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Abstract: Currently, electric vehicles are a rapidly growing alternative to those with combustion
engines and can contribute to reduction of CO;, emissions in the transport sector, especially when the
energy to power electric motors is predominantly derived from renewable sources. Until now, the
comparison of environmental impact and influence of electric transport means on the power systems
was not fully addressed in the case of Poland. The purpose of the study is to describe, analyse
and assess electric vehicles (EV) operation against performance indicators in Poland, especially the
influence of electric transport means (ETM) (electric cars, trams, trolley buses and buses) on power
system and environment. The influence on the power system was investigated for the Polish National
Powers system using the simulation of different scenarios of loads generated by EV charging. The
energy demand of the National Power System and daily load variability indices were determined.
Based on the data of ETM powers consumption and emissions of energy production, the emissions
of harmful gases per one km and per one person were calculated, as well as the financial outlays for
energy necessary to drive 1 km per 1 passenger. To assess and compare the environmental impact of
the selected ETM life cycle, the life cycle assessment method was used. The results of environmental
impacts were determined for selected assessment methods: CML 2 and IPCC 2013 GWP 100. The
functional unit in this study is one selected ETM with a service life of 100,000 km. Comparison of
trams, trolley buses, buses and electric passenger cars indicates that most beneficial are electric buses
which do not need rails or overhead lines, thus investment costs are lower.

Keywords: electric vehicle; efficiency; transport performance indicators; life cycle assessment

1. Introduction

The first model of an electric motor vehicle dates back to the early 19th century
(specifically the year 1831, presented by M. Faraday) [1]. Decades later, at the end of the
1870s, the first electric railway designed by Werner von Siemens was presented at the
Industrial Exhibition in Berlin. A few years later, he constructed a model of an electric tram
and a trolley bus. Although the combustion engine vehicles developed more rapidly in the
20th century, it is the electric drive that occupies a dominant position in railway vehicles.

The number of electric vehicles in Europe is constantly growing. Actions are being
taken to introduce this type of vehicles into public transport systems [2,3]. These actions
include, e.g., involvement of legislation organs in favour of electric vehicles [4-6]. For ex-
ample, in Poland, in 2017 the Electromobility Development Plan was introduced, assuming
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the development of infrastructure and industry for the purposes of electromobility. On the
other hand, the Act of 11 January 2018 on electromobility and alternative fuels provides
for a number of benefits for electric vehicle drivers, including: PHEV hybrid passenger
cars, the possibility of using electric vehicles on bus lanes, additional parking spaces, an
increase in the rates of depreciation charges and an exemption from certain fees, which
is to encourage citizens to purchase electric cars [7]. In Germany, support programs have
been introduced, including subsidies for companies and private sector, for the installation
of charging stations and the purchase of electric cars. There are also exemptions and tax
breaks [8]. Spain also provides grants for purchasing the electric vehicles and exempt from
paying the car registration tax is available. Some other incentives could be found regional
in Spain [9].

Infrastructure necessary for electric vehicles to operate has been developing for the last
few years [10]. Unfortunately, high prices of electric cars are an obstacle to popularization
of these vehicles. The biggest cause of such high prices are expensive technical solutions
used for energy accumulation (costs of batteries). For this reason, many researchers have
conducted research to improve the capacity of batteries used in electric cars, which is
reflected by a large number of publications dealing with modifications of batteries and
fast methods of charging [2,11,12]. Both, an increase of the energy density of batteries
(an energy density of lithium batteries may reach as much as 200 Wh/kg) and a significant
reduction of unit costs of batteries (currently, USD 190-250/kWh—it is planned to reduce
them to USD 100/kWh) would make electric vehicles more attractive [13,14]. Electric
vehicles are more eco-friendly, their motors are less power consuming and they are capable
of energy recovery from braking [15].

New solutions should be devised to improve the already high energy efficiency of
drives and the range of electric vehicles shortening the battery charging time. The capacity
and charging time of batteries are still no match for the refuelling time in combustion
vehicles.

Efficiency is one of operational criteria relating to the organisation, course and acquisi-
tion of useful and useless products of operation, in this case, electric transport. Efficiency
is defined as a situation in which a person, company, factory, etc. uses resources such as
time, materials or labour well, without wasting any. In relation to machines and devices it
is understand as the difference between the amount of energy that is put into a machine in
the form of fuel, effort, etc., and the amount that comes out of it [16].

Factors influencing the efficiency of electric transport are divided into technical and
non-technical factors [17]. Technical factors include aspects relating to technical and
operational parameters of vehicles, i.e., dimensions, weight, number of seats, technical data
of the drive system, range, etc. Non-technical factors are classified into three categories [17]:

1. Economic factors—cost of operation, repair, insurance, etc.;

2. Organisational factors—organisation of a way, line and stops, optimal selection of a
transport mode for a line, etc.;

3. Social factors—to include society structure, vehicle age, aesthetic impression (vehicle
appearance), innovation (access to WiFi hotspots in vehicles), safety, etc.

Electric vehicles are considered more environmentally friendly than cars equipped
with an internal combustion engine due to lack of direct emissions into the environment.
They, however, require supply of electrical energy whose production is burdened with
harmful emissivity [18]. Use of electric vehicles differs from use of vehicles with the
combustion engine in terms of efficiency and performance. The research that has been
carried out so far is connected with, e.g., assessment of environmental impacts of materials
and elements in the life cycle of electric cars which is presented in [19]. Onat et al. [20]
present a study of the environmental impact of electric cars powered by renewable energy
sources and economic assessment based on LCC (Life Cycle Cost) method for the United
States. Souza et al. [21] have made a comparative analysis of vehicles powered by fossil
fuels, hybrid cars and electric cars for Brazil. Similar issues are addressed by the authors
of work [22] who analyse the environmental impact of electric transport in Poland and
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the Czech Republic. Alves et al. [23] in turn, have developed a method for estimation of
energy consumption by electric cars. There are relatively few analyses of electric transport
in Poland. Those which are available address mainly carbon dioxide emissivity in the
sector of transport in urban agglomerations [24-26].

Apart from economic and ecological effects, the growing number of electric vehicles,
mostly the need to chargé them by using energy from power grid involves changes and
disruptions in its functioning [27,28]. Many works deal with the issues of integrating
charging electric cars with the power grid [28-33]. Bouallaga et al. [34] presents a method-
ology for electric vehicle charging management on the basis of genetic algorithms and
Fuzzy-Boolean algorithm. Zhang et al. [35] propose a methodology for control of electrical
grid frequency with charging stations. Ramos Munoz et al. [36] indicate the need to locate
transformers in with vehicle charging stations. So far, the impact of charging stations in
Poland on the power grid has not been analysed because of a small number of this type
of facilities.

Basically, no publications have been found for comparison of the effects of different
electric transport forms, e.g., electric cars, trams or trolley-buses, nor overall assessments of
their environmental impact and influence of using and charging the electric vehicles on the
power grid in Poland. Therefore, the authors of this study have undertaken an attempt to
evaluate and compare a few forms of electric transport in terms of environmental impact
and influence on the power system select Poland as regional border.

In the light of the above statements from the state of the art and technology the
purpose of the article is to describe, analyse and assess electric vehicles operation against
performance indicators in Poland. In this work the comparison of CO, emission and
other harmful gases and dust for electric cars, trams, trolley-buses and electric buses was
presented, as well as the comparative life cycle assessment for selected transport means for
11 impact categories. The influence on the power grid was shown through a simulation of
the electric car charging for four variants of 24 h load of power grid in order to indicate the
most convenient time for charging.

The contribution of this paper is as follows:

e Indication of the impact of the appearance of a significant number of electric cars and
the need to charge them on the Polish power systems;

e  Estimation of emissions of harmful substances (CO,, SO,, NOy, CO and dust) related
to the use of electric means of transport in Poland per road unit and per passenger,
taking into account the Polish energy mix and various scenarios of the share of
renewable energy sources in the electricity produced;

e Comparison of transport costs with the use of electric vehicles in Poland with an
analysis;

e  Performing a comparative analysis of the life cycle of selected means of transport with
electric drive along with an indication of the critical impact areas, taking into account
the Polish energy mix as a power source.

2. Condition of Electric Transport in Poland

Governmental forecasts concerning the development of the electromobility sector in
Poland indicate that more than 1 million electric vehicles will be used by 2025 [37]. The
idea of electromobility is associated mainly with electric vehicles. These are vehicles that
use an electric drive and energy fed to the electric motor is supplied from the battery, e.g.,
a lithium-ion, nickel-metal hydride (Ni-MH) or nickel-cadmium battery (Ni-Cd).

The electromobility development plan provides a huge margin for development of
both electric vehicles and public transport. In line with the governmental electromobility
development plan in Poland, many Polish cities and communes have signed a letter of
intent regarding the purchase of 780 electric buses by the end of 2020 [38]. The Act of 11 Jan-
uary 2018 on Electromobility and Alternative Fuels intensifies the development of electric
buses in Poland—pursuant to Article 36 of the said Act, local self-government entities with
the number of inhabitants not exceeding 50,000, should provide communication services
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or have them provided by an entity that uses at least 30% of zero emission buses within
the relevant area (the Act defines a zero emission bus as a bus that uses hydrogen-derived
electric energy using fuel cells or sources that do not lead to emissions of greenhouse gases,
e.g., renewable energy; a trolley bus is also deemed a zero emission bus) [39].

Ursus Bus S.A. or Solaris Bus & Coach are leading manufacturers of electric buses.
Ursus City Smile 18M is considered the fastest charging electric vehicle [38,40]: 3 min of
charging at 700 V and 625 A enable 1 h of continuous operation of a vehicle. Solaris Urbino
12 from Solaris Bus & Coach (Bolechowo-Osiedle, Poland) received the main prize for the
best city bus of 2017 in the ‘Bus of the Year’ competition [38].

Trams and trolley buses are fed from a municipal network of overhead lines with
600 V DC using current collectors, i.e., pantographs. The difference between these transport
modes is that trams run on rails (track gauge in Poland is 1000 or 1435 mm [41]), whereas
trolley buses employ the bus design in their wheel system. An important component of a
modern trolley bus and tram is an inverter—an electronic device used to convert DC energy
into AC [42]. Starting resistors responsible for diverting energy and reducing voltage when
starting and braking a vehicle are also an important component of the said transport modes.
However, such solutions are very inefficient and result in losing great amounts of energy.
Therefore, braking energy recovery systems are increasingly installed with containers to
store such energy.

Trams operate in 12 cities and two metropolitan areas in Poland—the Upper Silesian
Industrial Region (13 cities) and the £L6dZ Metropolitan Area (6 locations)—whereas trolley
buses only operate in three cities: Gdynia, Lublin and Tychy [39,41].

Polish companies are key players on the trolley bus and tram manufacturing market.
PESA Bydgoszcz S.A. (Bydgoszcz, Poland) is a leading company manufacturing and
modernising railway vehicles, including trams. PESA trams operate in Polish, Russian,
Ukrainian, Romanian, Bulgarian and Hungarian cities [43]. Solaris Bus (Bolechowo-Osiedle,
Poland) is one of the largest manufacturers of trolley buses in Europe. Flagship Solaris
Trollino buses (Solaris Bus & Coach, Bolechowo-Osiedle, Poland) are operated in the
majority of European countries.

3. Materials and Methods
3.1. Simulation of the Impact of Electric Vehicles on the Polish Power Grid

On the one hand, a solution to the problem of qualification of positive and negative
effects of the system with electric vehicles, mainly electric cars and buses, refers to power
system loading and relief, and, on the other hand, to the innovation of solutions. A million
electric vehicles that will be operated from 2025, fitted with batteries of the capacity of
approximately 30 kWh charged in a 10-h cycle, will load the system with additional 3 GW
at the currently available power of approximately 43.4 GW (as of 31 December 2017 [44]).
Electric vehicles may constitute 7% of the power system load. What seems to be a threat
may be an opportunity for development and a substantial increase of the positive efficiency
of the whole system.

On the basis of daily power system load variability profiles, a number of indicators of
variable positive effects can be determined to assess the variability of power system loads
used in a classical analysis, e.g., [45]:

e  Average daily load degree-m,,,, which is defined as:

!
Mgsy = P - 1
dmax
e  Energy consumption variability index—min,
Pimi
Mamin = mm 2)

Pdmax
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where P;s,—average daily load, MW; P jpin—minimum daily load, MW; and Pjmax—
maximum daily load, MW.

In order to picture the impact of electric vehicles on the Polish power grid a simulation
was carried out to select an optimal vehicle charging period during 24 h. It was assumed
that the number of electric vehicles was 1 million and the battery capacity was 30 kWh.
System data of the energy demand by the National Power System dated 06.06.2018 was
used for the analysis [44]. The Polish energy mix in 2018 was dominated by hard coal-
approximately 47.8% and lignite—29%, RES—12.7%, gaseous fuels—7.5% and others—
3% [46]. Four concept variants were established to determine the most advantageous
distribution of charging over time:

First variant—vehicles will be charged from 12:00 at night to 10:00 a.m.;
Second variant—charging will be spread out over rush hours from 07:00 a.m. to
05:00 p.m.;

e  Third variant—the charging process moved to picture the night low period, i.e., from
10:00 p.m. to 8:00 a.m.;

e  Forth variant—vehicles will be charged evenly round-the-clock.

3.2. The Assessment of the Electric Vehicles Environmental Impact

In assessment of variable negative effects of the electromobility system, the following
indicators are taken into consideration:

e  Unit CO, emission yield per 1 km, gco,:

gco, = Ir 3)
e  Unit SO emission yield per 1 km, gso,:
m
qso, = % 4)
T
e  Unit NOy emission yield per 1 km, gno,:
m
qNO; = ;\;OX ®)
e  Unit CO emission yield per 1 km, gco:
m
qco = TCO (6)
T

e  Unit micro- and nano-dust yield per 1 km, gp:

mp

@)

D=7
q I

where mco,—equivalent weight of CO, emitted during transport in g or kg; mgo,—
equivalent weight of SOy emitted during transport in g or kg; myo, —equivalent
weight of NOy emitted during transport in g or kg; mco—equivalent weight of CO
emitted during transport in g or kg; mp—equivalent weight of dust emitted during
transport in g or kg; and Ir—transport road in km.

Convenient indicators for assessment of negative effects of transport may be emission

yields referring to a person, e.g., CO, emission yield per transported person or kWh of
consumed energy and its cost:

e  Unit CO, emission yield per person in a vehicle, gos:

m
Gos = €O, (8)

los
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e  Unit CO; emission yield per 1 kWh of consumed electric power, gxpw:

= T2 ©)

e  Cost of consumed electric energy after driving 1 km per 1 passenger, kgg:

er = 1° (10)
km
where mco,—equivalent weight of CO, emitted during transport in g or kg; It—
transport road in km; l,s—number of transported persons, pcs; lyy,—amount of
electric power consumed by vehicle, kWh; kpg—cost of electric energy consumed per
1 km of a transport road, PLN-km~!; and Kc—total cost of electric energy consumed
for transport of persons on a road lyy,, e.g., 100 km, in PLN.

3.2.1. Emission during Operation of Electric Car for Different Electricity Mix

The analysis of emissions during the operation of an electric car was carried out on
the example of a 2018 Nissan Leaf. The basic parameters of the car are presented in Table 1.
The energy consumption of the analysed vehicle, in accordance with the cycle of WLTP
(Worldwide Harmonized Light Vehicles Test Procedure) tests, is 20 kWh/100 km [1].

Table 1. The technical data of Nissan Leaf 2018 [47].

Parameter Value
Layout and boost electric
Fuel Type electricity
Maximum power 150 KM
Torque 320
Drive type front-wheel drive
Front brakes Disc brakes
Rear brakes Disc brakes
Front suspension McPherson columns
Rear suspension Torsion beam
Wheels, front tires 185/50 R16
Wheels, rear tires 205/45 R16
Body type hatchback
Number of doors 5
Own weight 1543 kg
Capacity 452 kg
Length 4490 mm
Width 1788 mm
Height 1530 mm
Wheelbase 2700 mm
Luggage capacity 435L
Acceleration 0-100 km/h 79s
Maximum speed 144 km/h
Range 378 km

When assessing effects of operation of electric vehicles and cars, a few scenarios were
considered: the supply by renewable energy sources with different share of cooperated
RES installation (biogas and wind) (Table 2) and the supply by National Power System
(KSE) with RES different shares (Table 3). The first seven rows in Table 2 present the CO,
emission per 1 kWh considering that energy comes only from renewable energy sources,
with different share of electric energy form biogas plant and from wind power plant. The
last three columns are the emissions of CO, emission per 1 kWh considering energy mix
(which include the mix of electric energy form fossil fuels and renewable energy sources)
for Poland, China and Germany. An assumption was made that a renewable energy source,
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e.g., biogas, is fully controllable. To ensure self-sufficiency of a charging system based on
renewable energy sources and independence from supply by an external power system,
the power of a wind turbine and a biogas plant should be properly selected.

An assumption was made that a charging system (wind of 2 or 4 MW, biogas of 1 MW)
with supply operates as a power co-operative. This is a type of a commune co-operative that
is established to improve relations in the environment (reduce emissions), satisfy energy
demands of members and electric vehicles and sell power/energy. Usually, energy co-
operatives are associated with production of energy from renewable sources. Examples of
such co-operatives are: ‘Bywind Energy Co-operative’ from the United Kingdom or ‘Nasza
Energia’ from Poland. Emissivity of the Polish, Chinese and German power mix is given
as references values in Tables 2 and 3 [39,42]. The electricity mixes of different countries
were included to show, that the results of transport emissivity will change regional, in
dependence of electricity mix and share of renewable energy sources. This was meant to
underline that using the same electric car in the different electricity production systems will
cause the different emissions factors values per consumed kWh and travelled distance of
one kilometre. The Chinese mix was chosen, because China is rapidly developing country
and has the highest CO, emissions in the world [48] and in 2020 was responsible for 53% of
energy generated in the world from coal [49]. Germany has the greatest CO, per year [48]
and produce the most energy from coal from all European countries [49] (up to 2020).

The values of unit CO, emission yield per person in a vehicle, gos (Equation (8)) and
unit CO, emission yield per 1 kWh of consumed electric power, gy, (Equation (9)) were
determined.

Table 2. Type of a mix: wind/biogas and CO, emissivity for electricity production [10,50].

No. Biogas Plant Share (%)  Wind Power Plant Share (%)  Emission (CO,/kWh)
1. 0 100 4.7
2. 10 90 6.9
3. 30 70 114
4. 50 50 15.9
5. 70 30 20.3
6. 920 10 24.8
7. 100 0 27.0
8. Electric drive, Polish mix of the National Power System 650
9. Electric drive, Chinese mix 712

10. Electric drive, German mix 410

Table 3. Emissions for energy production for different shares of RES in polish National Power
System [13].

No Renewable Energy National Power Emissivity
) Source Share (%) System Share (%) (gCO2/kWh)
1. 0 100 650
2. 10 90 585
3. 30 70 455
4. 50 50 325
5. 70 30 195
6. 90 10 65
7. 100 0 0
8. Electric drive, Chinese mix 712
9. Electric drive, German mix 410
10. Diesel 291
11. Petrol 316

3.2.2. Environmental and Cost Effects of Different Electric Transport Means

In order to assess and compare selected electric transport means, different types of
vehicles were chosen and their basic technical data are given in Table 4.
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Table 4. Examples of electric vehicles with their specification [51-57].

Tram Trolley Bus Electric Bus Electric Car
Specification Unit Pei;OSl‘Gr;ng Solaris Trollino 18 Sollgrllisl:itrzlno Volkswagen e-Golf
Length 19,350 18,000 12,000 4270
Width mm 2350 2550 2500 1799
Height 3400 3450 3250 1482
Motor - asynchronous asynchronous asynchronous synchronous with
permanent magnets
Piax kW 4 x 105 250 160 100
Urmax km/h 70 65 50 150
Range km - - 150 300
Max number of passengers persons 122 (44 seats) 83 (40 seats) 99 (39 seats) 5
Average number of passengers person 80 60 60 2
Supply ) overhead line 0.6 overhead line 0.6 Li-Ion 210 kWh Li-Ion 35.8 kWh
kV DC kV DC batteries batteries
Zonel | kWh/km 4.10 1451 1.35 0.127

! Energy consumption refers

to vehicles running in the network, without considering battery charging and energy recuperation [51].

The assessment includes:

e  The comparison of the CO,, SO,, NOy, CO and dust emission related to production of
electric energy that is needed for each transport mode to cover a distance of 1 km;
e  The comparison of CO; emission amount during production of electric energy neces-

sary for travel by each transport mode per one passenger;
The calculation of cost of travelling 100 km per 1 passenger for each type of vehicle;
The comparative life cycle assessment of selected electric transport means.

The Emissions Related to Production of Electric Energy That Is Needed for Each Transport
Mode to Cover a Distance of 1 km

The emission of CO,, SO,, NOx, CO and dust related to production of electric energy
that is needed to supply the selected electric means of transport (Equations (3)-(7)) was
calculated based on the data about vehicle energy consumption per kilometre (Z,, .,
Table 4) and values of emissions of mentioned substances during energy production for
Polish energy mix in 2016. Based on the report [58] the emission for produced energy
unit was for CO,—781 kg/MWh, SO2—0.818 kg/MWh, NOx—0.824 kg/MWh, CO—
0.252 kg/MWh and dust—0.053 kg/MWh.

Carbon Dioxide Emission Amount during Production of Electric Energy Necessary for
Travel by Each Transport Mode Per One Passenger

The carbon dioxide emissions per one passenger per distance of 1 km travelled was
calculated based on the emissions of CO; obtained from calculation in point 3.2.3 and
number of passengers travelling in the vehicle. For calculations the average number of
passengers travelling by each transport means was used, it is: tram—80 passengers, trolley
bus and electric bus—60, and electric car—2 (see Table 4).

Calculation of Cost of Travelling 100 km per 1 Passenger for Each Type of Vehicle

Operation costs, as significantly important in transport, depend on many factors
which can be divided into [17]:

e Internal—type of a motor, travel style and dynamics, road conditions, car filling degree
and car technical condition;
e  External—fuel prices (for electric cars—prices of electric energy), prices of parts, toll

fees, level of remuneration in transport companies, etc.

Based on electric energy consumption (Table 4), costs of travelling 100 km by each
vehicle were estimated for one passenger. The data for costs in the Polish currency PLN
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25,000
23,000
21,000
19,000
17,000
15,000

P [MW]

SEE load Icase :---- IIcase - - =IIlcase

were used for calculations, which were then converted into EUR, assuming the average
EUR exchange rate of PLN 4.5877 (according to the data presented by the National Bank
of Poland for the date 20 July 2021). It was assumed that the overhead line and electric
bus charging stations are settled as per B21 tariff in which the price of electric energy is
approximately EUR 0.09 (PLN 0.40/kWh). For electric cars, three supply options were
considered in the analysis: using a single-phase socket at home—settlement as per G11 tariff
(the energy price of EUR 0.12 (PLN 0.55/kWh) was taken), AC charging up to 22 kW from
the charging station—the price of 1 kWh is EUR 0.26 (PLN 1.19) for this case [59], and quick
DC charging—EUR 0.41 (PLN 1.89/kWh) [59].

The Comparative Life Cycle Assessment of Selected Electric Transport Means

The functional unit in this study is one passenger car with a service life of 100,000 km.
The system boundary covers selected stages of the vehicle’s life cycle, combustion and
operation [60]. The incineration stage includes the extraction, refining, transportation
and distribution of fuels [61]. The geographical border of analysis was Poland. In order
to determine the impact on the environment, the Life Cycle Assessment technique was
adopted. SimaPro 8 software version 8.4. (PRé Sustainability, Amersfoort the Netherlands)
was used to carry out the environmental analysis. The results of environmental impacts
were determined for selected assessment methods: CML 2 and IPCC 2013 GWP 100. The
Life Cycle Inventory (LCI) is a list of input/output data taken from the Ecoinvent databases.

4. Results and Discussion
4.1. Simulation of the Impact of Electric Vehicles on the Polish Power Grid
Figure 1 shows results for simulated Polish power system load profile variants with

1 million used and supplied electric vehicles. Table 5 presents results of indices for four
variants in question.

IV case

Figure 1. Comparison of the actual system load curve with simulated load variants of the system by charging stations.

Table 5. Exemplary daily load variability indices for various variants regarding the distribution of
electric vehicle charging within 24 h.

Variant Mg, Mamin
Power system load 0.891 0.703
1st variant 0.851 0.736
2nd variant 0.834 0.618
3rd variant 0.917 0.817

4th variant 0.898 0.719

The average daily load degree, 1145, and the energy consumption variability index,
Mgmin, indicate a power system load curve fitting degree—the closer the value to the
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unity, the more even the course of the curve [45]. From a power point of view, the most
advantageous variant is a completely fitted load profile, since both energy losses and
maximum load power losses are the lowest. However, such a solution is impossible to
achieve. On the basis of results obtained, one can see that movement of the charging process
to the night low period (3rd variant) brings the highest values of determined indices, thus
the course of the curve will be the closest to the average load profile. In the second variant,
it would be advisable to provide charging stations with individual power supply from,
e.g., renewable energy sources to relieve the power system which has been suggested by
Fathabadi et al. in [11]. It has been proven that supplying electric vehicle charging station
with power from a hybrid system will allow for relieving the power grid [11].

The assumptions accepted in this study allow us to determine the period of electric
car charging which is most advantageous for the power grid. Thus, all electric cars should
be charged at night, which is rather difficult to do, due to the needs of electric cars users
such as accessibility of charging stations and travel range of the cars. Similar conclusions
are presented by Jain et al. in work [62], where they indicate that regulations of electric
car charging should take into account such factors as: travelled distance, frequency of the
vehicle charging and charging parameters.

Both development of electric vehicle charging infrastructure and storage of braking
energy in containers, while considering the SmartGrid idea, fit in very well with the
Vehicle to Grid (V2G) solution. The V2G interface, a telemetry and telecommunications
engineering solution with a bidirectional energy flow: vehicles are charged in a so-called
night low period of the power system load; in peak load periods, electric vehicles constitute
a source of energy for the system. Vacheva et al. [63] indicate that electric cars have a large
potential in V2G system to decrease load peak of the power grid. The research conducted by
Tacobucci et al. [64] in Japanese price conditions shows that V2G solution is too expensive
due to high prices of energy and batteries.

4.2. Emission during Operation of Electric Car for Different Electricity Mix

Table 6 presents the results of emissions of CO, per one kWh consumed by electric
vehicle and per one kilometre for scenario where the supply comes from the renewable
energy sources with different shares of energy from biogas and wind power plant. As can
be seen from Table 6, supplying the electric car with the energy produced form RES gives
the smaller values of CO, emissions connected with electric car operation. The emissions
for different shares of energy from biogas and wind power plant suggests that the type of
RES installation used for energy production have an influence on the CO, emissions. When
the energy for supplying electric car will in 100% come from the wind power plant the
emissions factors per kWh and per kilometre will be the lowest from considered scenarios
(4.7 gCO,/kWh, 0.9 gCO, /km, respectively), while for supply of 100% by biogas plant will
be the highest (27 gCO, /kWh, 5.4 gCO, /km, respectively).

Table 6. Emissions of CO, for Nissan Leaf per kWh consumed and distance of one kilometre travelled
supplied by RES.

No Biogas Plant Wind Power Emission Emission
) Share (%) Plant Share (%) (gCO2/kWh) (gCO,/km)

1. 0 100 4.7 0.9

2. 10 90 6.9 1.4

3. 30 70 114 2.3

4. 50 50 15.9 3.2

5. 70 30 20.3 4.1

6. 90 10 24.8 5.0

7. 100 0 27.0 5.4

8. Electric drive, Polish mix of the National 650 130

Power System

9. Electric drive, Chinese mix 712 142
10. Electric drive, German mix 410 82
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In case of co-supply by renewable energy sources and the National Power System, an
equivalent of CO, per road and energy emitted by vehicles powered by conventional fuels,
i.e., diesel oil and petrol, was presented (Table 7).

Table 7. Type of a vehicle drive and effects of the CO; emission in the environment per road and
energy consumed.

No Renewable Energy National Power Emissivity Emissivity
) Source Share (%) System Share (%) (gCO2/kWh) (gCO2/km)
1. 0 100 650 130
2. 10 90 585 117
3. 30 70 455 91
4. 50 50 325 65
5. 70 30 195 39
6. 90 10 65 13
7. 100 0 0 0
8. Electric drive, Chinese mix 712 142
9. Electric drive, German mix 410 82
10. Diesel 291 118
11. Petrol 316 122

On the basis of the analysis of data presented in Table 7, one can draw a conclusion
that when an electric vehicle is supplied by the power mix in which less than 50% constitute
energy form National Power System and rest from RES, the CO; emissivity of electric
vehicles is lower than for Diesel and petrol engine cars. Diesel-engine cars are characterised
by a bit lower CO; emissivity per road and energy unit than petrol-fuelled cars. With an
increase of the share of renewable energy sources supplying electric drive vehicles, their
CO, emissions drop proportionally. For disabled supply from renewable energy sources, it
is assumed that electric vehicles have a zero emissivity, whereas driving an electric vehicle
in China causes a higher CO; emissivity than in Poland and Germany. Similar statements
were provided by Brockdorff at al. [65] on the basis of analysis of conditions in Malta. For
comparison, Plotz et al. [66] indicate that the hybrid Chevrolet Volt, powered by energy
from renewable sources, emits only 37 g CO, /km, which is lower than powering an electric
vehicle from electrical grid with 70% share of RES energy (Table 7). In another work Plotz
et al. [67] indicates that each extension of electric vehicle range by 1 km enables to decrease
global emission of CO, by 2-3%. Chen et al. [68], have made quite different observations
regarding CO, emissivity; they indicate that for the vehicles tested during movement or
acceleration, CO, emissions in their life cycle is higher for hybrid cars than for adequate
vehicles powered by petrol.

Despite high emissivity connected with operation of electric vehicles Chinese mix,
Liu et al. [69] show that long term effects of an increase in the number of electric vehicles
involve a drop in CO; emissivity and energy consumption in China as compared to the
scenario without electric vehicles. Zhang et al. [70] indicate that the share and use of
electric vehicles by the Chinese largely depends on the prices of electrical energy, capacity
of batteries and the conditions of charging, as well as local incomes. Like Liu et al. [69],
Teixeira et al. [71] have found out that replacement of combustion vehicles with electric
ones in Brazil will cause reduction in carbon dioxide emission even with high emissivity
from production of electrical energy to power them. Analysis performed by Trost et al. [72]
shows that also in Germany introduction of electrical transport will contribute to reduction
in CO, emissivity in a long term perspective.

Hence, it needs to be noted that the results presented in Tables 6 and 7, show con-
sumption of fuels only at the stage of their operation, without considering the whole
life cycle (production, operation and post life utilization). Analyses carried out for the
whole life cycle of vehicles powered by electrical energy indicate that they are character-
ized by lower carbon dioxide emissivity throughout their life cycle than petrol powered
vehicles [15,73-76].
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4.3. Comparative Assessment of Environmental and Cost Effects of Different Electric Transport Means
4.3.1. Emissions Related to Production of Electric Energy That Is Needed for Each
Transport Mode to Cover a Distance of 1 km

Table 8 presents results of calculations of the amount of pollutants emitted to the
environment due to generation of such amount of electric energy in power plants that is
needed for each of the sample vehicles to cover a distance of 1 km.

Table 8. The amount of emitted compounds during production of electric energy that are needed for
each transport mode to cover a distance of 1 km.

Emission Type Unit Tram Trolley Bus Electric Bus Electric Car
CO, 3202 1132 1054 99.2
SO, 3.354 1.186 1.104 0.104
NOx g/km 3.378 1.195 1.112 0.105
Cco 1.033 0.365 0.340 0.0320
Dust 0.217 0.0769 0.07156 0.00673

Results given in Table 8 show that trams, the most energy consuming of all analysed
transport modes (of the highest motor power), emit the greatest amounts of CO;, SO,,
NOy, CO and dusts in an indirect way. The analysis of environmental and technical data
does not provide a precise view of the situation and assessment of transport effects. Only
when we look at social aspects, we can see a better image: trams, buses, trolley buses can
carry much more passengers than passenger cars.

4.3.2. COy Emission Amount during Production of Electric Energy Necessary for Travel by
Each Transport Mode per One Passenger

By referring the amount of pollutants per one passenger (Figure 2) to the number of
passengers: tram—380, trolley bus and electric bus—60 and electric car—?2, it turns out that
an electric car is the most ‘emissive’ transport mode.

Tram Trolley Electric bus Electric car

Figure 2. The amount of CO; emission during production of electric energy necessary for travel by each transport mode per

one passenger.

4.3.3. The Cost of Travelling 100 km per One Passenger for Different Transport Modes

Table 9 shows the cost of travelling 100 km per 1 passenger for each vehicle (and the
passenger car battery charging method).
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Table 9. The cost of traveling 100 km per 1 passenger.

Electric Car Tram Trolley Bus Electric Bus
Supply Option
EUR PLN EUR PLN EUR PLN EUR PLN
single-phase socket at home 0.76 3.49
AC charging up to 22 kW from the charging station 1.65 7.56 0.44 2.03 0.21 0.96 0.19 0.89
quick DC charging 2.62 12.00

As for the ecological assessment, electric buses and trolley buses proved to be the
cheapest transport mode. The unit cost of electric car battery charging with so-called quick
charging stations is more than three times higher than that of charging an electric car with
a home system.

Comparing the cost of travel by diesel passenger car (for 100 km in the conditions of
Polish roads per 1 passenger with an assumption of mean fuel consumption 5 L/100 km
and price for one litre of ON EUR 1.11 (5.1 PLN) [77]) being EUR 1.11 for 100 km per one
passenger, it can be said that it is higher than the same cost for an electric car powered
from a single-phase socket at home, and lower than charged at the charging station or
fast charging station. In Poland electric cars are too expensive, not only in terms of price
but also operation and maintenance. Similar conclusion applies to China where electric
vehicles are also burdened with too high costs to be used by an average user [70].

4.3.4. The Comparative Life Cycle Assessment of Selected Electric Transport Means

Table 10 shows the cumulative emission levels of 11 impact categories: abiotic de-
pletion, acidification, eutrophication, global warming (GWP100), ozone layer depletion
(ODP), human toxicity, fresh water aquatic ecotoxicity, marine aquatic ecotoxicity, terres-
trial ecotoxicity, photochemical oxidation of selected transport vehicles by road: transport
by trolleybus, transport by tram, electric bus and electric car.

Table 10. The results of characterizing the environmental impacts of electric cars.

Impact Category Unit Total T;:gﬁi;;tul;y ]E;r}l?rl:r): Electric Bus  Electric Car
Abiotic depletion kg Sb eq 0.003753 0.000718 0.000617 0.00076 0.001658
Acidification kg SO, eq 0.003149 0.000532 0.000491 0.000695 0.001432
Eutrophication kg PO4™ eq 0.001221 0.000194 0.000182 0.000164 0.000681
Global warming (GWP100) kg CO; eq 0.532437 0.099664 0.091444 0.107562 0.233767

Ozone layer depletion (ODP) kg CFC-11eq 513 x107%  748x107° 565x107° 206x10°% 1.75x 1078
Human toxicity kg 1,4-DB eq 0.472225 0.042094 0.051008 0.025308 0.353815
Fresh water aquatic ecotoxicity kg 1,4-DB eq 0.264432 0.031751 0.031476 0.007346 0.19386
Marine aquatic ecotoxicity kg 1,4-DB eq 480.6409 62.5702 61.78502 15.91686 340.3688
Terrestrial ecotoxicity kg 1,4-DB eq 0.00245 0.000301 0.000307 0.000133 0.00171
Photochemical oxidation kg C,Hy eq 0.000384 223x 107  2.08x107®> 25x1075 0.000316

When starting the analysis under impact categories, particular attention was paid to
assessing which of the ten considered categories may be the source of the greatest number
of negative or positive environmental consequences in the life cycle and transport processes
of selected road transport vehicles [78,79].

It was noticed that the highest level of potential harmful effects on the environment,
in the case of all tested objects, is characterized by one category: marine aquatic ecotoxicity
340.3688 kg 1.4-DB eq for electric car, 62.5702 kg 1.4-DB eq for transport by trolleybus,
61.78502 kg 1,4-DB eq for transport by tram and 15.91686 kg 1,4-DB eq for electric bus.
The results of the remaining impact categories from the life cycle assessment point of
view show a very low level of significance, hence no further assessment was carried out.
Figure 3 presents the same data as the sum of all impact categories for various forms of
transport: transport by trolleybus, transport by tram, electric bus and electric car. The
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greatest negative environmental impact was distinguished by transport by electric car. On
the other hand, the smallest negative environmental damage emits from an electric bus.

1. Photochemical oxidation

e g e b

2. Terrestrial ecotoxicity

3. Marine aquatic ecotoxicity

4. Fresh water aquatic ecotox.
5. Human toxicity

6. Ozone layer depletion (ODF)
7. Global warming (GWTP100)
8. Eutrophication

9. Acidification

10. Abiotic depletion

B Transport by trolleybus Transport by tram Electric bus Electric car
Figure 3. The results of characterizing the environmental impacts of electric cars.

Based on the emissivity of the electricity mix in Poland, electric car emissions are equal
to 0.222771 kg CO; ¢q/km (Table 11). Large rail vehicles had approximately 61% lower
levels of potential CO; ¢q/km emissions compared to passenger vehicles. Bus or trolleybus
vehicles with extended range also have lower GHG than passenger cars, which allows
to reduce CO; ¢q/km emissions from up to 53 and 58%. The key factors affecting GHG
emissions are energy consumption and GHG emissions per unit of electricity required.

Table 11. The results of the analysis of the IPCC Global Warming Potential.

Impact . Transport by Transport Electric Electric
Category Unit Total Trolleybus by Tram Bus Car
IPCCGWP  kgCOzeq  0.510858 0.094824 0.087545 0.105718 0.222771

5. Conclusions

Certainly, electric transport will develop rapidly over the next years. Determination
of reasonable development directions requires objective indices of assessment of different
transport solutions. The purpose of the article relating to objectivization of assessment
of electric vehicles as per ecological, economic and power criteria has been achieved.
Performance indicators of vehicles used in public transport, it is cars, buses, trolleys and
trams were analysed as per: energy demand of the National Power System and daily load
variability, vehicle use contexts, energy demand and consumption in different vehicles at
1 km of transport per person, amount of emitted harmful compounds during production
of electric energy per 1 km, financial outlays for energy necessary to drive 1 km per
1 passenger. The influence of selected electric transport means on the environment was
compared for 11 impact categories.

The cost analysis showed that the electric buses have the lowest cost of traveling
100 km per 1 passenger equal to EUR 0.19 compared to electric cars (ranging from
EUR 0.76 to EUR 2.62 depending on the charging option), trams (EUR 0.44) and trol-
ley bus (EUR 0.21). For the electric the emissions of toxic compound during produc-
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tion of one of electric energy that is needed for each transport mode to cover a dis-
tance of 1 km was the lowest (CO, =99.2 g/km, SO, = 0.104 g/km, NOy = 0.105 g/km,
CO =0.0320 g/km, dust =0.00673 g/km), while the highest emissions were connected
with trams (CO, = 3202 g/km, SO, = 3.354 g/km, NOy = 3.378 g/km, CO =1.033 g/km,
dust = 0.217 g/km). However, when calculating the amount of CO, emission during pro-
duction of electric energy necessary for travel by each transport mode per one passenger
the lowest CO, emissions is connected with electric bus transport (17.573 g/per person)
and the highest for electric cars (49.594 g/per person).

Based on the LCA results it was found that the highest level of potential harmful
effects on the environment, in the case of all tested transport means, is characterized by
one category: marine aquatic ecotoxicity 340.3688 kg 1.4-DB eq for electric car, 62.5702 kg
1.4-DB eq for transport by trolleybus, 61.78502 kg 1,4-DB eq for transport by tram and
15.91686 kg 1,4-DB eq for electric bus. The greatest total negative environmental impact
was caused by transport by electric car and the smallest negative environmental damage by
an electric bus. For the electric cars the greenhouse gas emissions during life cycle were also
the highest (0.223 kg CO; ¢q—IPCC method). On the other hand, the lowest greenhouse
gas emissions are connected with tram transport (0.088 CO; q—IPCC method).

Assessment of tested electric transport modes for power, economic and ecological
efficiency is ambiguous and depends on many variables. Therefore, it is difficult to compare
public means of transport and electric cars. Electric cars provide better driving comfort
and shorter travel times, although not always as they can get stuck in a traffic jam. This is
where public transport, in particular trams, buses and trolley buses running in specially
designated lanes come to the forefront. Individually, electric cars are vehicles which
consume less electric energy; thus, unit costs of operation and emission of pollutants
are lower. It is obvious, however, that electric means of public transport are of a greater
carrying capacity which increases the efficiency of such vehicles.

Comparison of trams, trolley buses, buses and electric passenger cars indicates that
the most beneficial are electric buses, which do not need rails or overhead lines, thus initial
investment costs are lower. The following charging methods can be applied to electric
buses: plug-in, inductive charging, and charging with a pantograph. This brings positive
effects of charging buses both from a municipal network of overhead lines and using
standard charging stations.
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