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Abstract

Energy consumption and pollutant emission aspects were ascertained for cars under traffic conditions: in cities, outside
cities, on motorways and expressways, with the use of data from the inventory of emissions from road transport in Poland
in 2018. The values of characteristics of energy consumption under model traffic conditions, as well as pollutant emissions
and energy consumption of cars with internal combustion engines and cars with electric motors, constituted the basis for
further analyses and conclusions about the characteristics of the vehicles under the study in terms of energy consumption
and pollutant emissions. As a result of the research, it was found in the case of the use of electric drives, a very significant
decrease in energy consumption—by 70% and the emission of non-methane volatile organic compounds—at the level of
90%. In the case of the emission of nitrogen oxides, there is a great advantage in relation to cars with compression-ignition
engines, while the emission of nitrogen oxides from cars with spark-ignition engines is about two times lower. It was found
that the emission of particulate matter for electric cars is about three times higher than for cars with compression-ignition
engines and almost six times higher than for cars with spark-ignition engines. On the other hand, the impact on carbon

dioxide emissions is small—less than 10%.

Introduction

The environmental benefits of decreasing pollutant emis-
sions from motor vehicles (EV) are unquestionable. Main-
taining healthy natural environment is particularly impor-
tant in the areas where a great number of people can be

< Hubert Sar
hubert.sar@pw.edu.pl

Katarzyna Bebkiewicz
katarzyna.bebkiewicz @kobize.pl

Zdzistaw Chtopek
zdzislaw.chlopek @pw.edu.pl

Krystian Szczepanski
krystian.szczepanski @ios.edu.pl

Institute of Environmental Protection — National Research
Institute, National Centre for Emissions Management
(KOBIZE), 132/134 Chmielna Str., 00-805 Warsaw, Poland

Institute of Vehicles and Construction Machinery
Engineering, Warsaw University of Technology, 84 Narbutta
Str., 02-524 Warsaw, Poland

Institute of Environmental Protection, National Research
Institute, 5/11D Krucza Str., 00-548 Warsaw, Poland

exposed to intense pollution from cars, such as large urban
agglomerations [1, 2]. Even though the commercial term
"zero-emission vehicles" is used to describe cars with elec-
tric motors (electric vehicles—EVs), they still contribute to
the emission of particulate matter under local conditions, as
a result of the tribological processes ongoing in cars operat-
ing on the road surface, as well as the processes associated
with stirring up road surface dusts [1, 3-6]. Yet, particulate
matter emissions from electric vehicles are lower as com-
pared to those from conventional cars (internal combustion
engine vehicles), because friction is less responsible for
braking EVs, as electric braking is generally used in that
case. In consideration of the above, environmental benefits
of electric vehicles are substantial on a local scale. As one
of the fundamental priorities of environmental protection is
to counteract emissions of greenhouse gases (GHGs) which
significantly add to the intensification of the greenhouse
effect and, consequently, enhance climate change [7-9] that
poses severe risks at a global level. The emissions of other
pollutants associated with car use are also of global impor-
tance [3, 5, 6, 10-12]. Hence, apart from the examination
of pollutants emitted by cars on a local scale, there has been
carried out the overall inventory of pollutant emissions from
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road transport. In Poland, such an inventory has been car-
ried out by the National Centre for Emissions Management
(KOBIZE) established at the Institute of Environmental Pro-
tection-National Research Institute (IOS-PIB) [3, 6,8, 9].
The inventory results are reported annually to the European
Union authorities [12]. In other world’s countries, pollutant
emission inventories have been also carried out and their
results have been far and wide disseminated [10].

In the case of electric vehicles, global pollutant emis-
sions are significantly different when compared to those on
a local scale. For the purpose of the present study, it was
assumed that pollutant emission from electricity generation
(even though it is included in the emission inventory) would
not be taken into account in the comparative analyses car-
ried out—pollutant emission from electric cars on a global
scale originate no more than from the processes of electricity
generation and transmission. Therefore, in order to assess
global environmental effects of electric vehicle operations,
it was necessary to take into consideration the characteristics
of the processes of generation and transmission of electric
energy used to charge EV batteries [13].

An assessment of the ecological effects of the develop-
ment of electromobility can be conducted in a much more
comprehensive manner, primarily with the use of the life
cycle assessment (LCA) method [4]. The work [4] considers
the processes related to the production, operation and dis-
posal of vehicles after their use. The obtained results show a
very high sensitivity of the ecological properties of electric
cars to the technology of electricity generation. In Poland,
where most of the electricity comes from the combustion of
hard coal and lignite, the use of electric cars may cause a
greater burden on the environment than the use of cars with
internal combustion engines.

Most of the publications related to the operational proper-
ties of electric drive cars are devoted to energy consumption,
for example [14]. Also, the article [15] presents the results
of research on energy consumption by Citroen Berlingo con-
verted into an electric car. It has been shown that under ECE
15 test conditions [16], the overall efficiency of an electric
car is relatively better than that of comparable models with
combustion engines by (12.2-43.3)%. The paper [17] pre-
sents the results of comparative studies of energy consump-
tion by an electric car and a car with an internal combustion
engine in real conditions during operation in Erfurt. A rela-
tive improvement in the overall efficiency of an electric car
was found in relation to a car with an internal combustion
engine by 68% in the driving test and by as much as 77%
in urban driving conditions. Similar results were obtained
in the 5-month test studies presented in the article [18].
Because in a large part of the articles on electric cars, the
subject of research is energy consumption, their subject mat-
ter in the field of pollutant emissions concerns only fossil
carbon dioxide emissions.

* @ Springer

Energy consumption and pollutant emissions associated
with the use of passenger cars, equipped with either internal
combustion engines (Euro 6 emission standard) or electric
motors, were comparatively assessed. INFRAS AG soft-
ware was used to determine the characteristics of energy
consumption and pollutant emissions from cars with internal
combustion engines. Pollutant emissions from electric motor
vehicles were determined based on car energy consumption
characteristics and characteristics of pollutant emissions
in the processes of electricity generation and transmission
under the conditions of Poland’s energy sector.

The present study was undertaken with the aim to evalu-
ate the environmental effects of electric cars because of their
pollutant emissions on a global scale, shaped under the traf-
fic conditions described in the authorized inventory of emis-
sions from road transport in Poland. The analyses carried
out concerned passenger vehicles. The most modern cars
equipped with internal combustion engines (Euro 6 emis-
sion standard) were compared with electric motor cars [16].

Methodology

As zero-dimensional characteristics of energy consump-
tion, fuel consumption and pollutant emissions, there were
assumed the following aspects: distance energy consump-
tion, distance fuel consumption and pollutant emissions [11].

Distance energy consumption (en) is a derivative of
energy consumption in relation to the distance travelled by
the vehicle

dEN
en = ,
ds

ey

where EN—energy consumed by the car,

s—distance travelled by the car.

Energy consumption is usually characterized by distance
energy consumption, expressed in a measurement unit refer-
ring to operational fuel consumption (kWh/100 km). Energy
consumption characteristics, expressed in kWh/100 km, are
referred to as operational energy consumption (QEN).

Distance fuel consumption (q) is derived from the mass
of fuel consumed in relation to the distance travelled by the
vehicle:

dm .
=—, @

i ds
where m—mass of fuel used,

s—distance travelled by the car.

The specific distance emission of a pollutant "x" (b,) is
a derivative of pollutant emission in relation to the distance
travelled by the vehicle:
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dm

b, = —=%, 3
. ds )

where m,—emission of pollutant "x" from the car,
s—distance travelled by the car.

For the assessment of pollutant emissions from electric
vehicles, there was used the energy factor for pollutant
emissions during the processes of electricity generation
and transmission as a zero-dimensional characteristic of
pollutant emissions.

The energy factor of the emission of "x" pollutant from
the electric vehicle is a derivative of "x" pollutant emis-
sion during the processes of electricity generation and
transmission, under the conditions of Poland’s energy
sector, in relation to energy consumption of the electric
vehicle:

dm
= 4

WEN, = —*,
dEN

where m,—emission of pollutant "x" in the processes of
electricity generation and transmission under the conditions
of Poland’s energy sector,

EN—energy consumed by the electric vehicle.

In this study, the analysis of emissions was carried out
for the pollutants included in the inventory of emissions
during the processes of electricity generation and trans-
mission under the conditions of Poland’s energy sector
(Table 1) [13, 19]:

Carbon dioxide (CO2)

Non-methane volatile organic compounds (NMVOC)
Oxides of nitrogen, reduced to nitrogen dioxide (NO,)
Total particulate matter (PM)

For the determination of energy consumption and pol-
lutant emissions from passenger cars equipped with inter-
nal combustion engines, there were selected the cars com-
pliant with the Euro 6 emission standard [16]:

e with spark-ignition engines
e with compression-ignition engines

Table 1 Energy factor for

R Pollutant Energy factor

pollutant emission from
electricity generation and g/(kWeh)
transrr}lsswn under the co, 765
conditions of the energy sector
in Poland NMVOC 0.0040

NO, 0.631

Total particulate 0.036

matter

Distance energy consumption for electric vehicles was
determined using the results of:

e Approval tests—NEDC (New European Driving Cycle),
WLTC (Worldwide Harmonized Light vehicles Test
Cycles) and FTP-75 (Federal Test Procedure) [16]

e The studies with the use of specific tests, for example,
Stop and Go (test simulating traffic jams) [20], Autobahn
(test simulating traffic on motorways and expressways)
(20]

e In-service tests under the actual use conditions

Distance energy consumption and the specific distance
emission of pollutants from internal combustion engines
were assessed for the conditions simulating the actual use
of cars, determined under the framework of the inventory
of emissions from road transport [3, 6, 8, 9], carried out
by the National Centre for Emissions Management (KOB-
iZE) [6, 9], compliant with the EEA/EMEP Emission Inven-
tory Guidebook 2019 [14] and 2006 IPCC Guidelines for
National Greenhouse Gas Inventories [7].

INFRAS AG software [21] was used to determine the
characteristics of pollutant emissions and fuel consump-
tion of Euro 6 passenger cars. The analysed characteristics
included: distance fuel consumption and the specific distance
emission of pollutants. Based on distance fuel consumption,
there was determined operational energy consumption based
on the assumed calorific values of fuels [22]:

e motor gasoline: 44.3 MJ/kg
e diesel fuel: 43.0 MJ/kg

Distance fuel consumption and the specific distance emis-
sions were determined in reference to the classification used
in INFRAS AG software for car technical parameters appli-
cable in the year 2020, with regard to the engine combustion
system of the conventional car size—specified by internal
combustion engine displacement volume:

e spark-ignition engines with displacement volume:
e Vss< 1.4 dm’—car category: "small"
e 1.4dm’<Vss<2.0dm’—car category: "medium"
e Vss>2.0 dm’—car category: "large"

e compression-ignition engines with displacement volume:
e Vss< 1.4 dm’—car category: "small"
e 1.4 dm’<Vss<2.0dm’—car category: "medium"

e Vss>2.0 dm*—car category: "large"

Distance fuel consumption and the specific distance
emission of pollutants from internal combustion engines

* @ Springer
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Fig.1 Average speed of passenger cars under model traffic condi-
tions: in cities, outside cities, on motorways and expressways and
throughout the whole period of operation
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Fig.2 Share of the length of roads used by passenger cars under
model traffic conditions: in cities, outside cities, on motorways and
expressways, and throughout the whole period of operation

were determined for the traffic conditions of passenger
cars approximately equivalent to the model conditions in
Poland’s inventory of emissions (Figs. 1 and 2), [6, 9], that
is:

e Car traffic in cities, the average car speed—31.5 km/h,
the travelled distance share in the total distance travelled
by the car under all conditions: 0.39

e Car traffic outside cities, the average car speed—70 km/h,
the travelled distance share in the total distance travelled
by the car under all conditions: 0.48

e Car traffic on motorways and expressways, the average
speed—120 km/h, the travelled distance share in the total
distance travelled by the car under all conditions: 0.13

e Car traffic under all conditions, the average speed of
61.5 km/h

The values of operational energy consumption by elec-
tric vehicles (travelling at different average speeds) were

]
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approximated in the average speed domain, and then opera-
tional energy consumption was determined for car speed
under model conditions, equivalent to those for cars with
internal combustion engines.

All characteristics were determined for passenger car’s
segments, with reference to electric cars of the conventional
size, defined by the maximum vehicle mass, that is:

e m_, <1050 kg—car category: "small"
e 1050 kg <m,_,, <1400 kg—car category: "medium"
e m_, > 1400 kg—car category: "large"

The values determined under the model traffic conditions
of passenger cars: operational energy consumption and the
specific distance emission of pollutants from cars with inter-
nal combustion engines and those with electric motors were
the basis for further analyses and the conclusions drawn as
regards the properties of the tested vehicles in terms of
energy consumption and pollutant emissions.

Results and discussions

Pollutant emissions associated with energy
consumption of electric vehicles

The primary measure used in the analysis of pollutant emis-
sions associated with electric vehicle operation is energy
consumption, for the reason that electric cars emit practi-
cally no pollutants during operation. In actual fact, however,
there occurs particulate matter emission, as a result of the
tribological processes that take place mostly during car brak-
ing, as well as the processes related to cooperation of car
wheels with the road surface.

In the present study, the emission of particulate matter
from sources other than combustion engines was not taken
into account. As assumed, the emissions associated with the
use of electric vehicles are those related to generation and
transmission of electric energy. In view of that, pollutant
emissions depend on the technologies of power generation.
The analyses carried out in this study were based on data on
the energy sector in Poland.

Available data on energy consumption by electric vehi-
cles is fairly inconsistent. The studies carried out under the
conditions of vehicle operation show that the results on
energy consumption obtained in type-approval tests can
significantly differ from the values obtained under factual
conditions of vehicle use.

The study [23] presents test results of energy consump-
tion by the electric vehicle Zilent Courant manufactured in
China. Figure 3 presents the results of simulation tests of
the car under pseudo-random operating conditions using the
Monte Carlo method. The graph shows the points depicting
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Fig. 3 Dependence of operational energy consumption of the electric
vehicle on car average speed (based on data from [23])

the values of average operational energy consumption and
the average car speed, under the conditions equivalent to
driving in traffic jams, as well as in cities with differentiated
traffic. It is clearly visible that energy consumption of the
electric car is quite insensitive to urban traffic conditions.
This property is fundamentally different than for cars with
internal combustion engines, for which energy consumption
is strongly dependent on the vehicle speed, which character-
izes the vehicle movement patterns, for example, in traffic
jams, in cities, outside cities and on highways and express-
ways [5, 20, 21]. For an electric car, it is particularly impor-
tant that in conditions of significant traffic difficulties, that
is, at a low average speed, there is practically no increase in
energy consumption, unlike in the case of cars with internal
combustion engines, especially those with spark-ignition
engines [5, 20, 21].

The paper [18] presents the results of operational testing
of the specific electric vehicle—Nissan D-21 converted into
the electric car. This car is equipped with an electric motor
with nominal 37 kW. The research was carried out in a much
wider range in terms of the average speed of the car than
in the research, the results of which were published in the
article [23]. Figure 4 shows operational energy consumption
on four types of routes—with considerably different traffic
conditions.

The graph clearly shows the strong influence of the aver-
age load on energy consumption, depending on the average
speed. In the case of cars with combustion engines, a signifi-
cant increase in energy consumption occurs typically at the
average speed which is much higher [20, 21].

The paper [15] presents the results of the energy con-
sumption by the electric vehicle Citroén Berlingo, examined
in the driving tests (at the average speeds: 32.7 km/h and
21.6 km/h). Figure 5 shows the results obtained in the tests
repeated 4 times each. The average speed value and the value
of operational energy consumption in each test are marked
“AV”.

20

—
w0

—
<

Qg [KWh/100 km]

wn

30 35 40 45 50 55 60 65 70
Vav [kmv/h]

Fig.4 Operational energy consumption by the electric vehicle on four
routes tested, depending on the average car speed (based on data from

[18])

Also, in this case, low sensitivity of the electric car’s
energy consumption to the average speed in the range of the
average speed of (20-35) km/h was found.

The paper [24] presents the results of tests carried out
on the electric vehicle: Volkswagen Lupo EL, under vari-
ous conditions: in cities, outside cities, on expressways and
motorways. Figure 6 shows the dependence between opera-
tional energy consumption of the tested vehicle and the aver-
age speed. An increase in operational energy consumption is
observed at the average speed of about 50 km/h and above.
The results presented in this publication are consistent with
the results from the article [23].

Based on data from the study [15], the dependence
between operational energy consumption by electric cars and
their maximum masses was examined—Fig. 7. This depend-
ence can be approximated with a linear function.

Using the determined dependence between operational
energy consumption of electric cars and their maximum
masses, based on data from the study [15] and data on the
average EV speed from the study [24], there was built the
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Fig.5 Operational energy consumption by the electric vehicle exam-
ined in two driving tests
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Fig.7 Dependence between operational energy consumption of elec-
tric cars and their maximum masses (based on data from [15])

mathematical model of operational energy consumption—
developed in reference to the criterion of functional simi-
larity [25]. The model allowed to conclude the results for
traffic conditions used in Poland’s emission inventory for the
electric vehicle segments: "small", "medium" and "large"—
Figs. 8§ and 9.

The mathematical model of operational energy consump-
tion of electric cars was adopted as a function of the average
speed and vehicle maximum mass:

Oin = F(Vay> Mgy ) » )

where v,y —average car speed,

M,,x—Mmaximum car mass.

There was assumed the following structure of the math-
ematical model of operational energy consumption by the

electric car:

_ 2
Opn = (@ - Viy +ay - vay +a3) - , (6)

where v,y [km/h]—average car speed,

* @ Springer
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Fig.8 Operational energy consumption of electric cars from "small",
"medium" and "large" segments under traffic conditions: in cities,
outside cities, on motorways and expressways, throughout the whole
period of operation—the results of modelling
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Fig.9 Dependence between operational energy consumption of elec-
tric cars from "small", "medium" and "large" segments and the aver-
age speed under traffic conditions: in cities, outside cities, on motor-
ways and expressways—the results of modelling

Table 2 Identified parameters of

the operational model of energy Parameter Value
con§umption by the electric a, —1.8529¢107
vehicle a, 4.665801073
a —0.29740
m 875

ref

M.« [Kgl—maximum car mass,

a=|ay, a,, a3]—model parameters,

m—maximum reference car mass (the model
parameter).

Based on the results obtained in the studies [15, 24],
the parameters of the model were identified—Table 2. The
identification made was consistent with the rule of mini-
mum squares [26].
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Figures 8 and 9 show the results of modelling—opera-
tional energy consumption of electric cars from the "small",
"medium" and "large" vehicle segments.

The results of the mathematical model of operational
energy consumption by electric cars confirm the results of
empirical research, namely:

e Low sensitivity of operational energy consumption to the
average speed of travel in the range of low average speed
of (30-50) km/h

e Higher sensitivity of operational energy consumption to
the average speed of travel in the range of low average
speed of (50-120) km/h

e High sensitivity of operational energy consumption to
the parameter characterizing the car size segment, thus
to the maximum vehicle mass

The use of the value of the energy factor for pollut-
ant emission during electricity generation and transmis-
sion (under the conditions of the energy sector in Poland,
Table 1) and the value of operational energy consumption
made it possible to determine the specific distance emission
corresponding to environmental pollution associated with
electric cars in service.

The comparison between the results obtained on energy
consumption and the specific distance emissions associated
with the use of internal combustion engine cars with those
associated with the use of electric cars are presented in sub-
paragraph 3.3 of this article.

Pollutant emissions from passenger cars
with internal combustion engines

Data from INFRAS AG software were used to determine
the specific distance emissions of pollutants, distance fuel
consumption and operational energy consumption of Euro
6 passenger cars. There were used the models of traffic with
the average speed close to the average speed adopted in the
authorized inventory of emissions from road transport in
Poland.

The results on the specific distance emissions, distance
fuel consumption and operational energy consumption of
Euro 6 passenger cars, with spark-ignition engines and
compression-ignition engines, of conventional size: "small",
"medium" and "large", depending on the engine displace-
ment, are presented in Tables 3-6.

As it can be seen from Tables 3 and 4, specific dis-
tance emission of particular pollutants is highly sensitive
to both vehicle traffic conditions, characterized by the
average speed, and the conventional size of the vehicle,
depending on the displacement volume of the engine used,
as well as to the type of engine: spark ignition and com-
pression ignition. Specific distance emission of nitrogen

Table 3 Specific distance emission of pollutants from cars with
spark-ignition engines, from "small", "medium" and "large" seg-
ments, under model traffic conditions

Pollutant Small Medium Large
Vav b
km/h g/km
Co, 31.0 127.0 146.9 200.5
71.1 89.2 104.9 138.6
122.0 124.0 145.8 1925
NMVOC 31.0 0.0052 0.0052 0.0052
71.1 0.0034 0.0034 0.0034
122.0 0.0060 0.0060 0.0060
NO, 31.0 0.0685 0.0685 0.0685
71.1 0.0367 0.0367 0.0367
122.0 0.0541 0.0541 0.0541
PM 31.0 0.00048 0.00048 0.00048
71.1 0.00075 0.00075 0.00075
122.0 0.00225 0.00225 0.00225

Table 4 Specific distance emission of pollutants from cars with com-
pression-ignition engines, from "small", "medium" and "large" seg-
ments, under model traffic conditions

Pollutant Small Medium Large
Vav b
km/h g/km
Cco, 31.0 118.2 144.1 190.1
71.1 66.3 85.7 111.1
122.0 82.6 106.7 138.4
NMVOC 31.0 0.0145 0.0145 0.0145
71.1 0.0080 0.0080 0.0080
122.0 0.0060 0.0060 0.0060
NO, 31.0 0.243 0.243 0.243
71.1 0.130 0.130 0.130
122.0 0.184 0.184 0.184
PM 31.0 0.00204 0.00204 0.00204
71.1 0.00114 0.00114 0.00114
122.0 0.00093 0.00093 0.00093

oxides and—especially—particulates from cars with com-
pression-ignition engines is significantly higher.

In general, for cars with compression-ignition engines,
the sensitivity of road emissions to the traffic model and
the conventional size of the vehicle is lower than for cars
with spark-ignition engines (Tables 5, 6).

As in the case of specific distance emission, also dis-
tance fuel consumption and—as a consequence—opera-
tional energy consumption for cars with compression-
ignition engines are less sensitive to the traffic pattern

]
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Table 5 Distance fuel

i . Small Medium Large Small Medium Large
consumption and operational
energy consumption of cars Vav q Qen
with spark-ignition engines, km/h g/km KWh/100 km
from "small", "medium" and
"large” segments, under model 31.0 52.1 71.1 45.0 55.4 64.1 87.4
raffic conditions 71.1 372 49.1 316 38.9 458 60.4
122.0 51.7 68.2 43.9 54.1 63.6 84.0
Table 6 Distance fuel . Small Medium Large Small Medium Large
consumption and operational
energy consumption of cars Vav ! Qex
with compression-ignition km/h g/km KWh/100 km
engines, from "small",
"medium"” and "large” segments, 31,0 52.1 68.7 427 51.1 62.2 82.1
under model traffic conditions 71.1 310 402 24.0 28.6 37.0 48.0
122.0 38.6 50.0 29.9 35.7 46.1 59.8
and the contractual size of the vehicle than for cars with 100
spark-ignition engines.
The comparison between the results obtained on energy _ % g
. e . . £ a s~ o
consumption and the specific distance emissions associated = —
with the use of internal combustion engine cars with those = ¢
associated with the use of electric cars are presented in sub- E 40
paragraph 3.3 of this article. & o
20 . — o) T |
Comparison of energy consumption and pollutant
emissions associated with the use of passenger cars 0 . 2 0 A % o 0
with internal combustion engines and passenger S
AV

cars with electric motors.

The study [17] presents the results of energy consumption
tests by two light-duty trucks: Renault Kangoo ZE (elec-
tric motor) and Renault Kangoo Dci (compression-ignition
engine). The study was carried out on the roads in the vicin-
ity of Erfurt (Germany), under the following traffic condi-
tions: in city, outside city, on expressways and motorways.
Figure 10 shows the dependence between operational energy
consumption of the tested cars and their average speed.

There exists a fundamental difference between the elec-
tric vehicle and that with the compression-ignition engine—
the energy consumption by the car with electric motor is a
function of the increasing average speed, whereas in the case
of the car with a compression-ignition engine, there occurs
the minimum of operational energy consumption under the
conditions of driving at the average speed (60-70) km/h,
typical for outside city traffic [20, 21].

Systematic comparison of operational energy consump-
tion of electric cars and cars with Euro 6 combustion engines
can be performed on the basis of data on car technical
parameters. Table 7 shows basic technical parameters of
cars with internal combustion engines: spark ignition (SI)
and compression ignition (CI), produced by Nissan, BMW

]
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Fig. 10 Dependence between operational energy consumption of the
electric car (EV) and the car equipped with compression-ignition
engine (CI) and car average speed (based on data from [17])

and Renault. Table 8 presents technical parameters of elec-
tric vehicles—car models corresponding to the models of
cars with internal combustion engines presented in Table 7.
Operational fuel consumption and energy consumption were
determined under WLTC test conditions [16].

Figure 11 shows the comparison of operational energy
consumption of the passenger cars with electric motor or
spark-ignition engine or compression-ignition engine.

Evidently, there is a considerable difference between
operational energy consumption of electric cars and that of
cars with internal combustion engines.

When compared with cars with spark-ignition engines,
the relative reduction in operational energy consumption of
electric cars is as follows:

e Nissan—73%
o BMW—68%
e Renault—72%



International Journal of Energy and Environmental Engineering (2021) 12:215-228 223

Table 7 Selected technical parameters of Nissan, BMW and Renault passenger cars with spark-ignition (SI) and compression-ignition (CI)

engines
Parameter Unit Nissan Cashquai—SI Nissan
Cashquai—
CI
Engine power kW 120 110
Engine torque Nem 240 340
Maximum mass kg 1418 1418
Operational fuel consumption dm?/100 km 5.8 5.7
Operational energy consumption kWh/100 km 52.8 50.4
BMW 1-SI BMW 1-CI
Engine power kW 103 140
Engine torque Nem 220 400
Maximum mass kg 1215 1215
Operational fuel consumption dm?/100 km 5.7 4.6
Operational energy consumption kWh/100 km 51.9 40.7
Renault Captur—SI Renault
Captur—CI
Engine power kW 96 85
Engine torque Nem 240 260
Maximum mass kg 1250 1250
Operational fuel consumption dm®/100 km 5.1 3.6
Operational energy consumption kWh/100 km 46.4 31.8

Table 8 Selected technical parameters of Nissan, BMW and Renault
electric passenger cars

Parameter Unit Nissan Leaf BMW 3i Renault Zoe

Engine power kW 160 135 100
Nm 340 270 245
Maximum mass kg 1490 1195 1468
kWh/100 km 14.4 16.5 132

Engine torque

Operational
energy con-
sumption

T I I I
Renault Captur - CI ] ‘ ‘ ]
Renault Captur - SI |

Renault Zoe
BMW 1-CI ‘ ‘
BMW 1-SI

—
BMW 3i:’J:¢:|
—

Nissan Cash

q

i-CI
\ \ \ \

0 10 20 30 40 50 60
Qux [KWh/100 km]

Nissan Cashquai - SI

Nissan Leaf

Fig. 11 Operational energy consumption of passenger cars with elec-
tric motor or spark-ignition (SI) engine or compression-ignition (CI)
engine

In the case of cars with compression-ignition engines, the
relative reduction in the operational energy consumption of
electric cars is as follows:

e Nissan—71%
e BMW—59%
e Renault—59%

The differences observed in energy consumption are
substantial and clearly indicate that the overall efficiency
of electric cars is about three times higher than that of cars
with internal combustion engines.

Figures 12-20 present the results of the analysis of energy
consumption and pollutant emissions under the conditions
of car driving considered at the level of the inventory of
pollutant emissions in Poland, obtained based on the model
testing (5).

Figures 12, 13 and 14 show the operational energy con-
sumption of "small", "medium" and "large" passenger cars
with electric motors, spark-ignition engines and compres-
sion-ignition engines, under traffic conditions: in cities, out-
side cities, on motorways and expressways and throughout
the whole period of operation.

Overall, the operational energy consumption of electric
cars is significantly lower than that of cars with internal
combustion engines in all traffic models and for all vehicle
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Fig. 12 Comparison of operational energy consumption of passen-
ger cars in "small" segment: electric (EV), with spark-ignition (SI)
engine, with compression-ignition (CI) engine, under traffic condi-
tions: in cities, outside cities, on motorways and expressways, and
throughout the whole period of operation—the results of modelling
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Fig. 13 Comparison of operational energy consumption of passen-
ger cars in "medium" segment: electric (EV), with spark-ignition (SI)
engine, with compression-ignition (CI) engine, under traffic condi-
tions: in cities, outside cities, on motorways and expressways, and
throughout the whole period of operation—the results of modelling
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Fig. 14 Comparison of operational energy consumption of passen-
ger cars in "large" segment: electric (EV), with spark-ignition (SI)
engine, with compression-ignition (CI) engine, under traffic condi-
tions: in cities, outside cities, on motorways and expressways, and
throughout the whole period of operation—the results of modelling
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segments. Also, clearly visible is the lower operational
energy consumption by cars with compression-ignition
engines as compared to cars with spark-ignition engines.
There is also a noticeable significantly lower operational
sensitivity of energy consumption by electric cars to traf-
fic models in comparison to cars with internal combustion
engines.

Table 9 shows the relative reduction of operational
energy consumption of electric cars as compared to opera-
tional energy consumption of cars with spark-ignition or
compression-ignition engines, under model traffic condi-
tions for individual car segments. The table also shows
the average value of the relative reduction of operational
energy consumption for all segments (AV).

The use of electric cars results in the following average
relative reduction in energy consumption: over 70% when
compared to cars with spark-ignition engines and almost
70% when compared to cars with compression-ignition
engines. The reduction in energy consumption is higher
in urban traffic than in traffic outside cities as well as on
motorways and expressways.

The subsequent results of this study show the aver-
age values for all the car segments analysed, as well as
weighted average of the coefficients applicable to the
shares of the distances travelled by cars under the model
traffic conditions.

Figure 15 shows the comparison of average operational
energy consumption of cars with electric motors or internal
combustion engines under traffic conditions throughout the
whole period of operation Figs. 16, 17, 18 and 19 show the
comparison of the specific distance emission from passen-
ger cars equipped with electric motor or combustion engine
under traffic conditions throughout the whole period of
operation.

The obtained results show that the difference between
the specific distance emissions of carbon dioxide from the
cars analysed is not as big as that observed in the case of
operational energy consumption. This is due to the relatively
high value of the energy factor for carbon dioxide emission
during the processes of power generation and transmission.

For non-methane volatile organic compounds, the differ-
ence between the cars analysed is substantial—the value of
the energy factor for the emission of non-methane volatile
organic compounds in the processes of electricity genera-
tion and transmission is very low. This results from fuel
combustion with considerable air excess in power plants—
which favours the reduction in emissions of the products of
incomplete and partial combustion.

In the case of nitrogen oxides, the benefits of using elec-
tric cars are lesser than those of cars with compression-igni-
tion engines, as the specific distance emission of nitrogen
oxides is lower for cars with spark-ignition engines when
compared with electric cars.
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Table 9 Relative decrease in operational energy consumption of electric cars as compared to the operational energy consumption of cars with
spark-ignition (SI) or compression-ignition (CI) engines, all car segments studied, under model traffic conditions

Small Medium Large AV
SI
Urban 79.6% 75.7% 77.7% 77.6%
Rural 68.4% 63.0% 64.8% 65.2%
Highway 70.3% 65.1% 66.9% 67.2%
Total 75.1% 70.6% 72.5% 72.6%
CI
Urban 77.9% 75.0% 76.2% 76.3%
Rural 57.0% 54.2% 55.7% 55.6%
Highway 54.9% 51.9% 53.5% 53.3%
Total 69.2% 66.1% 67.5% 67.5%
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Fig. 15 Average energy consumption of passenger cars: electric (EV),
with spark-ignition (SI) or compression-ignition (CI) engines, under
traffic conditions throughout the whole period of operation—the
results of modelling
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Fig. 16 Specific distance emission of carbon dioxide from passenger
cars: electric (EV), with spark-ignition (SI) or compression-ignition
(CI) engines, under traffic conditions throughout the whole period of
operation—the results of modelling

Fig. 17 Specific distance emission of non-methane volatile organic
compounds from passenger cars: electric (EV), with spark-ignition
(SI) or compression-ignition (CI) engines, under traffic conditions
throughout the whole period of operation—the results of modelling
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Fig. 18 Specific distance emission of nitrogen oxides from passenger
cars: electric (EV), with spark-ignition (SI) or compression-ignition
(CI) engines, under traffic conditions throughout the whole period of
operation—the results of modelling

Comparison of electric cars with other cars studied in
terms of particulate matter emissions shows better perfor-
mance of cars equipped with internal combustion engines.
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Fig. 19 Specific distance emission of particulate matter from pas-
senger cars: electric (EV), with spark-ignition (SI) or compression-
ignition (CI) engines, under traffic conditions throughout the whole
period of operation—the results of modelling
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Fig.20 Relative change in operational energy consumption (Qgy)
and specific distance emissions of: carbon dioxide (b¢q,), non-meth-
ane volatile organic compounds (byyvoc), hitrogen oxides (bygy)
and particulate matter (bpy), from electric cars as compared with
cars equipped with spark-ignition (SI) or compression-ignition (CI)
engines under traffic conditions throughout the whole period of oper-
ation—the results of modelling

This is because of two reasons. First of all, efforts under-
taken to reduce particulate matter emissions from internal
combustion engines resulted in establishing the limits for
specific distance particulate matter emissions, and this
led to a several-fold decrease of the limit values for road
particulate emissions between the Euro 5 and Euro 6 emis-
sion standards [16, 27]. Secondly, electricity generation
in Poland is based mainly on solid fuel combustion. As is
known, a degree of homogeneity of combusted mixtures
of solid fuels is not as good as in the case of liquid fuels
(especially gaseous). The combustion processes of solid
fuels are heterogeneous by nature and result in unavoid-
able emission of particulate matter. This is a serious prob-
lem in the power industry based on combustion of solid
fuels, even with the great progress in the filtration of waste
gases from coal power plants.

]
* @ Springer

In order to comprehensively assess the impacts of energy
consumption and pollutant emissions of electric cars in use,
there was determined the relative change in their operational
energy consumption and specific distance emissions. The
values obtained were compared with those for cars equipped
with spark-ignition and compression-ignition engines:

S = Wgv — WICE
ICE= —

WICE @
, where w—physical quantity: w=[Qgn> bcor» Pamvoc Pnoxs
byl

EV—refers to the electric car,

ICE—refers to the car with internal combustion engine:
ICE =[SI, CI]; SI—spark-ignition engine, CI—compres-
sion-ignition engine.

The effects of the use of electric cars under the condi-
tions at the level of those referred to in the inventory of
energy consumption and pollutant emissions, confirms the
results of the preceding partial analyses:

e Energy consumption is substantially reduced—by 70%

e Carbon dioxide emissions are affected to a small
extent—Iless than 10%: the beneficial effect when
compared to cars with spark-ignition engines, disad-
vantageous—when compared to cars equipped with
compression-ignition engines

¢ Emissions of non-methane volatile organic compounds
are highly reduced—by 90%

e In terms of nitrogen oxide emissions, electric cars have
a big advantage over those with compression-ignition
engines; the emissions of nitrogen oxides from cars
with spark-ignition engines are about twice as low as
compared to electric cars

e Particulate matter emissions act against electric cars—
they are about threefold higher than those from cars
equipped with compression-ignition engines and
almost sixfold higher as compared with spark-ignition
engine cars

Conclusion

The analysis of pollutant emissions and energy consump-
tion of passenger vehicles equipped with the electric motor
or the combustion engine compliant with Euro 6 emission
standard, carried out for traffic conditions as referred to in
Poland’s inventory of pollutant emissions and in view of
electricity generation and transmission technologies used
in the energy sector in Poland, shows the complexity of
the assessment of electromobility development impacts
on the environment.
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Regardless of beneficial effects of the use of electric
vehicles on a local scale, indisputable in terms of emission
reduction, the assessment of the situation on a global scale
provides no definite answers. The clear benefit of cars with
electric motors is the substantial reduction in emissions of
organic compounds as compared to internal combustion
engine cars. Nonetheless, in the case of the emissions of
carbon dioxide and nitrogen oxides, the differences between
electric cars and those with combustion engines are quite
small. In the case of particulate matter, the emissions from
electric cars are comparably increased to a great extent—due
to the predominant use of solid fuel (mainly hard coal) com-
bustion technology in Poland’s power industry. On the other
hand, however, poor performance of electric cars in terms of
particulate matter emission when assessed in consideration
of energy generation in power plants is highly compensated
by zero-emission of particulate matter from EV driving sys-
tems, and the risk to human health due to particulate matter
emissions on a local scale is incomparably greater than on
a global scale.

The undisputable benefit of the use of electric cars is the
protection of natural resources, considering the fact that
the major reduction of energy consumption is possible due
to higher overall efficiency of electric cars as compared to
those equipped with combustion engines.

The analyses as regards impacts of electromobility devel-
opment on the environment can be carried out in a much
more comprehensive manner, primarily with the use of the
life cycle assessment method. Then, there have to be consid-
ered many variable factors and the results obtained may be
difficult to interpret. On the other hand, the life cycle assess-
ment can show—except the beneficial effects—numerous
adverse environmental impacts of electric cars, especially
on a global scale.
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