Hence, they were not presented here and 
included in the discussion. 

The dependence of normalized road emission of total 
hydrocarbons on individual parameters of driving pattern is 
shown in Fig. 2. The sets of points were mostly approxi-
mated by second degree polynomial functions. A power 
function was proposed only for average speed, average 
acceleration (HEV) and average absolute value of the prod-
uct of speed and acceleration. 

Comparing the dependences obtained for the emission 
of total hydrocarbons to those regarding fuel consumption, 
it can be concluded that they are much less regular (which 
is understood as a large spread of points on the graphs). 
Average speed, average absolute value of the product of 
speed and acceleration and time share of vehicle stop can 
be assessed as moderately effective in the description of the 
total hydrocarbons emission. On the contrary, average ac-
celeration, deceleration and relative positive acceleration 
are not useful in this application. These conclusions are 
valid for both HEV and ICEV. 

Difficulties in outlining the trend regarding the depend-
ence of hydrocarbons emission on driving pattern parame-
ters indicates a high sensitivity of hydrocarbons emission to 
the operating states of the internal combustion engine. Ne-
vertheless, these results confirm observations from other 
research works, e.g. [3], according to which road emission 
of hydrocarbons is the highest for low average speed (and 
therefore large time share of vehicle stop) and very low for 
high average speed (and low time share of vehicle stop) 
corresponding to high engine load. 

The dependence of normalized road emission of nitro-
gen oxides on individual parameters of driving pattern is 
shown in Figure 3. The sets of points were mostly approxi-
mated by second degree polynomial functions. The exemp-
tions were: average speed and average absolute value of the 
product of speed and acceleration, for which a power func-
tion was proposed, and time share of vehicle stop, for 
which an exponential function was used. 
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Fig. 2. The dependence of normalized road emission of hydrocarbons on driving pattern parameters: average speed (a), average acceleration (b), average 

deceleration (c), relative positive acceleration (d), average absolute value of the product of speed and acceleration (e), time share of vehicle stop (f) 
 

 

 
Fig. 3. The dependence of normalized road emission of nitrogen oxides on driving pattern parameters: average speed (a), average acceleration (b), average 

deceleration (c), relative positive acceleration (d), average absolute value of the product of speed and acceleration (e), time share of vehicle stop (f) 

 
The relation of road emission of nitrogen oxides with 

driving pattern parameters should be assessed as relatively 
weak. For most of the parameters, the proposed approxima-
tion curve is for illustration only and does not allow to 
conclude on the relationship of parameters with the emis-
sion of nitrogen oxides. Only in the case of average speed, 
average absolute value of the product of speed and accel-
eration and time share of vehicle stop it is possible to de-
termine the nature of dependence, at least to some extent. 
This is similar to the trends that have been discussed with 
reference to hydrocarbons emission. 

It is worth noting that among all the pollutants that were 
included in this study, it is the emissions of nitrogen oxides 
that reached nearly the same values for both vehicles. The 
differences in values are very small, the only large discrep-
ancy occurred for the ‘low speed’ part of the WLTC. 

The dependence of normalized road emission of carbon 
monoxide on individual parameters of driving pattern is 
shown in Figure 4. The sets of points were approximated by 
second degree polynomial functions. The only exemption 
was the time share of vehicle stop, for which an exponential 
function was used. 

When analyzing the shapes of dependencies plotted for 
carbon monoxide emission, differences may be noticed 
between results obtained for individual vehicles. The de-
pendencies for HEV are regular and reveal some trends, 
whereas for ICEV there is a large spread of points, hence it 
is more difficult to draw the right conclusions. 

Generally, the emission of carbon monoxide from HEV 
is much lower than from ICEV and is influenced by driving 
pattern. If the dependencies in Figure 5 did not apply to 
normalized values, this effect would be more clearly visi- 
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Fig. 4. The dependence of normalized road emission of carbon monoxide on driving pattern parameters: average speed (a), average acceleration (b), 

average deceleration (c), relative positive acceleration (d), average absolute value of the product of speed and acceleration (e), time share of vehicle stop (f) 
 

ble. Starting from the average speed, i.e. the basic driving 
pattern parameter, the maxima of carbon monoxide emis-
sion for low and high speed values can be noticed. The 
largest emission is for low speed, which is confirmed in 
the literature [3, 4]. The same applies to average absolute 
value of the product of speed and acceleration. This is 
reflected in the dependence determined for the time share 
of vehicle stop, which is high for low average speed (typi-
cal in urban traffic) and implies high carbon monoxide 
emission. For parameters related to acceleration and de-
celeration, a maximum carbon monoxide emission may be 
indicated for moderate values of these parameters. 

In the case of ICEV, there are similar, but less accurate, 
trends observed in the relationships between carbon monox-
ide emission and average speed, average absolute value of 
the product of speed and acceleration, and time share of 
vehicle stop. However, dependences based on average ac-
celeration, average deceleration and relative positive accel-
eration are rather difficult to interpret. 

 

5. Conclusions 
The impact of vehicle driving pattern on combustion 

engine’s fuel consumption and pollutant emission is clearly 
visible and unquestionable. It is then possible to quantify 
this impact using statistical parameters of driving pattern, 
determined for a given course of vehicle speed over time. 
Such parameters are the most useful and effective to ana-
lyze trends in fuel consumption, but relatively less in the 
case of pollutant emissions. 

The influence of driving pattern on fuel consumption 
and pollutant emission of HEV depends strongly on the 
structure of vehicle drive system and its control strategy. 
The decisive factor is the algorithm, according to which the 
electric motor assists the combustion engine, thus reducing 
pollutant emission and fuel consumption under certain 
driving conditions. Energy recuperation during braking, 
with intensity depending on the driving pattern, also has 
a significant impact. This makes HEVs different from 
ICEVs in terms of the influence of driving pattern on pollu-
tant emission and fuel consumption, which has been con-
firmed by the results of this study. 

 

Nomenclature 

a+
AV average acceleration 

a-
AV average deceleration 

BEV battery electric vehicle 
CO carbon monoxide 
CON normalized road emission of carbon monoxide 
CO2 carbon dioxide 
CO2N normalized road emission of carbon dioxide 
CVT continuously variable transmission 
EUDC Extra Urban Driving Cycle 
HEV hybrid electric vehicle 
ICEV internal combustion engine vehicle 
MPI multi-point injection 
NEDC New European Driving Cycle 
NOx nitrogen oxides 

NOxN normalized road emission of nitrogen oxides 
PHEV plug-in hybrid electric vehicle 
Q fuel consumption 
QN normalized fuel consumption 
RPA relative positive acceleration 
THC total hydrocarbons 
THCN normalized road emission of total hydrocarbons 
UDC Urban Driving Cycle 
ustop time share of vehicle stop 
|v∙a|AV average absolute value of the product of speed and 

acceleration 
vAV average speed 
WLTC Worldwide Harmonized Light Vehicles Test Cycle
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