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Abstract: The preference and the development of electromobility are included among the priorities
of transport policies in many European countries. This article deals with the issue of electric vehicle
operation from the point of view of the environmental impact of electric power production, specifically
the energy effectiveness of its production by utilizing primary power production sources. Differences
in the effectiveness of the conversion of mixed forms of energy into electricity and their share in the
process directly affect the final level of greenhouse gases (GHG) production, and thus the ecological
footprint of electric vehicle operations. The specification of energy consumption and GHG production
is based on the principles of the EN 16 258: 2012 standard, which considers legislative-regulated power
plant effectiveness values, statistical values of GHG emissions from electricity production, and real
energy consumption values of an electric vehicle fleet. The calculation takes into account the share of
primary sources and the efficiency of electricity production and effectiveness of electricity distribution
in each of the evaluated countries. The specific research study is performed by comparing measured
parameters for individual countries chosen from the Central Europe region. The results of the study
show that the quantification of the positive environmental consequences of increasing electromobility
varies greatly in different countries, which means full-scale deployment of electromobility does
necessarily deliver the sustainability of transport that was expected from it.

Keywords: environmental impact; electric mobility; greenhouse gas; primary sources; production
efficiency; well-to-wheels approach

1. Introduction

Increasing transport volumes cause more negative impacts on the environment. One of these
impacts is the air pollution problem caused by the burning of fossil fuels, agricultural activities, exhaust
from factories and industries, and some other activities [1,2]. Global climate change is a very major
global problem [3]. The Earth’s surface temperature and ambient air temperature are reaching higher
and more intense values more frequently than before [4]. Global warming and air pollution are largely
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caused by GHG. They are emitted by many anthropological activities like industrial and transport
activities [5-7].

The European Union has a plan to reduce the amount of greenhouse gases (GHG) emissions by
20% [8]. This goal is determined in the strategy called European 20/20/20 objectives. The strategy was
established in 2007 and has three targets: a 20% increase in energy efficiency, a 20% CO, emissions
reduction and 20% renewable sources usage by 2020 [9,10].

The legislative framework of the EU contains a goal to decrease CO, emissions by at least 40%
below 1990 levels by 2030 — the EU should introduce steps towards achieving targets (2050) involving
reducing its CO, footprint by 80%-95% [11-13].

The EU’s Environmental White Paper covers those targets. Several other possibilities are also
available to reduce transport volumes in the EU countries [14,15]. These include establishing more
integrated and effective transport systems, supporting the introduction of modern technologies
for vehicles and new types of fuel, and encouraging the use of environmentally friendly transport
modes [16]. Aspects regarding sustainable transport and traffic in the EU are addressed, for example,
in various publications [17-20].

The freight and passenger transport sector is expected to provide one of the largest contributions to
the reduction of GHG emissions. In order to reduce emissions and diversify energy sources, alternative
fuels have been promoted and suggested by a number of several particular methodologies at the
national, EU, as well as global level, and have been discussed in a variety of research studies and
publications [21-28].

Electromobility as a serious alternative to conventional mobility systems is gaining ground across
the EU [29]. Between 2017 and 2018, the number of pure electric cars increased by 43 percent in EU.
The increasing popularity of electric cars is due to falling battery costs, longer ranges, and a wider
choice of models. Such development is expected to continue over the next several years with special
subsidy packages, as addressed in references [30-32], and especially in reference [33].

For instance, some authors in their publications [34-37] state that the adoption of plug-in electric
vehicles in Europe is actively supported by the European Union and several European governments
have stipulated public subsidies and other non-financial incentives to promote their widespread
adoption. More than one million plug-in electric passenger cars and vans (trucks) have been registered
in Europe by June 2018 [38], the second largest stock after China [39].

The research studies presented by references [27,40] state that to assess GHG emissions produced
by electric vehicles and GHG savings in comparison with internal combustion engine vehicles, it is
necessary to know the carbon intensity of electricity consumed by recharging batteries of electric
vehicles. Legislation often relies on values and calculations based on the well-to-wheel methodology.
Analogous or similar findings are outlined in references [41-44] as well.

Unlike a lot of previously published research studies only evaluating GHG production by the
operation of electric vehicles from a regional perspective [45-47], some studies also take into account
GHG production from the perspective of electricity generation [48,49]. The submitted manuscript
takes into account the share of the primary sources in electricity production and the efficiency of
electricity production and distribution as well. The authors also calculated the electricity consumption
and GHG emissions based on actual readings of the real consumption of electric vehicles operated in
real driving conditions, not based on theoretical consumption patterns declared by the producers of
electric vehicles.

2. Data, Methods, and Initial Calculations

For the purpose of this research study, the following countries were taken into consideration:
Austria (AT), the Czech Republic (CZ), Germany (DE), Hungary (HU), Poland (PL), Slovakia (SK) and
Slovenia (SI).

This European Standard EN 16258: 2012 specifies a methodology for how to calculate and declare
the energy intensity and GHG production in relation to transport operation. It defines relevant general
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principles, definitions, system boundaries, and methods of calculation. The standard does not only
consider the production of the secondary emissions and energy consumed during the combustion of
the fuel (energy conversion from fuel to mechanical energy), but also primary emissions, which are
incurred in the extraction, production and distribution stages.

A well-to-wheels approach means “well on wheels” and includes primary as well as secondary
emissions and consumption. This factor (approach) is also referred to as LCA (life-cycle-analysis).

A tank-to-Wheels approach (factor) covers only the secondary emissions and consumption.

Emission gases are composed of several individual components (gas).

Each gas has different chemical and physical properties, which means that they have diverse
impacts on environmental degradation [50-52]. In particular, the CO, equivalent, which represents an
impact rate of specific emission types, is used to indicate the overall impact of CO,. This equivalent is
denoted as COye.

Well-to-wheels factors used for electric power must be chosen from the specified data provided
and have to involve previous operations according to the objectives of the mentioned standard, or they
must be corrected in order to take into account the contribution of missing processes and gases [53-55].

The tank-to-wheels energy factor (e;) for electricity equals 3.6 MJ/kWh and the tank-to-wheels
emissions factor (g;) for electricity is equal to zero [53].

2.1. Energy Production

The factors (WtW) for energy and gases take into consideration the following partial aspects in
the generation and distribution of electric power affecting the final value of the WtW or LCA factor:

(1) the composition of primary energy sources,
(2) the effectiveness of the individual sources used,
(3) the effectiveness of the transmission and distribution of the electricity.

The electric power generation technology, composition, and share of primary sources and
distribution effectiveness have direct influence on the effectiveness of electricity generation (Figure 1).
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Figure 1. The ratio of energy sources during electricity power production in Central Europe countries
in 2016 [56].
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The efficiency of electric power generation is determined as a weighted arithmetic mean of the ratio
of energy sources and the efficiency of each source during electricity energy production. The weights
of values represent the shares of individual sources. Values of effectiveness were obtained from the
International Atomic Energy Agency Bulletin [57].

The energy generated is distributed to the grid through the transmission branch system. This
process is operated with losses (energy branch consumption). Electric power distribution effectivity in
the grid of the Central Europe countries was at levels varying from 84% (Poland) to 93% (Slovenia) [56].

The total energy effectiveness of consumed electric power in transport is as follows [55]:

Y. (nsipsi) (=)

11 = NProd NTrans 11Veh = Z—'T]Tmns'nVeh @
pPs

where:

7 final energy effectiveness (-)

TNprod effectiveness of electric power (-)

NTrans effectiveness of transmission (-)

Nven effectiveness of vehicle system (-)

ns; effectiveness of a particular primary source (-)

psi share of a particular primary source (-)

ps sum of partial shares of individual sources (-)

According to the above mentioned facts and their real composition in Central Europe countries,
electric power generation usually has effectiveness levels varying from 31% (Hungary) to 63% (Austria).
As far as electricity production in Central European countries is concerned, the values from the Decree
regulating the lowest efficiencies of operated power plants were used as input data [58]. Chosen values
of effectiveness are given in Table 1. A chart representing the efficiency of electricity production in the
Central European countries is depicted in Figure 2.

Table 1. Values of energy conversion effectiveness.

Electricity Electric Power Year of Introducing the Plant
Producing Fuel before 1998 1998-2012 2013-2015
Device (MW) Efficiency (%)

to 15 36 36 38
black coal from 15 incl. to 50 38 38 40
50 and higher 39 39 41
. to 15 35 35 37
ifi‘itézzt:é“ brown coal from 15 incl. to 50 37 37 39
. 50 and higher 38 38 40

condensing
steam turbine to 10 38 38 40
natural gas from 10 incl. to 35 40 40 42
35 and higher 41 41 43
to 15 36 36 38
heavy fuel oil from 15 incl. to 50 38 38 40
50 and higher 39 39 41
to 500 31 31 32
Heat source nuclear from 500 incl. to 1000 31 31 32
. 1000 and higher 31 31 32

and condensing

steam turbine heat from to 10 36 36 36
industrial from 10 incl. to 35 36 36 36
processes 35 and higher 36 36 36
ICE Natural gas to 0.05 29 29 29

Source: [58], calculated by authors.
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Figure 2. The electricity production efficiency [56].

Following the values in Table 1 and Figure 2 above, it can be stated that 324 kWh of energy
generated from primary sources in Hungary and 158 kWh in Austria must be produced for every
100 kWh of consumed electricity. Individual source efficiency is approximately 15% for solar plants,
through 35% and 40% for fossil fuels plants, and up to 85% for hydroelectric plants [59,60].

Table 2 compares the energy intensity of electricity production in Central European countries. For
the final customer to use 100 MJ of energy (which is 28 kW) for vehicle battery charging, between 44.4
kWh in Austria to 90.7 kWh in Hungary must be consumed from primary sources.

Table 2. Comparison of energy intensity of electricity production in Central European countries.

Direct Energy Direct Energy Overall Energy
Output Consumption (M]) Consumption (kWh) Country Consumption (W-t-W) (kWh)
EU28 729
cz 85.7
DE 80.9
. HU 90.7
Elect
ectnaity 100 28 AT 444
PL 87.5
SI 60.4
SK 75.0

Source: references [53-56], calculated by authors.

2.2. Emissions Production

The calculation of emissions production in electricity generation is based on the calculated LCA
emission factor, which has been set for each country separately. Its values for 2005, 2010, and 2016 are
shown in Table 3 and are graphically illustrated in Figure 3. The LCA emission factor for 2005 and
2010 was taken from reference [61]. The LCA emission factor for 2016 was calculated on the basis of:

(1) changes in the ratio of primary sources used in electricity generation,
(2) estimated changes in the efficiency of electric power generation from all sources,
(3) the effectiveness of the transmission and distribution of electric power in each country.
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Table 3. Progress of the LCA emission factor in Central European countries in 2005, 2010, and 2016.

LCA Emission Factor (CO5./kWh)

Year EU28 CZ DE HU AT SK
2005 588 819 709 675 346 406
2010 565 786 692 634 301 334
2016 494 754 657 558 200 292
Sources: references [56,62], calculated by authors.
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Figure 3. Progress of the LCA emission factor in Central European countries in 2005, 2010, and 2016.

Sources: [56,62], calculated by authors.

The statistics data for these calculations was taken from reference [56].

The LCA emission factor has shown a decreasing trend in all Central European countries except
for Slovenia. The decrease between 2005 and 2016 ranges from 7% in Germany to 42% in Austria.
This is evidence that the efficiency of electricity production and its distribution in each country is

gradually increasing.

3. Results Regarding the Energy Consumption and the GHG Production of Electric Vehicles

The calculation of the electricity consumption and GHG emissions is based on actual readings
of the real consumption of electric vehicles driven in real conditions, which are registered in the
database [63]. It includes the data for 420 electric vehicles. Individual results of the calculations for the
year 2016 are summarized in Table 4 and in Figures 4 and 5.
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Table 4. Comparison of energy intensity and the GHG production of electric vehicles in Central
European countries for 2016.

T-t-W W-t-W
Vehicle 9 Energy E E E Producti
Drive Country Consumption nergy . nergy . Production of nergy roduction

(kWh/100km) Consumption  Consumption CO5e (g/km) Consumption of COz,

(M]/km) (kWh/km) ¢ (M]/km) (g/km)

14.2 51.12 0.142 133.12 48.14

EU28 16.8 60.48 0.168 157.50 56.95

21.2 76.32 0.212 198.75 71.87

14.2 51.12 0.142 156.33 77.11

cz 16.8 60.48 0.168 184.95 91.22

21.2 76.32 0.212 233.39 115.12

14.2 51.12 0.142 147.75 69.15

DE 16.8 60.48 0.168 174.80 81.82

21.2 76.32 0.212 220.58 103.24

14.2 51.12 0.142 165.44 41.89

Electric HU 16.8 60.48 0.168 0 195.73 49.56
21.2 76.32 0.212 246.99 62.54

14.2 51.12 0.142 81.01 19.74

AT 16.8 60.48 0.168 95.85 23.35

21.2 76.32 0.212 120.95 29.47

14.2 51.12 0.142 159.75 114.31

PL 16.8 60.48 0.168 189.00 135.24

21.2 76.32 0.212 238.50 170.66

14.2 51.12 0.142 110.17 46.58

SI 16.8 60.48 0.168 130.34 55.10

21.2 76.32 0.212 164.48 69.54

14.2 51.12 0.142 137.05 24.85

SK 16.8 60.48 0.168 162.14 29.40

21.2 76.32 0.212 204.61 37.10

Source: references [56,62,63], calculated by authors.
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Figure 4. Well-to-wheel energy consumption of electric drive vehicles in Central European countries
Sources: [56,62,63], calculated by authors.

The electricity consumption of all registered electric vehicles ranged from 14.2 to 21.2 kWh/100 km.
The weighted arithmetic average of the electricity consumption for all registered electric vehicles was
16.8 kWh/100 km.
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Tank-to-wheel electricity consumption is the same for all Central European countries and ranges
from 51.12 MJ/km (0.142 kWh/km) to 76.32 M]/km (0.212 kWh/km) with a weighted arithmetic average
of 60, 48 MJ/km (0.168 kWh/km).

Tank-to-wheel GHG production is zero.

Well-to-wheel energy consumption is different in each country. The lowest values are obtained in
Austria (weighted average is 95.85 MJ/km) and the highest values are in Hungary (weighted average
is 195.73 MJ/km). Most Central European countries have values of weighted arithmetic average
consumption between approximately 162 and 196 MJ/km.

W-t-W CO2e production

180.00

160.00

140.00

120.00

100.00 A min value of CO2e

80.00 - A max value of CO2e

60.00 _4! a ! ¢ weighted average of CO2e
40.00 a
o

0 -00 T T T T T T T 1
EU28 cz DE HU AT PL SI SK

CO2e production in g/km

20.00

Figure 5. Well-to-wheel GHG production of electric drive vehicles in Central European countries for
the year 2016. Sources: [56,62,63], calculated by authors.

Well-to-wheel GHG production is calculated (Table 4 and Figure 5) from the LCA Emission Factor
value from the year 2016. GHG production values vary widely between countries. The lowest values
are obtained in Austria (weighted arithmetic average of 23.35 gCO,./km) and Slovakia (weighted
arithmetic average 29.40 gCOy./km), the highest values are in Poland (weighted arithmetic average
135.24 gCOpe/km).

4. Discussion

The results achieved in this study show that it is not generally possible to claim that the use of
electric vehicles in transport is always an environmentally friendly mode of transport. From a local
point of view, the operation of electric vehicles can be considered environmentally friendly, since the
operation itself does not produce GHG. However, taking into account the generation and distribution
of electricity in individual countries, this study shows quite different results. As can be seen from
Figure 2, the overall energy consumption (well-to-wheel) of electric vehicles in individual countries is
strongly influenced by electricity production efficiency, which ranges from 31% in Hungary to 63% in
Austria. This efficiency depends on primary energy sources and electricity production technology.
Another difference in the efficiency of electricity used in transport also depends on losses in electricity
distribution. These losses range from 7% (Slovenia) to 16% (Poland) in the analyzed countries. These
results indicate that the same electric vehicle that would run under the same operating conditions, but
would be charged in different countries, would consume significantly different amounts of energy
from primary sources. In Austria, this amount would be 81.01-120.95 MJ/km, while in Hungary it
would be 165.44-249.99 M]/km, which is approximately twice the amount (Figure 4).
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The results of this study showed even greater differences in the assessment of the environmental
performance of electric vehicles in individual countries, when the amount of produced GHG was
monitored to produce the necessary electricity from different primary sources in these countries. As can
be seen from Figure 5, the total amount of GHG produced in each Central European country generated
by the electricity generation required to operate the same electric vehicle on the same track under
the same operating conditions is in the range of 19.74-29.47 gCOy/km in Austria to 114.31-170.66
gCOye/km in Poland. This is a difference of up to 5.8 times.

The previous results can also be interpreted as follows. With the same amount of consumed
primary energy, an electric car charged in Austria can travel approximately double the distance of the
same car charged in Hungary. An electric vehicle charged in Poland has the same carbon footprint at a
5.8 times shorter distance than the same vehicle charged in Austria.

An author’s collective has done a research study [64] which compared the energy intensity and
GHG production of different propulsions (driving mechanism) installed in passenger cars. Table 5
summarizes the results of the environmental impact of conventional passenger cars with a gross weight
of 1500 kg and equipped with several types of internal combustion engines (ICE) as well as an electric
engine with approximately 80 kW of output power. Consumption declared by the manufacturer in the
combined NEDC (New European Driving Cycle) is taken into account.

Table 5. Energy intensity and GHG production of cars with different types of propulsion.

W-t-W
Energy Source FCand FE Energy Consumption
(1, kg, kWh/100km) %1{4] /100km)p Production CO», (g/km)
Gasoline 5.6 211 161
CNG 44 220 135
Diesel 44 188 143
electricity * 20 114-233 28-161
hybrid ** 4 151 115

* this value varies according to the country of vehicle operation or electric power origin; ** depends on regime of
vehicle operational velocity profile (urban, rural, motorway). Source: [64], calculated by authors

Table 5 shows the fact that vehicles equipped with an ICE engine produce less GHG compared
to e-vehicles charged by electric power produced in Poland. Also, the energy efficiency of an ICE
driven car is higher than an e-vehicle operated in Hungary. We can consider the actual scenario in
implementation of electric vehicles in EU. The EV30@30 Scenario takes into account the commitment of
the Electric Vehicle Initiative’s EV30@30 Campaign to reach a 30% market share for electric vehicles in all
modes of transport except for two-wheelers in the European Union by 2030 [65]. Considering this fact, a
higher number of operated electric vehicles consume a higher amount of electric energy. It is necessary
to ensure that a more efficient level of electricity generation occurs. This can be achieved through
two possible scenarios. The first one lies in the fact that countries will use the theoretical maximum
capacity of electricity generation available from already existing plants; and the second one involves
countries constructing advanced, innovative, more effective, and environmentally friendly plants.

Figure 6 presents the actual theoretical useable capacity (TUC) of installed plants in chosen
countries colored by their share of energy sources. The free capacity (FC) of existing plants is also
shown. The implementation of electric vehicles also creates higher electricity consumption. The increase
of consumption depends on the number of vehicles, their average energy consumption, and their
driving performance.
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Figure 6. Theoretical useable capacity and free capacity of energy sources. Sources: reference [66],
calculated by authors; TUC = Theoretical useable capacity of energy sources; FC = Free capacity of
energy sources.

Let it be considered that up to 30% of all registered passenger cars in Slovakia are already
purchased and in use. The average energy consumption of a reference (sample) vehicle is 17 kWh
per 100 km~! with an average annual distance traveled of 15,000 km. In this case, the electricity
production must increase by approximately 3%. Free capacity is higher in all the given countries
(around 50% of TUC). It is possible to identify which countries can produce electricity with more
or less GHG production intensity. For example, countries like Germany or Poland could provide
more environmental friendly electricity production by using the TUC. Czech Republic and Slovenia
could produce electricity without significant changes, and Slovakia, Austria and Hungary could
produce more kg of CO, per kWh of generated electricity. It seems like that there is no reason to
construct new power plants; instead, only better utilization of existing ones is needed. Limitations
of this calculation consist in simplifying the methodology of TUC specification (the best natural and
technical conditions) as well as in considering the average annual energy consumption of electric
vehicles. TUC can be insufficient in peak hours during the charging higher numbers of vehicles from
the distribution network.

Development trend concerning the energy source distribution for electricity production which is
characterized by a decrease in production of solid fuels is depicted in Figure 7.

In line with the above figure, effort is being put toward increasing the share of renewable sources.
Such a fact as well as a decrease in production of solid fuels is causing the lower numbers in GHG
production from electric power, which is described in more detail in Table 3. Electricity and its use in
transport operation has become more environmentally friendly (especially compared to ICE vehicles)
which helps to fulfill targets related to green transport.
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Figure 7. Trend of the energy source distribution in EU28. Sources: reference [66], calculated by authors.

The strength and innovation of this study lies in presentation of the differences among particular
environmental impacts of the transport electrification according to each Central European country.
These outcomes are provided in regards to an energy mix of the electricity production and distribution
losses. The input data includes actual statistical numbers from real energy mix structure and actual
electric power consumption declared by e-car users and manufacturers. The limitations of this research
study results are above all in the accuracy of the implemented LCA factor data. These values are located
in a wider range depending on different data sources. Even the average representative values were
taken into account for calculations; and thus, there is a possibility of differences in results compared
to other analogous studies. Despite the fact that the data related to the vehicle energy consumption
are from real operations, the number of operated e-vehicles is extremely low (less than 1% of all
registered vehicles) and therefore even our statistical sample is low. And also, this data do not take
into account the vehicle battery charging losses. These attributes differ depending on the charging
time and the type of charging device. These facts can affect the resulting values when comparing the
real environmental impacts.

This study only takes into account the share of the primary sources, which are used in individual
countries to produce electricity. It does not take into account the possibility of buying the electricity
from other countries.

5. Conclusions

Although the Tank-to-Wheel electricity consumption of electric vehicles is the same for all
countries, Well-to-Wheel consumption is different in each country and depends on the composition
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and ratio of the primary sources of electricity production, the electricity generation technology used,
and the distribution efficiency in the electrical network to the final customer.

There is a similar situation for well-to-wheel GHG production as well. Although no GHG
emissions are produced directly by the operation of electric vehicles, power generation produces
large amounts of GHG emissions at power plants. Specific GHG values are dependent on the power
generation technology.

The combination of inefficient generation of electricity from primary sources, where a large
amount of GHG is produced and the use of a large-scale electricity transmission system may make the
use of electric vehicles less environmentally friendly—from the vehicle operation point of view—or
even disadvantageous in some countries.

In some countries in the region of Central Europe, the efficiency of energy consumption from the
primary sources for the end users is half compared to countries with the highest efficiency. In terms of
GHG production there is a difference up of to 5.8 times.

The implementation of a transport policy that prefers the development of electromobility would
not have the same ecological impact in each country. Electric vehicle charging from a grid, e.g., in
Poland is not as ecologically friendly as an electric car charged in Austria. Therefore, it is important
that country leaders should focus not only on the implementation of electromobility itself, but they
also have to develop ecologically friendly form of electricity generation and increase the effectiveness
of electricity transmission.
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