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Abstract: Vehicles, regardless of the type of drive, move
on different types of roads. The operational characteris-
tics of the highway will be different than those of the
urban road. The aim of this article is to compare the
performance of electric, hybrid, and conventional vehicles
on different roads. For simulation studies in the AVL Cruise
program, speed profiles determined on the highway,
expressway, suburban, and urban roads were used. The
article presents the course of energy consumption of an
electric and hybrid vehicle, the amount of energy recov-
ered by these vehicles, and the state of battery charge after
the routes. The fuel consumption and emissions of harmful
exhaust components of hybrid and conventional vehicles
are also described. Based on the collected data, it was
determined what is the cost of driving each of the routes
by the tested vehicles. The results showed that the opera-
tional characteristics of the vehicles on each route are
different. Driving speed, vehicle load, or duration of the
journey significantly affects energy consumption, fuel, and
costs. Such a comparison allows you to adjust the choice of
vehicle by the driver, who, knowing his daily route, can
decide on a vehicle with a specific type of drive.
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1 Introduction

Electric and hybrid vehicles are gaining an increasingly
strong position on the automotive market in Poland.
Polish Association of the Automotive Industry, on the
basis of data from the Central Register of Vehicles, pre-
pared a report on the registration of passenger vehicles
(Figure 1). It shows that in 2019, the number of registered
battery electric vehicles and plug-in hybrid vehicles
amounted to 2.7 thousand units, while in 2020, it was 8.1
thousand units. In the case of hybrid vehicles, it was 41.9
thousand units in 2019 and 61.9 thousand in 2020. This
means that the increase was much smaller, at the level of
47.9%. For comparison, the number of conventionally pow-
ered vehicles has decreased. For gasoline-powered vehicles,
this number fell from 391,900 units in 2019 to 268,000 the
following year. Registration of new diesel vehicles decreased
from 110,600 units to 80,900 in the indicated period [1].
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Figure 1: Number of newly registered passenger vehicles by type of
power supply.

Conventional, hybrid, and electric vehicles have both
a number of advantages and disadvantages. The occur-
rence of both positive and negative aspects of the use of
the aforementioned vehicles is related, among other things,
to their operation on different types of roads. This applies,
for example, to energy recovery based on regenerative
braking of electric and hybrid vehicles [2]. When driving
on an urban road, regenerative braking energy is high
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due to the driving conditions. This is due to frequent
braking [3]. The increase in regenerative braking energy
depends not only on the type of road, but also on the incli-
nation [4].

The type of road on which the vehicle travels has an
impact on the electricity or fuel consumption of the test
vehicles [5,6]. Helms et al. [7] present the energy and fuel
consumption when driving on urban roads, suburban
roads, and highways. It is evident that in urban traffic,
electric and hybrid vehicles consume the least energy,
while conventional vehicles use the most fuel. The oppo-
site is true when driving on the highway. Wang et al. [8]
showed that conventional vehicles can consume up to
35% more fuel under certain conditions than hybrid vehi-
cles. In suburban areas and on the highway, it was the
hybrid that consumed more fuel. Pielecha et al. [9] com-
pared the point of view of pollutant emissions and energy
consumption. The results showed that the energy intensity
of an electric vehicle is the highest on the highway and the
lowest in the city. For a hybrid vehicle, the most energy-
consuming route turned out to be a suburban road, and
for a conventional one, an urban one. At the same time, it
was pointed out that a conventional vehicle emits more
harmful exhaust components than a hybrid vehicle.

Vehicles with different power sources were also com-
pared from the point of view of emissions of harmful
exhaust components [10-12]. The study by Taymaz and
Benli [13] presents results on the fuel consumption and
CO, emissions of hybrid and conventional vehicles. It
has been determined that conventional vehicles consume
more fuel on each type of road, a similar relationship
applies to carbon dioxide emissions. Al-Samari [14] used
standardized and real-world tests to compare hybrid and
conventional vehicles. On their basis, they showed that a
hybrid vehicle consumes less fuel and emits less carbon
dioxide in each of the tests. In the highway cycle, these
differences are small.

In the literature, we can also find comparative ana-
lyses of vehicles in terms of economy and analyses of the
total cost of ownership [15-17]. Granovskii et al. [12] com-
pared hybrid, electric, conventional, and fuel cell vehi-
cles. Three scenarios for the production of electricity were
assumed. In the first, electricity comes exclusively from
renewable energy sources; in the second, 50% of energy
is generated as in the first scenario, with the remaining
50% from natural gas, and in the third, 100% of energy is
generated from natural gas. The results show that in the
first variant, electric and hybrid vehicles are unrivalled
from both an ecological and economic point of view.

The aim of this study is to compare the operational
efficiency of an electric, hybrid, and conventional vehicle
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on four types of roads. Analyses of energy consumption,
fuel consumption, and exhaust emissions were carried
out for this vehicle with different drive systems under
different driving conditions. In addition, the costs of
overcoming each route were calculated. In terms of the
energy or fuel used by the vehicles, the preliminary
results are described in this article. The simulations con-
tain only the velocity profile without taking into account
additional factors affecting energy consumption (e.g. related
to the environment).

2 Methodology

2.1 Determination of the characteristics of
the analysed routes

To carry out the simulation study, actual velocity profiles
of four routes were determined: highway, expressway
(fast dual carriageway), suburban road, and urban road.
The data were recorded using a Corrsys Datron S-350%
Aqua optoelectronic sensor, a TAA® three-axis accelera-
tion sensor, a Datron uEEP12® data acquisition station,
and a control tablet with ARMS® software. The measuring
devices were mounted on a Ford Transit research vehicle.
Based on the recorded data, velocity profiles were drawn
up for each route (Figure 2). Aspects related to the envir-
onment (temperature and inclination) were omitted at this
stage of research.

Analysing the speed profiles, it is visible that their
courses differ significantly from each other. When driving
on a highway (Figure 2(a)), there are no stops, and the
braking causes only a slight reduction in velocity. The
passage of the vehicle on the expressway (Figure 2(b))
is similar to the speed profile for the highway. However,
there are more frequent braking with a greater difference
in speed. On a suburban road (Figure 2(c)), the vehicle
braked much more often, and the difference between the
speed at which the vehicle began braking and the velo-
city at which it ended was very large. A similar relation-
ship is also due to acceleration. No arrests were reported
on the expressway and highway. The most diverse speed
profile is shown in Figure 2(d) for a city road. This is the
result of traffic conditions typical for the city, i.e. the need
to stop in connection with traffic lights, the occurrence of
traffic jams, or the appearance of road infrastructure ele-
ments forcing a reduction in speed (roundabouts and
speed bumps). The vehicle on the city route repeatedly
braked and accelerated, and in addition, it often stopped.
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Figure 2: Velocity profiles on the routes studied: highway,
expressway, suburban road, and urban road.

Table 1 provides information on the length of each of
the selected routes, travel time, and average and max-
imum velocities. The length of the journeys was compar-
able, but it is necessary that the time of overcoming the
route of this highway was the shortest. At that time, there
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Table 1: Parameters of journeys on the tested types of roads
Highway Expressway Suburban Urban
Time (s) 628 669 1,203 2,925
Distance (km) 19.5 18.3 18.9 17.3
Average speed 111.8 98.5 56.6 21.3
(km/h)
Max speed (km/h) 130 116 95.5 80.5

was also the highest average velocity of 111.8 km/h and a
maximum of 130 km/h, which resulted from the restric-
tions imposed by road regulations. Covering the sub-
urban route took twice as long as the express route.
The longest journey took place on the city road. The char-
acteristics of traffic in the city and significant velocity
limits meant that the average and maximum velocity
are much lower than in the case of other crossings.

2.2 Simulation studies

Simulation studies were conducted using the AVL Cruise
software. The speed profiles discussed in Section 2.1 are
used in simulations. The software gives a number of pos-
sibilities for analysing vehicles with different types of
powertrains. In the dialog box of the program, it is pos-
sible to use both ready-made vehicle models, as well as to
configure the model yourself from the available elements.
The user can use a conventional, hybrid, and electric
vehicle for simulation. After selecting the vehicle, you
need to specify the type of cycle. For this purpose, you
can enter your own data that form the basis of the cycle,
among others, travel time, vehicle speed, length of the
route travelled. It is also possible to use standardized
cycles included in the software, such as New European
Driving Cycle (NEDC), Worldwide Harmonized Light Vehicle
Test Procedure or the Highway Fuel Economy Test. In addi-
tion, it is possible to change such parameters as vehicle load,
ambient temperature, inclination of the terrain, or the initial
state of charge (SOC) of the battery. Carrying out the simula-
tion allows one to obtain parameters typical for the opera-
tion of the tested vehicle in the indicated conditions. These
include, inter alia, exhaust emissions, fuel consumption,
the value of energy consumed and energy recovered as a
result of braking, power flow, and changes in voltage and
current in the battery or engine load. The use of the AVL
Cruise gives the opportunity to obtain information about
the operation of the vehicle in situations where it is not
possible to perform tests in real-world conditions. In addition,
it is possible to optimize certain technological solutions in order
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Figure 3: Vehicle model in the simulation programme: (a) conven-
tionally powered, (b) hybrid powered, and (c) electric powered.

to obtain better results related to, e.g. exhaust emissions or
vehicle efficiency [18].

The AVL Cruise is widely used by scientists to eval-
uate the effectiveness of vehicles with different types of
powertrain. Pielecha and Pielecha [19] used the software
to analyse the energy consumption of an electric vehicle
in standardised tests the Worldwide harmonized Light
vehicles Test Cycles (WLTC), NEDC and compared to
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Table 2: Basic parameters of the tested vehicles
Vehicle Conventional Hybrid Electric
Weight (kg) 1,100 1,300 1,200
Drag coefficient 0.33 0.3 0.28
Frontal area (m?) 1.72 2.15 1.97
Nominal voltage (V) - 160 320
Initial SOC (%) - 95 95
Maximum torque (Nm) 90 130 240
Maximum power (kW) 50 60 80

the Real Driving Emissions (RDE) test. Cioroianu et al.
[20] conducted a simulation aimed at determining what
the operating parameters of an electric vehicle are in the
WLTC cycle. In the study by Grabowski et al. [21], the AVL
Cruise was used to create a model of a city bus. On the
basis of the created model, a simulation was carried out
under the conditions of the SORT 2 cycle, which allowed
to determine the operating parameters of the vehicle. The
AVL Cruise was also used to research the structural
aspects of the vehicle. Du et al. [22] used the capabilities
of the software to create new design variants of the
powertrain. Based on the obtained parameters, it has
been shown that it is possible to optimize the costs asso-
ciated with research on motor vehicles. Velocity profiles
described in Section 2.1 were used in the simulation.

2.3 Characteristic of the vehicles used in the
simulation

Three types of vehicles were used in the simulation stu-
dies: conventionally powered (Figure 3(a)), hybrid (Figure
3(b)) and electric (Figure 3(c)). There were models included
in AVL Cruise.

Electric and hybrid vehicles have front-wheel drive,
while a conventional vehicle has a rear-wheel drive.
Basic parameters related to the vehicles selected for
simulation are presented in Table 2.

3 Results

Based on the tests and simulations carried out, results
were obtained showing the operational characteristics
of the vehicles on each route. Thanks to the AVL Cruise,
it was possible to compare parameters such as: the initial
SOC of the battery for an electric and hybrid vehicle,
energy consumption, fuel consumption of a hybrid and
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conventional vehicle, or exhaust emissions from vehicles
with an internal combustion engine.

3.1 Analysis of the energy efficiency of the
tested vehicles

Hybrid and electric vehicles have different energy con-
sumption on each of the routes analysed. The driving
characteristics when driving on the highway are quite
different than in the case of a city road, manifested, for
example, by numbers, brakes or stopping time. Figure 4
shows the SOC of the battery after each route has been
covered by an electric and hybrid vehicle. In the case of
an electric vehicle, the energy level in the battery is the
lowest after driving the route of the highway. The electric
vehicle recorded the lowest degree of battery discharge
on a suburban route. The difference is relatively about
13%. It should be noted that very similar values of the
level of energy remaining in the battery were recorded
after journeys in urban and suburban driving conditions.
The result is that on urban and suburban roads, the vehicle
often braked, which contributed to energy recovery. In the
city, the vehicle often stopped, which means that the energy
consumption was slightly higher.
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Figure 4: SOC of the battery after the hybrid and electric vehicles
have travelled each route.

In the case of a hybrid vehicle, the lowest degree of
battery discharge was recorded after driving along the
highway and expressway. The highest degree of battery
discharge took place during the passage in urban driving
conditions. In this case, the reason is the recharging of
the battery by the internal combustion engine and regen-
erative braking.
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Figure 5: Total output energy after the hybrid and electric vehicles
travelled the routes tested.

Figure 5 shows the total output and input energy in
the selected runs. Output energy means the energy that
has been used to cover each of the routes. The input
energy reflects the energy recovered from regenerative
braking and, in the case of a hybrid vehicle, the value
of the energy that the battery has been recharged by the
internal combustion engine (Figure 6).

As can be seen in Figure 5, the energy consumption
of an electric vehicle is completely opposite to that of a
hybrid vehicle. On the highway, it was the electric vehicle
that consumed the most energy of all the routes analysed,
while the hybrid vehicle consumed the least. When driving
on the highway, the electric vehicle consumed 42% more
energy than when driving on a suburban route. In the case
of a hybrid vehicle, the vehicle consumed the least energy
while driving on the highway, and the most while driving
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Figure 6: Total input energy after the hybrid and electric vehicles
travelled the routes tested.
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in urban driving conditions, which was 5 times more
energy consumed. Analysing the graph, it is visible that
the amount of energy consumed from the battery by the
hybrid vehicle on the tested routes is small. This is due to
the fact that it moves using not only electricity from the
battery but also energy from the combustion of fuel in the
internal combustion engine.

In the case of input energy, i.e. recovered as a result
of regenerative braking, the characteristics for both vehi-
cles are similar (Figure 6). The vehicle recovered the least
energy on the highway and the most on the city road. This
is influenced by the specificity of traffic conditions, i.e.
the frequency and braking force during the entire route. A
hybrid vehicle recovered 91% more energy in the city
than on the highway, and an electric vehicle recovered
94%. It is worth noting that for highways and express-
ways, the characteristics of energy consumption and
recovery are very similar.

In both hybrid and conventional vehicles, the main source
of energy is the internal combustion engine. Although the
hybrid vehicle moves using both energy from the battery,
the main source of energy is the internal combustion
engine, powered by energy obtained as a result of burning
fuel. Figure 7 shows the fuel consumption of a hybrid and
conventional vehicle in several stages of traffic: idling,
acceleration, braking, and constant velocity.

Figure 7 shows that idling occurred only in the city
due to the specificity of traffic, forcing stopping at traffic
lights, in traffic jams or before intersections. A conven-
tional vehicle consumes almost four times more fuel at
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idle than a hybrid vehicle. In the case of acceleration, fuel
consumption is qualitatively similar for both types of
vehicles. Vehicles used the least fuel to accelerate on
the highway, then on the expressway, suburban road,
and the most in the city. At that time, a conventional
vehicle also consumed more fuel than a hybrid vehicle.
The difference between the highest (urban road) and
lowest (highway) fuel consumption during acceleration
for a hybrid vehicle was 65%, and for a conventional
vehicle, it was 49%. Similarly, when driving at a constant
speed. On the highway, a hybrid vehicle consumes the
least fuel for braking, whereas on the urban one, the
most. For a conventional vehicle, the relationship is the
opposite. Comparing fuel consumption, a hybrid vehicle
consumes 44% less fuel on the highway, 31% less on the
expressway, 18% more on the suburban road, and 40%
more on the city road.

The total fuel consumption is shown in Figure 8. On
the expressway and highway, the fuel consumption for a
hybrid vehicle is very similar. On these routes, there is the
lowest fuel consumption. A similar relationship for these
types of roads results from a vehicle with a conventional
drive. The highest fuel consumption for both types of
vehicles was recorded during the journey on the urban
route. At that time, a conventional vehicle consumed
30% more fuel than a hybrid one. On the highway, the
difference in fuel consumption obtained by these vehicles
was 21%.

Analysing the energy consumed by the tested vehi-
cles (Figure 9), it is visible that the highest value of
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Figure 7: Fuel consumption of the hybrid and conventional vehicles on the routes studied at different driving modes.
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Figure 8: Total fuel consumption of the hybrid and conventional
vehicles on the routes studied.

energy was recorded during journeys on highways and
expressways, while the least was recorded in urban driving
conditions. The value of energy consumed obtained by an
electric vehicle is much lower than that of a hybrid vehicle.
The amount of energy consumed by an electric vehicle is
much less than that of a hybrid vehicle. For hybrid and
conventional vehicles, the differences are much smaller.
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Figure 9: Energy consumption of vehicles on the routes studied.

3.2 Emissions of hybrid and conventional
vehicle

Analysing the emissions of harmful exhaust components
emitted by the vehicles tested (Figure 10), it can be seen
that the hybrid vehicle emits far fewer of these than a
conventional vehicle. The main harmful components of
exhaust gases are nitrogen oxides, carbon monoxide,
carbon dioxide, and hydrocarbons.
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Figure 10: Emissions of harmful components of the exhaust gas
emitted by hybrid and conventional vehicles on the routes studied:
(a) nitrogen oxides, (b) carbon monoxide, (c) hydrocarbons, and
(d) carbon dioxide.
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In the case of nitrogen oxides (Figure 10(a)), the
highest level of emissions was recorded during a highway
crossing for both hybrid and conventional vehicles. The
lowest emission value recorded by the vehicles analysed
took place on a suburban road. This is due to the fact that
expressways force a higher load on the internal combus-
tion engine, which translates into higher energy demand
and thus increases emissions. In addition, high emissions
are characterized by driving in urban conditions. In all
road conditions, the conventional vehicle recorded higher
carbon monoxide emission values. In particular, large dif-
ferences were noted when driving on the urban route. At
that time, a conventional vehicle recorded 45% higher CO
emissions than a hybrid vehicle. The obtained emission
values of carbon dioxide are similar on the expressway and
suburban road for both types of analysed vehicles. A conven-
tionally powered vehicle emits 37% more CO, when driving
on the highway, 31% more on the expressway, 24% more in
suburban driving conditions, and 25% more in the city.

The highest level of hydrocarbon (HC) emissions was
recorded during journeys in urban conditions. What is
more, under these driving conditions, the hybrid vehicle
recorded 23% higher emissions than a conventional vehicle.
The lowest HC emissions of both vehicles analysed were
recorded during a journey on a suburban road.

3.3 Cost of fuel or electric energy

In the further part of the article, costs of electric energy or
fuel in various traffic conditions of electric, hybrid, and
conventional vehicles were analysed. To determine the
travel costs of each vehicle, the cost of 1 kWh of electricity
and the price of fuel were determined. According to the
Polish Organization of Petroleum Industry and Trade, the
average retail price for gasoline after the first half of 2022
amounted to EUR 1.40 (PLN 6.54) per litre [23,24]. This
price includes all taxes and fees that are added before the
sale. In the case of electricity, according to the Rachuneo
portal, the price for 1 kWh after the first half of the year
ranges from EUR 0.15 (PLN 0.72) to EUR 0.17 (PLN 0.80).
This price includes reduced VAT, the sale price of energy
and its distribution. The calculation assumed a value of
PLN 0.16 (PLN 0.76) for 1 kWh of energy [25]. The price of
electricity for households is higher than at charging sta-
tions. This is due to monthly fees depending on the
amount of energy used or the subscription. The presented
prices for fuel and electricity apply directly to users of
refuelling stations or vehicle charging stations.

Figure 11 shows the cost of fuel or electricity used to
cover each of the tested routes covered by an electric,
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Figure 11: Costs of fuel or electric energy on the routes studied by
electric, hybrid and conventional vehicles.

hybrid, and conventional vehicle. In each of the analysed
journeys, the highest cost of fuel consumed is character-
ized by conventional vehicles, especially when driving on
a city road. This is associated with high fuel consumption
in urban traffic conditions (Figure 9). The lowest costs are
characterized by an electric vehicle. Under the analysed
traffic conditions, the electric vehicle achieved the highest
mileage for the vehicle on the highway and expressway,
and the smallest for the passage around the city. Moreover,
the difference between the costs for an electric vehicle and
for other vehicles is significant. Adverting an electric
vehicle along the tested routes is cheaper in the range of
37-73% for a hybrid vehicle. Compared to a conventionally
powered vehicle, it ranges from 52 to 80%.

Table 3 shows a relative comparison of electric vehicle
(EV) and hybrid electric vehicle (HEV) fuel and electricity
costs in relation to conventional vehicle (CONV). Differ-
ences are presented as percentages. The reference point
is the fuel cost of a conventional vehicle, which was the
highest on each route. The cost of fuel used by a conven-
tional vehicle was defined as 100%. The percentage differ-
ence is shown in the table. This means by what percentage
the cost of the fuel or energy used was less than in the case
of a conventional vehicle.

Table 3: Percentage difference of fuel or electricity consumption
cost (CONV = 100%)

EV (%) HEV (%)
Highway 58 23
Expressway 59 22
Suburban 68 1
Urban 79 21
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4 Discussion

Comparing the results obtained in this article, it is clear
that they coincide with the results obtained in the litera-
ture. Huang et al. [26] showed that a hybrid vehicle can
consume from 23% to 49% less fuel than a conventional
vehicle. In this article, this value is 28—-30%, depending
on the type of route. In addition, the authors obtained
higher HC emissions from the hybrid vehicle than from
the conventional one. This is consistent with the results
obtained from the AVL Cruise program.

Pielecha et al. [9] obtained results that indicate the
energy consumption of electric vehicles on different road
types. The results confirm that the highway’s energy con-
sumption is the highest. The smallest, however, occurs
on a city road. The differences amounted to 17% in rela-
tion to the suburban road and 31% in relation to the
urban road. In this study, the differences were slightly
larger and amounted to 43% and 33%, respectively.
Donkers et al. [27] showed that the type of route affects
energy consumption. Choosing a route can reduce energy
consumption by 35-50%. Orrechini et al. [28] also obtained
similar results.

5 Conclusion

The article analysed the operational characteristics of
vehicles with electric, hybrid, and conventional drives
on four types of roads: highway, expressway, suburban,
and urban. On the basis of data on energy consumption,
fuel consumption, emissions of harmful exhaust compo-
nents, or the cost of travel on each route, the following
conclusions were defined.

In the case of an electric vehicle, higher energy con-
sumption occurred due to the higher travel velocity and
operating load of the vehicle. The most energy-con-
suming route for an electric vehicle turned out to be a
highway, while for a hybrid one, it was an urban road. In
contrast, the energy recovery of vehicles had a similar
course. The least of it was recovered on the highway,
and the most in urban driving conditions. The fuel con-
sumption of the hybrid and conventional vehicles was
the highest in the city. A conventional vehicle consumed
the least fuel on a suburban road, while a hybrid vehicle
consumed the most fuel on an expressway.

Analysing the journeys, it is visible that the emission
of carbon monoxide, carbon dioxide, and nitrogen oxides
is higher for a conventional vehicle. A higher load on the
vehicle increases the emission of harmful exhaust gas
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components, which can be seen in relation to driving
on the highway. It is worth noting that in the city, emis-
sions are higher than on the expressway or suburban
road for both tested vehicles. This is due to the need for
frequent braking, stops, and the duration of the journey.
The emission of hydrocarbons is an exception, because in
the city, it was the electric vehicle that emitted more of
them during the cycle.

Both the values of energy and fuel consumed influ-
enced the distribution of the costs of driving each of the
routes. The costs are related only to the price of fuel. The
price of the vehicle, its operation, or the cost of owner-
ship were not taken into account. Driving the same length
of route on the highway was much more expensive for a
conventional vehicle than for an electric vehicle. The dif-
ference is more than double. Pcrossing the expressway
and suburban roads cost almost the same for a hybrid
and conventional vehicle. The cost of driving an electric
vehicle was the highest for a highway and the lowest for
urban driving. The cost of driving a conventionally pow-
ered vehicle in the city is five times higher than in the
case of an electric vehicle.

From the point of view of drivers who travel more
than one type of road during the day, such an issue is
extremely important. It allows you to choose a vehicle so
that its use is the most economical and ecological. This is
especially true for electric vehicles, whose range is lim-
ited. By comparing operation on different types of roads
and determining the level of energy consumption, it is
visible on which routes the electric vehicle performs best.

In subsequent studies, simulations taking into account
additional factors influencing energy or fuel consumption
by vehicles will be undertaken. It is planned to take into
account the slope of the terrain, the use of additional
devices, or different traffic conditions. It will allow for a
more accurate mapping of the differences in the presented
operating parameters of the vehicle.
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