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Abstract: Eliminating environmental and air pollution is one of the European Union’s priority actions
in the field of transport. Poland, as a member of the European Community, is also actively involved
in these activities. The flagship project, the implementation of which is expected to bring tangible
effects in this respect, is the “Sustainable Transport Development Strategy until 2030”. It states that
in 2030 there should be 600,000 BEVs (battery electric vehicles) on Polish roads. At present, the
share of such vehicles in the automotive market in Poland is small, which is a result of a number
of barriers. One of them, very important considering the preferences of Poles, is the cost of buying
such a car, which is currently at least 40% higher than its counterpart with a combustion engine.
Meanwhile, popularizers of electric cars believe that the cost of buying such a vehicle is offset by
the subsequent costs associated with its operation. Hence, this paper determines and then compares
the total purchase and operating costs of cars of the same make, same model, differing in the source
of propulsion, to category M1. Cars in this category represent the largest share of the automotive
market in Poland—over 75%. The main objective of the analysis conducted was to determine if a
current electric passenger vehicle can be competitive with an internal combustion car in everyday
use. Therefore, a relationship was developed to calculate the total cost of ownership, which takes
into account all the key criteria from the point of view of private vehicle use. The utilitarian value of
this research may be supported by the fact that the example of Poland and its problems concerning
the issue in question may serve as a source of preliminary analysis for other countries.

Keywords: electric car; sustainability; total cost of ownership; electromobility

1. Introduction

The idea of sustainable and balanced development is currently a valid postulate, a
way of human activity in all developed and developing countries of the world.

According to [1], sustainable and balanced development aims to permanently improve
the quality of life of present and future generations by properly shaping the proportions
between the different types of capital: economic, human, and natural. One of the basic
tenets of this concept is the principle: “think globally—act locally”.

The paradigm of sustainable development—equal treatment of the economic, social,
environmental, and cultural spheres—is the basis of the development strategy and current
economic policy of the European Union as well [2].

Currently, the aspect of eco-friendliness, i.e., the necessity to reduce the negative
impact on the environment, is the main factor leading to the development of techniques
and technologies and organizations in all fields of economy, including especially transport.

This is of great importance, since among the sectors of the economy, transport has the
greatest adverse impact on the environment, and within the transport sector itself, road
transport is the significant source responsible for greenhouse gas emissions.

According to the European Environment Agency, transport, together with the energy
and industrysectors, has for many years been the main source of greenhouse gas emissions
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in the European Union (Figure 1) and accounted for 25% of GHG emissions in 2018

(Figure 2).
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Figure 1. Greenhouse gas emission trends in the European Union from 1990 to 2018.
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Figure 2. Greenhouse gas emissions, by source sector in the EU, 2018 (percentage of total).

Its negative impact on the environment is mainly related to [3]:

Greenhouse gas emissions contributing to climate change;

Emission of air pollutants with negative impact on human health and natural envi-
ronment;

Occupation of valuable natural areas and cutting their continuity (fragmentation) with
newlybuilt technical infrastructure routes, contributing to the loss of biodiversity;
Emission of noise hazardous to human health.

NN

Hence, the 21st century brings many questions about the future of the automotive
industry. The last three decades have provided a rapid development in internal combustion
engine technology. This was a consequence of improved manufacturing techniques and
the introduction of electronics to the automotive industry. While manufacturers previously
focused on improving engine performance and efficiency, growing environmental aware-
ness and new regulatory requirements have resulted in a focus on technology to optimize
performance and economy. As a result, modern combustion units have an increasingly low
environmental impact and reduced noise emissions, while maintaining excellent engine
characteristics.

According to the European Automobile Manufacturers” Association, noise from pas-
senger cars has been reduced by 90% since 1970 [4]. Ninety-five percent of vehicle compo-
nents are recovered for use as spare parts, recyclable materials, or in energy production.
In addition, road transport has seen a greater reduction in emissions compared to other
modes of transport. One car in 1970 produced as much pollution as 100 cars do today. The
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emission limits for gaseous and particulate pollutants laid down in the European Euro 6
standard are many times lower than those previously in force. Today, particulate matter
filters can reduce particulate emissions from diesel vehicles by more than 99%. In 1995,
89% of new cars emitted more than 161 g/km of CO2, and only 3% of vehicles emitted
140 g/km or less. In 2008, already 42% of new cars emitted less than 140 g/km of CO, and
only 31% more than 161 g/km. Due to stringent regulations, the exhaust gas emitted by
new vehicles is already cleaner than the ambient air in some urban environments [4].

Figure 3 shows the average of CO, emissions generated by newly sold cars in the
European Union [5].
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year

Figure 3. Average CO, emissions [g/km] from new vehicle passenger cars in the European Union from 2007 to 2019.

However, on a sectoral basis, the impact remains significant, due in part to the ever-
increasing number of vehicles on the road [6] (Figure 4). The continuous growth in demand
for transport therefore requires further measures to limit its negative effects.
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Figure 4. Vehicles in use in the European Union.

As a result, car manufacturers are, among other things, looking for other sources
of propulsion than the internal combustion engine. It should not be forgotten that oil
resources—the raw material for the production of fuels used in cars—are limited, and most
deposits are present in politically unstable areas. Both of these factors carry the threat of
an automotive crisis. Vehicle manufacturers are aware that the one who comes up with
an alternative solution that is cheaper and no less reliable than the internal combustion
vehicle can become the leader of the automotive industry.

Currently, apart from the threats posed by the oil market, the ecological brand image
is also very important and has a direct impact on sales results. This is due to increasing
public awareness and effective lobbying by environmental organizations. Battery electric
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vehicles (BEVs) seem to be an alternative to internal combustion engines, especially when
electricity is obtained from renewable sources [7-10].

According to the transport policy currently being implemented by the European
Union, such cars are to be the most important means of transport in the future. According
to the most optimistic forecasts [11], in 2035 all new passenger cars sold at that time will be
fully electric (Figure 5). This is to be driven primarily by the fulfilment of specific objective
1 of the White Paper 2011, which aims to halve the number of conventionally fueled cars in
urban transport by 2030 and eliminate them from cities by 2050, and to achieve essentially
CO;,-free logistics in major urban centers by 2030 [12].
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Figure 5. BEV market development forecasts in the European Union through 2035.

More cautious assumptions were made by the European Automobile Manufacturers’
Association, which assumes that electric vehicles will account for 3-10% of new car sales in
2020-2025. However, the European Environment Agency, analyzingcurrent market data,
predicts that the market share of such vehicles in those years will be at the level of 2-8%.

Electrification of the transport sector is also one of the priorities of transport policy in
Poland—a member of the European Union.

To meet the high expectations towards the transport sector, the Ministry of Energy in
cooperation with the Ministry of Development presented the “Package for Clean Trans-
port”, a set of three documents that define the strategy for electromobility development in
Poland [13-16], namely:

—  The Electromobility Development Plan;
— Anational policy framework for alternative fuel infrastructure development;
— The Low-Emission Transport Fund.

Complementing the cited regulations is the project adopted in September 2019 entitled
“Sustainable Transport Development Strategy until 2030”, which indicates, in particular,
modern solutions facilitating the functioning of the entire transport sector and reducing its
negative impact on the environment and climate, so as to be able to create a sustainable
transport system of the country by 2030. The strategy anticipates that the number of
passenger cars will remain at 26-27 million units from 2022 onwards, but the structure will
change, i.e., the electric vehicle fleet will grow to reach over 600,000 units in 2030 [17].

At present, the share of BEVs on the automotive market in Poland is insignificant,
amounting to 0.03% (6556 units) in 2020 (Figure 6).

At present, the factors that particularly impede the development of the electric vehicle
market in Poland are the relatively poorly developed charging infrastructure available
widely for such vehicles, long battery charging time, and a large variety of connectors.

In addition, concerns of potential BEV users relate to the potential cost and location of
vehicle servicing. At present, there are no independent service points for electric cars as a
result of the lack of access to service procedures for this category of vehicles. This situation
may give rise to consumer concerns about increasing the price of BEV service.
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Figure 6. BEV market in Poland.

The development of electromobility is also affected by the limited number of electric
vehicle models that potential buyers have at their disposal, e.g., in 2020, consumers in
Poland had a choice of only forty-two BEV models [18], which, in addition, could often not
be seen at a car showroom and, once purchased, had to reckon with a longer waiting time
for collection. In addition, not all dealers sell such cars. For example, a Volkswagen with
an electric drive can be bought in Poland and then serviced only in 4 out of 85 dealerships
of this concern [19].

However, the most important factors impeding the development of zero-emission
transport remain the high purchase costs of electric cars compared with their combustion-
ignition counterparts [20-26]. The catalogue purchase price of a new electric car is about
80% higher than a similarly equipped model offered with an internal combustion engine
within each brand. This is some averaging because depending on the brands, the price
difference can range from about 40% to as much as 140%.

Table 1 compares the prices of BEVs with conventionally powered cars of similar
power and equipment.

Table 1. Price of selected new passenger cars with different engines in Poland [PLN].
Brand EV Model Price Model with ZS Price Model with ZI Price
1 2 3 4 5 6 7
Nissan Leaf 126,100 - - Juke 79,930
Renault Zoe 124,900 - - Clio 52,400
Volkswagen i-d3 136,890 New Golf 96,700 New Golf 80,890
Hyundai KONA Electric 155,900 - - KONA 79,900
Peugeot e-208 Active 124,900 Active 76,200 Active 62,700
Opel CORSA-E 132,490 CORSA 67,090 CORSA 61,490
BMW iX3 268,900 X3 188,200 X3 193,600

Meanwhile, the automotive market in Poland is dominated by internal combustion
vehicles (Figure 7) [27]), of which only 8% were at most 3 years old in 2019. Cars between
10 and 20 years old constituted at that time 43% of the total number of passenger cars,
and cars over 20 years old—38%, i.e., the total number of passenger cars over 10 years old
constituted 81% of the total number of passenger cars in Poland (Figure 8) [28].

The average age of a car on Polish roads is about 14 years [29]. In 2019, about twice as
many used passenger cars were bought in Poland as new ones, and this proportion has
remained the case since Poland joined the European Union, as the price of the vehicle and
the significant decrease in the initial value of new vehicles over time are the most important
factors for the buyer.
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Figure 8. Age structure of Poland’s car fleet in 2019.

According to companies selling used passenger cars, the average purchase price of
such a vehicle in Poland in 2019 was PLN 17,000 [30], the median price of a used car was
PLN 18,900 [31,32].

Meanwhile, analyzing the prices of electric cars on the secondary market, the average
price of an accident-free BEV in Poland, with no damage, is currently PLN 140,982, while
the median price is PLN 122,900. The cost of purchasing the BEVs most frequently bought
in Poland has been presented in Table 2.

Table 2. Aftermarket of electric cars in Poland [PLN].

Brand Model Year Price
1 2 3 4
Nissan Leaf 2012-2019 29,900-142,900
Renault Zoe 2015-2020 42,500-125,600
BMW i3 2013-2020 59,900-205,900
Skoda Citigo 2020-2021 89,900-264,490
Mazda MX-30 2020 129,900-144,444
Hyundai Kona 2020-2021 134,900-189,900
Kia Niro 2018-2020 135,300-169,900
Audi e-tron 2019-2020 264,900-390,000
Porsche Taycan 2020 599,999-739,900

However, enthusiasts of such vehicles believe that the high purchase price is offset
by the relatively small costs associated with operating a BEV. They argue that a simplistic
approach to cost-effectiveness, emphasizing purchase cost, may lead to the conclusion that
a more expensive electric vehicle a priori will not be worthwhile at this time. According to
them, this simplification is unjustified and may lead to wrong conclusions as it does not
take into account the numerous cost components other than purchasing. Therefore, they
propose a holistic approach, reflected in total cost of ownership (TCO), which takes into
account the actual, total costs associated with buying, commissioning, using, maintaining,
and selling assets. This was the approach chosen as the most reliable and appropriate
for the purposes of this research. As a result, one of the first comparisons in Poland was
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made of the economics of an electric passenger car relative to a conventional vehicle under
conditions of long-term, everyday use. In determining the TCO, the actual total purchase
cost, fuel cost, insurance, maintenance and repairs, taxes, and surcharges were considered
(Figure 9).
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Figure 9. TCO model for the vehicles analyzed.

The analysis made it possible to determine whether the electric passenger car can
currently compete with a combustion engine car in common use in Polish conditions.
Similar analyses have already been conducted by authors in other countries. However, the
results of individual calculations differ even when the analyses are carried out for vehicles
of the same type and, as a consequence, they arrive at divergent conclusions that favor
electric vehicles to various degrees [33]. Authors make different initial assumptions and
use different methods to calculate total vehicle operating costs. In addition, economic and
political conditions significantly affect the results of calculations; therefore, the results of
analyses with the same initial assumptions made for different countries may differ (the
presence and amount of subsidies, different electricity and fuel rates, different regulations
on allowances for electric vehicles, depreciation charges, and taxes).

In their analyses, authors usually compare the TCO of vehicles with different propul-
sion types from one market segment (mini, city, compact, or premium cars). For each
segment, the total cost of ownership curves for the multi-year analysis are different. For
example, for an analysis performed under Belgian conditions, vehicles were divided into
three classes: city cars, mid-range cars, and premium cars [34]. According to the results
of this analysis, electric city cars are not economically attractive without enabling battery
leasing, which only select manufacturers’ offers. In the remaining vehicle classes, the
differences in TCO are smaller, but again, the TCO of electric vehicles does not equal that
of conventionally powered vehicles after the assumed analysis period (7 years). Another
analysis, conducted for Swedish conditions, showed that the electric vehicle analyzed
could be cost-effective with appropriately chosen amounts of government subsidies [35].
By subsidizing the purchase of an electric car with 22% of the initial price, the TCO of an
electric car can be more than 5% lower than a conventional or hybrid car after just 3 years
of use.
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The authors of another publication [36] demonstrate that plug-in hybrid cars are
the most cost-effective type of vehicles in Germany because the variable costs related
to their operation are relatively low and the purchase price is not as high as for electric
cars. According to another study, the profitability of electric cars strongly depends on
the distance traveled per year. According to the authors, electric cars are a cost-effective
solution when considering urban vehicles that travel at least 41.6 km per day. Vehicles
from other segments of the market may be worthwhile for covering a greater daily distance
of 77.9 km [37].

2. Case Study

The confronted vehicles are models of one brand, differing in propulsion sources and
systems assigned to the same market segment (SUV), having the same or comparable total
power, the same type of body, type of drive (cars with a conventional engine—on four
wheels, with an electric motor—on the rear wheels), and automatic transmission.

The variants considered were:

Variant 1—a car with a spark-ignition engine (ZI);

Variant 2—a car with a compression ignition engine (SI);

Variant 3—a car with an electric motor (EV).

Table 3 contains technical parameters, costs related to, among others, purchase and
other indicators related to the vehicles considered.

Table 3. Technical parameters and purchase costs of the analyzed vehicles.

BMW

Parameters X3
Complete vehicle kerb weight [kg] 1810 1910 2725
Load capacity [kg] 665 655 540
Overall length [m] 4.71 4.71 4.73
Overall width [m] 2.14 2.14 1.89
Type of “fuel” Petrol Diesel Electric current
Average consumption of petrol [1]/diesel [1]/electricity [kWh] per 100 km travel 8.6 6.7 15.70
Maximum power output [kW] 135 140 210
Maximum torque [Nm] 300 350 400
Maximum speed [km /h] 215 213 180
Acceleration to 100 km/h [s] 8.3 7.9 6.8
Total range (mixed cycle) [km] 651 681 455
Vehicle purchase cost [PLN] * 193,600 203,900 268,900
Price per 11 petrol/1 1 diesel /1 kWh [PLN] * 5.46 541 0.73
Mileage [km/year] 15,000 15,000 15,000
Analysis time [years] 10 10 10

* Prices as at 12 May 2021.

2.1. Description of the Analysis Methodology Adopted

In determining the TCO, for the purposes of this study, an attempt was made to take
into account as many cost components as possible, which, irrespective of the type of vehicle
analyzed, were divided into:

—  One-off: purchase cost, purchase subsidy;
— Recurrent: costs of fuel, service, maintenance, etc.
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2.1.1. One-Off Costs

Taking advantage of the experience of other countries, where the catalyst for elec-
tromobility development proved to be financial support instruments for electric vehicle
buyers, on 26 June 2020 the National Fund for Environmental Protection and Water Man-
agement and the Ministry of Climate launched the only program for individual customers
to date, i.e.,”Green car—financing the purchase of an electric passenger car (M1)” under
which it was possible to apply for co-financing to purchase a fully electric, brand new
passenger car of M1 category. Purchased vehicles may not be used for commercial activities
within the meaning of EU competition law, including agricultural activities. Moreover,
they cannot be entered in the records of fixed assets used in business activities [38].

Individuals could apply for a subsidy of 15% of the purchase price of an electric car,
i.e., a maximum of PLN 18,750 for a maximum price of PLN 125,000.

In the conducted analysis, the purchase cost of the tested vehicles was determined
based on the data provided by the manufacturer. The purchase price of the electric car
analyzed is PLN 268,900 and it is too high to take into account the financial subsidy in force
in Poland.

2.1.2. Recurring Costs

Recurring costs are all costs that the vehicle owner incurs over the life of the vehicle.
Of these, operating costs related to the consumption of the energy carrier used to power
the vehicle have the greatest impact on the final TCO [39].

In order to make a comparative analysis of the vehicle operating costs, the energy
consumption and fuel consumption were averaged so that the value was the same for the
entire period of analysis, and the annual distance traveled by the vehicles was assumed
to be the same. The costs of filling up internal combustion engine vehicles and charg-
ing electric vehicles were determined for normal driving (15,000 km/year) in a mixed
cycle, according to fuel prices, charger network, and average energy prices for individual
consumers applicable in Poland in 2021.

Charging costs were calculated based on the car’s initial and final charging parameters
(current battery state of charge—20%, expected battery state of charge—80%), the operator’s
offered tariffs and its components (energy consumed, charging time, if any), while average
energy consumption was based on battery capacity data and the manufacturer’s declared
average range WLIP (Worldwide Harmonized Light-Duty Vehicles Test Procedure).

The cost of driving 100 km by an electric car was calculated by assuming that charging
is performed by the amount of energy according to the average energy consumption needed
to cover 100 km, based on the calculation elements of the selected tariff and the maximum
charging power characteristic for the tested vehicle.

Table 4 presents the costs related to fueling/charging of the surveyed vehicles at
public filling stations in Poland, while Figure 10 presents the cumulative costs related to
fueling/charging of the surveyed vehicles during the 10-year period under analysis.

For reasons of clarity, in the case of the charging costs determined for charging at
public charging points, we have limited ourselves to present the cumulative charging
costs determined for the minimum and maximum price per 1 kWh at public AC and DC
charging stations.

The insurance rate for a given vehicle is determined on the basis of many factors,
i.e., the value of the vehicle, the owner’s data (age, driver’s seniority, years of harmless
driving, place of residence), the engine power, the vehicle version, and its intended use.
The third-party liability premium is obligatory, but in order to ensure full insurance of the
vehicle against damage due to collision, natural elements, vehicle theft or its devastation,
as well as protection of life and health of the driver and passengers, it is necessary to pay
also the AC (Autocasco) and NNW (Personal Accident Consequence) premiums. All of
these components were included in the analysis.
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Table 4. Cost of driving 100 km for the analyzed vehicles [PLN].

FUELLING COST

Petrol 47.64
Diesel 34.58
CHARGING COST
Type of charging
Operator AC DC
Greenway 17.42-22.7 22.70-45.58
ORLEN 39.17 35.02-42.06
EV+ 14.08-41.80 28.16-35.20
PGE 18.03-18.13 32.32-34.68
REVENET 19.18 32.56
LOTOS 24 24
Innogy 26.22 -
GO+Eauto 20.24-35.20 28.16-35.20
TAURON 21.3 38.9
Charging at home 11.53 -
80,000 -

vehicle with electric motor -
minimum cost for 1 kWh AC
vehicle with electric motor -
60,000 + maximum cost for 1 kWh AC
vehicle with electric motor -
minimum cost for 1 kWh DC
vehicle with electric motor -
maximum cost for 1 kWh DC
vehicle with spark-ignition
20,000 - engine

vehicle with compression-
ignition engine

0 - T T T T 1 the charging at home

40,000 -

cumulative cost of
refuelling / charging [PLN]

year
Figure 10. Cumulative charging/refueling costs of the surveyed vehicles [PLN].

Currently, insurance premiums for electric vehicles are higher than their conventional
counterparts, primarily due to the higher initial value of the vehicle. In the analysis
performed, the actual amounts for the tested vehicles were assumed, according to the data
from their insurance policies.

Service costs depend on the type of car, the intended use and the annual distance
traveled. This covers all repairs and replacements of consumable items on the vehicle
(brake pads, tires, fluids, etc.) for the life of the vehicle.

Service costs are lower for electric cars due to the fact that electric vehicles have
fewer moving parts, e.g., engine oil and fuel filters are not changed (Table 5). Brake discs
and pads also wear much more slowly due to the ability of the electric machine to brake
significantly [34,35].

In the study, sample market rates for individual repairs were assumed and the ex-
pected frequency of their replacement was estimated based on manufacturer’s data and
service companies’ recommendations. Maintenance costs were then spread evenly across
all years of analysis.

The costs of the inspection were assumed in accordance with the binding rate, which
amounts to PLN 99 per year (including the registration fee). However, due to the fact that
newly purchased vehicles are subject to analysis, it has been taken into account that such
a vehicle has to undergo inspection only after 3 years of operation, then within 2 years
from the first technical inspection. After this period, further inspections are performed
annually [40].
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Table 5. Maintenance of an electric and internal combustion vehicle.

Electric Vehicle Internal Combustion Vehicle

Annual maintenance

Oil change No Yes
Oil filter replacement No Yes
Air filter replacement No Yes
Cabin filter replacement Yes Yes
General diagnostics Yes Yes

Operation maintenance

Timing gear replacement No Yes
Clutch replacement No Yes
Spark plug replacement/cleaning No Yes
Accessory belt replacement No Yes
Gasket replacement No Yes
. Yes (when its efficiency is
Traction battery replacement below 70%) No
Brake pad and disc replacement Yes (ca. every 80,000 km) Yes
Operating fluid change Yes Yes
Ad hoc maintenance
Turbocompressor failure No Yes
Head gasket failure No Yes
DPF replacement No Yes
Gearbox failure No Yes
Equipment failures Yes Yes

2.2. Scenarios Analyzed

The total cost of using an electric car was calculated for the following scenarios:
Scenario 1—The electric car is charged only at home from an electrical outlet (price per
1 kWh—PLN 0.73);

Scenario 2—Electric vehicle charging is carried out only at public AC charging stations
(calculations take into account the lowest price per 1 kWh (PLN 14.08));

Scenario 3—Electric vehicle charging is carried out only at public AC charging stations
(calculations take into account the maximum amount per 1 kWh (PLN 41.8));

Scenario 4—Electric vehicle charging is carried out only at public DC charging stations
(calculations take into account the lowest price per 1 kWh (PLN 22.7));

Scenario 5—Electric vehicle charging is carried out only at public DC charging stations
(calculation takes into account the maximum price per 1 kWh (PLN 45.58)).

2.3. Results of the Analysis

— Scenario 1 (charging an electric car only at home from an electrical outlet). For the
analyzed scenario, Figure 11 demonstrates the total cost of BEV ownership over
11 years, while Figure 12 compares it with the TCO for vehicles with an internal
combustion engine.
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Figure 11. Total cost of ownership over the life of the vehicle.

M the vehicle price M the energy / fuel cost m the insurance cost M the cost of service and repairs
Figure 12. Total cost of ownership.

—  Scenario 2 (charging of an electric car is carried out only at public AC charging stations
(the calculation takes into account the minimum amount per 1 kWh). For the analyzed
scenario, Figure 13 demonstrates the total cost of BEV ownership over 10 years, while
Figure 14 compares it with the TCO for vehicles with an internal combustion engine.

390,000
vehicle with electric
motor

340,000

vehicle with spark-

290,000 ignition engine

TCO [PLN]

vehicle with
compression-ignition
engine

240,000

190,000

year

Figure 13. Total cost of ownership over the life of the vehicle.
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M the vehicle price M the energy /fuel cost m the insurance cost M the cost of service and repairs

Figure 14. Total cost of ownership.

—  Scenario 3 (charging of an electric car is carried out only at public AC charging stations
(the calculation takes into account the maximum amount per 1 kWh). For the analyzed
scenario, Figure 15 demonstrates the total cost of BEV ownership over 10 years, while
Figure 16 compares it with the TCO for vehicles with an internal combustion engine.

390,000

vehicle with electric motor

340,000

290,000

vehicle with spark-ignition
engine

TCO [PLN]

240,000

vehicle with compression-
ignition engine

190,000

year

Figure 15. Total cost of ownership over the life of the vehicle.

o the vehicle price W the energy / fuel cost ~m the insurance cost M the cost of service and repairs
Figure 16. Total cost of ownership.

—  Scenario 4 (charging of an electric car is carried out only at public DC charging stations
(the calculation takes into account the minimum amount per 1 kWh). For the analyzed
scenario, Figure 17 demonstrates the total cost of BEV ownership over 10 years, while
Figure 18 compares it with the TCO for vehicles with an internal combustion engine.
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Figure 17. Total cost of ownership over the life of the vehicle.

M the vehicle price Mthe energy /fuel cost W the insurance cost M the cost of service and repairs

Figure 18. Total cost of ownership.

TCO [PLN]

Scenario 5 (charging of an electric car is carried out only at public DC charging stations
(the calculation takes into account the maximum amount per 1 kWh). For the analyzed
scenario, Figure 19 demonstrates the total cost of BEV ownership over 19 years, while
Figure 20 compares it with the TCO for vehicles with an internal combustion engine.
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Figure 19. Total cost of ownership over the life of the vehicle.
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M the vehicle price M the energy / fuel cost the insurance cost M the cost of service and repairs

Figure 20. Total cost of ownership.

3. Results

Analyzing the results obtained, it should be stated that irrespective of the charging
method used (home charging, AC or DC charging at public charging stations), for each
of the scenarios analyzed the total costs of car ownership TCO is always higher for an
electric vehicle (Table 6) than for its combustion-engine counterpart. The biggest difference
between the two is when BEV charging is done with DC chargers, while the smallest
difference is when electric car charging is done solely at home from an electrical outlet. The
lowest total costs of vehicle ownership for the period analyzed were determined for a car
with a spark-ignition engine (ZI).

Table 6. The difference between the total cost of ownership of an electric car and the TCO of an internal combustion vehicle [%].

BEV Charging Method Vehicle with SPark-Ignition Vehicle with Com?ression-lgnition
Engine Engine

At home from an electrical outlet 6% 3%

Public AC charging stations (calculations take into 79 4%

account the lowest amount per 1 kWh)

Public AC charging stations (calculations take into 16% 149%

account the highest amount per 1 kWh)

Public DC charging stations (calculations take into 10% 79

account the lowest amount per 1 kWh)

Public DC charging stations (calculations take into 179% 15%

account the highest amount per 1 kWh)

The biggest influence on the TCO of an electric car of all the components is the purchase
cost. In the analyses conducted, the acquisition cost of an electric vehicle represents about
70% of the total cost. Therefore, it is crucial to support the purchase of passenger electric
vehicles, irrespective of the amount of the purchase price of such a vehicle (at present,
natural persons could apply for a subsidy amounting to 15% of the purchase price of an
electric car, i.e., a maximum of PLN 18,750 at a maximum price of PLN 125,000). This is
important and it would bring the expected results, since the total operating costs in the
period under analysis, i.e., the costs of charging/refueling, insurance, and maintenance,
are lower for an electric vehicle than for a car with a conventional engine, irrespective of
the method used to charge the BEV. Figure 21 shows the total costs associated with the use
of the analyzed vehicles over 10 years. The total operating cost of the BEV was determined
for different ways of charging it.
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Figure 21. Total operating costs of the analyzed vehicles over 10 years [PLN].

If a subsidy of PLN 18,750 is applied to all BEVs, irrespective of their purchase price,
the total cost of ownership of a BMW x3 would equal that of its conventional counterpart,
i.e., a car with a compression-ignition engine (ZS), after at least 8 years. It is a condition that
BEV charging only takes place at home or at public AC charging stations for a minimum
rate per 1 kWh (Figure 22).

On the other hand, when the support for the purchase of all electric vehicles would
amount to 15% (in the case of the vehicle under analysis: PLN 40,335), this would result in
the total costs of operating a BMW x3 becoming equal to that of its conventional counterpart
much faster—in the case of a car with a diesel engine after 5 years, and with a petrol engine
after 7 years (Figure 23). In both cases, as above, charging must only be done at home or at
public AC charging stations.

vehicle with compression-

170,000 ignition engine

420,000 . | | | | . . . . . . the charging at home
i : : : : : : : : the charging AC (min cost for 1
oo KWh)
i ; : : : : . i the charging AC (max cost for 1
Z 320000 { i i i | : o KWh)
g i i | : : : : E E | the charging DC (min cost for 1
o P : A kWh)
8 270,000 E ’ i ; ; ; ; ; the charging DC (max cost for 1
: e I
220,000 i i i i i i i veh?cle with spark-ignition
| e engine
4 6 7 8 9

3

10
year

Figure 22. Total cost of ownership over the life of the vehicle. Support for purchase of an electric
car—PLN 18,750.
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the charging at home

420000 e e
i i i i i i i i i E : the charging AC (min cost for
e I 1kWh)
Z i ; ; ; ; i ; : ; the charging AC (max cost for
E 320000 ¢ i i i 4 i AT T 1kWh)
8 i ! i i : ' : i : i the charging DC (min cost for
S| | 2 L
: ' . f ' ' ' ' ! ! the charging DC (max cost for
L A 1kWh)
220,000 : : i E ; i : ; i : i vehicle with spark-ignition
i T T T S T S N S B engine
170,000 i 1 T i F T i F T i vehicle with compression-
o 1 2 3 4 5 6 7 8 9 10 ignition engine

year

Figure 23. Total cost of ownership over the life of the vehicle. Support for the purchase of an electric
car—15%.

4. Conclusions

The future of the automotive market is linked to the use of electric motor technology.
Due to increasing restrictions on CO, emissions and the growing uncertainty of the oil
market, manufacturers are forced to look for alternative automotive solutions. An electric
motor seems to be the best solution.

At present, the market of electric passenger vehicles in Poland is poorly developed,
which is undoubtedly related to their purchase price. It is such that despite the lower costs
associated with their use compared to their internal combustion engine counterparts, the
total cost of ownership is higher than for conventional vehicles. Therefore, in order for
electric cars to be economically competitive with their combustion counterparts, appropri-
ate steps need to be taken to lower the TCO. Admittedly, there are already privileges that
reduce the costs associated with operating a BEV, but the reduction is insignificant.

Electric cars are exempt from fees in paid parking zones. Assuming daily parking in
the paid parking zone for 1 h, the annual saving will be about PLN 750. For those who are
forced to leave their vehicle in such a zone for the time of work (8 h), the annual saving
may amount to about PLN 6000.

According to the Act on Electromobility and Alternative Fuels, drivers of convention-
allypropelled vehicles are required to pay a fee, which may be up to PLN 2.50 per hour, to
be able to drive in the Clean Transport Zone. Assuming the maximum possible rate, it will
cost PLN 1260 per year for a combustion car to stay in this zone for an average of two hours
per day. With this assumption, using an electric car will also bring an additional financial
benefit. However, in Poland, so far the only city that has introduced a clean transport
zone was Krakow, and it was in force in the required form for only two months. It was
protested by inhabitants and entrepreneurs conducting business in its area, and as a result
it was replaced with a limited traffic zone, which made it practically meaningless. The
local authority has extended access to the zone for suppliers to 10 h a day, and will allow
access from 9 a.m. to 5 p.m. to any vehicle whose driver indicates that they are a customer
or contractor of any business operating in the zone.

Electric vehicles have the advantage of using bus lanes. This enables more efficient
mobility in conurbations with heavy traffic and can reduce the energy consumption of an
electric vehicle, thus reducing charging costs. Meanwhile, in Poland, electric car drivers
enjoy the privilege of driving on bus lanes, as long as they drive in the four largest cities,
namely Warsaw, Krakow, Wroclaw, and Lodz.

So, in order to encourage consumers to buy an electric car it seems reasonable to
introduce:

— Subsidies for their purchase regardless of their price;
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— Taxrelief, i.e., a significant reduction in the price of the vehicle already at the time of
purchase

So that their purchase price is leveled out, compensating to a degree approaching the
purchase price of a conventional car. This is very important considering the fact that after
8 years or 160,000 km it is recommended to replace the battery in an electric car, which
generates an additional cost of PLN 86,000 to 100,000.

Such subsidies for electric vehicles are being successfully implemented, among others,
in the countries of Central and Eastern Europe, where electromobility is also in its initial
phase of development. One example is Romania, where under the “Rabla Plus” program
(2017) subsidies for fully electric cars amount to approximately PLN 40,000. According
to data from the European Automobile Manufacturers” Association, in 2018 the country
recorded the largest (at over 220% y/y) increase in electric car registrations of all EU
member states, apart from Denmark.

Buyers of electric cars are supported financially in other countries of the community,
including those where the electromobility market is at a much higher level of development
than in Poland. For example, there are currently over 300,000 electrically powered cars on
the road in Germany, compared to 40 times less in Poland. Despite this fact, they decided
to increase subsidies for zero- and low-emission vehicles there in November 2019. In the
case of BEV models costing less than PLN 171,000, the support was increased to PLN
26,000, while for BEV models costing more than PLN 171,000 it was decided to increase the
subsidies to PLN 21,000.

In addition, electric cars in Germany registered before 31 December 2020 are exempt
from motor vehicle tax for 10 years.

A similarly expansive benefits package is available to EV buyers in France, which for
the first nine months of 2019 ranked third in terms of EV registrations in the European
Union. Since 2008, a bonus-malus system has been in force in France, under which the
purchase of vehicles with the highest emission levels is charged with additional fees ex-
ceeding PLN 43,000. On the other hand, buyers of electric cars can count on environmental
bonus at the level of about PLN 26,000, which, however, cannot exceed 27% of the value
of subsidized vehicle. Additionally, those who decide to scrap their old car with a petrol
or diesel engine and replace it with an EV are entitled to PLN 11,000. As a result, the
total amount of subsidies that buyers of electric vehicles can count on may be as high as
PLN 36,000. Taking into account the fees charged to combustion models, buying an EV in
France becomes even more profitable, which is reflected in the dynamic development of
the electromobility market there.
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