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Abstract: This work includes calculations of the cumulative CO2 emissions of two comparable cars—
the VW Golf VII—one with a combustion engine and the other with an electric motor. Calculation of
CO2 emissions was performed, taking into account the stages of production, utilization and use of
the above-mentioned vehicles. For the use phase, it was assumed that the total mileage of the car will
be 150,000 km over 10 years. For the electric vehicle, calculations were made assuming five different
sources of electricity (from coal only, from natural gas only, from PV and wind turbines, an average
mix of European power sources and an average mix of Polish power sources; W1–W5 designations,
respectively). For individual sources of electricity, cumulative CO2 emissions were taken into account,
that is, resulting both from the production of electricity and the use of the resources (for example,
technical service per 1 kWh of electricity produced). The obtained results of the analysis show that for
the adopted assumptions regarding operation, for variants W2–W5, the use of an electric car results
in lower cumulative CO2 emission than a the use of a combustion car. For a combustion car, the value
was 37,000 kg-CO2, and for an electric car, depending on the variant, the value was 43, 31, 16, 23 and
34 thousand kg-CO2 for variants W1 to W5, respectively. Based on the emissions results obtained
for individual stages of the use of selected vehicles, a comparative analysis of cumulative CO2

emissions was performed. The purpose of this analysis was to determine whether the replacement of
an existing combustion car (that has already been manufactured; therefore, this part of the analysis
does not include CO2 emissions in the production stage) with a new electric car, which has to be
manufactured, therefore associated with additional CO2 emissions, would reduce cumulative CO2

emissions. Considering three adopted average annual car mileages (3000, 7500 and 15,000 km) and
the previously described power options (W1–W5), we sought an answer as to whether the use of a
new electric car would be burdened with lower cumulative CO2 emissions. In this case we assumed
an analysis time of 15 years. For the worst variant from the point of view of CO2 emissions (W1,
electricity from coal power sources only), further use of a combustion car is associated with lower
cumulative CO2 emissions than the purchase of a new electric car over the entire analyzed period of
15 years. In turn, for the most advantageous variant (W3, electricity from PV or wind power sources)
with an annual mileage of 3000 km, the purchase of a new electric car results in higher cumulative
CO2 emissions throughout the analyzed period, whereas for an annual milage of 7500 or 15,000 km,
replacing the car with an electric car “pays back” in terms of cumulative CO2 emissions after 8.5 or
4 years, respectively.

Keywords: CO2 emission; electric car; low emission; combustion car; gasoline consumption comparison

1. Introduction

The greenhouse effect occurs naturally on Earth, resulting in an optimal temperature
for life, which would be much lower without it. However, since the industrial revolution,
the concentration of greenhouse gases in the atmosphere has increased sharply as a result
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of human activity. Global temperature has risen by approx. 1.2 ◦C since the industrial
period. Such growth disturbs the natural balance of the environment, which increases the
risk of dangerous and irreversible changes. Its impact affects all sectors of the economy and
people’s lives. In the last century, the concentration of CO2 has rapidly increased by more
than 30%. The increase in the average global temperature depends on the concentration
of carbon dioxide in the atmosphere; therefore, it is necessary to stop this phenomenon as
soon as possible [1].

Limiting CO2 emissions is a huge problem today. CO2 emissions are related to various
types of human activity [2,3]. One of these areas is transport, in particular, land transport [4].
The growing number of vehicles each year causes increasing emissions of this gas into
the atmosphere. In the European Union, almost 72% of total CO2 emissions come from
the transport sector [5]. Numerous actions have been taken to change this by prohibiting
the sale of combustion cars or prohibiting their entry into city centers [6]. We can reduce
CO2 emissions from vehicles by increasing vehicle efficiency [7], implementing better
infrastructure for road networks, or using greener energy, such as biofuels [8]. In addition,
we can reduce carbon dioxide emissions by increasing the role of public transport.

The graph in Figure 1 shows that passenger cars account for the largest share of
emissions in the transport sector in Europe: 60.7%. Although they emit less carbon dioxide
than heavy trucks by, constituting such a large share of the total number of vehicles, they
are responsible for the largest amount of CO2 emissions from road transport.

Figure 1. Distribution of CO2 emissions in the transport sector and distribution of emissions in road
transport (own drawings based on [9,10]).

2. Literature Review

The passenger car industry is dominated by combustion cars with spark-ignition
engines. However, recently, the market has seen an increase in the number of vehicles using
alternative fuels of approx. 14% and an increase in the number of hybrid cars, although
they currently account for less than 0.5% of all vehicles. These numbers are still changing in
favour of electric cars, although there are relatively few of them in Poland, for example [11]
(Figure 2).
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Figure 2. Classification of passenger cars by fuel type (own drawings based on [11]).

Electrically powered vehicles are usually associated with the fact that they are less
harmful to the environment because the car itself does not emit CO2 into the atmosphere.
When driving such a vehicle, it does not burn fuel, but despite the strong emphasis on the
“electrification” of passenger cars, it is not fully proven that they are the best (i.e., the most
ecological) solution to the problem of transport among the currently available technical
solutions. We can compare, for example, work [12] in which the authors also analyzed an
internal combustion engine powered with hydrogen from renewable sources.

Carbon dioxide emissions depend on the source by which the vehicle’s batteries are
powered. If only electricity from renewable sources is considered, it can be assumed that
an electric car is environmentally cleaner during its operation than a vehicle with a spark-
ignition engine. However, taking into account the share of renewable energy sources in
Poland and CO2 emissions produced in the production of electric cars, the difference in
carbon dioxide emissions between these vehicles does not necessarily speak in favour of
electric cars [13]. However, the production process of traction batteries has the greatest
potential to reduce emissions of harmful greenhouse gases. Research shows that approx.
50% of the emissions of these gases are related to the energy consumption in the production
of cells themselves. The remainder is related to the materials used in the production of
the cell (approx. 20%), the shield (approx. 10–15%) and the remaining parts (15–20%) [14].
Differences in emissions of harmful gases are also caused by the place where the batteries
are produced; those produced in European factories result in much lower emissions than
those produced in China. Producers are starting to cut back on energy use or use renewable
energy for production; therefore, battery manufacturing could emit almost half the harmful
greenhouse gases in the coming years than it does today. Thus, electric cars have a great
advantage over combustion engine vehicles in terms of emission reduction potential in
production. However, the big problem with these cars is the development of batteries that
are no longer suitable for further work because the disposal of used batteries from electric
vehicles is very harmful to the environment and also results in high CO2 emissions [15–17].

The increasing number of electric vehicles and the recommendation of manufacturers
to replace batteries every 5 years results in a huge number of batteries that must be
disposed of after being withdrawn from use, which translates into additional carbon
dioxide emissions from these processes. Countries with a large number of electric cars
have begun to deal with this problem, reusing batteries that are operational but no longer
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suitable for powering vehicles. In Japan, Nissan uses these old batteries to illuminate cities,
mounting them in streetlamps powered by photovoltaic cells [18,19].

Many researchers have compared the CO2 emissions of electric and combustion cars
but only for a distance of 1 km, which does not make it possible to compare the total
cumulative emissions for the entire life cycle of vehicles [20,21]. Comparative analyses of
this type, e.g., for hybrid cars, show the importance of the problem and the multitude of
factors affecting the final emissivity of individual means of transport, as described in [22].

In turn, in [23,24], the authors described and compared the costs (in cash expenditure)
of owning and using an electric vs. a combustion car. However, the financial costs do not
give a true CO2 picture, as they can be ‘falsely’ inflated, for example, by required city center
tolls for combustion cars.

The specific conditions of individual countries should also be taken into account during
analysis. For example, in [25,26], the authors analyzed opportunities for the development
of the electromobility market in Poland; a more detailed analysis of barriers that may slow
down the development of such as market can be found in [27,28]. Due to the varying share
of renewable electricity sources in the overall balance of electricity produced in different
countries, the results of similar analyses may not always be uncritically transferred. This is
summarized in Table 1.

Table 1. Comparative analysis of existing papers.

Lp. Main Topic Discussed in the Publication Ref. No.

a. The impact of electric and internal combustion cars on
the environment. [12,13]

b. CO2 emissions from the production of batteries for electric cars. [14,18,19]

c.

Comparison of CO2 emissions after driving 1 km for electric and
combustion cars (without taking into account CO2 emissions at the

stage of production, inspection and disposal), among others, using the
LCA method.

[20–22]

d.
Assessment of costs (in line with the costs resulting from ecological

policy, e.g., related to fees for entering city centers) of using electric and
combustion cars.

[23–25]

e. Use of the LCA method to assess the impact of electric vehicles on
the environment. [15–17]

f.
Barriers affecting the development of electromobility (e.g., problems

with the efficiency of electric car batteries and the availability of
materials for the production of batteries).

[27,28]

g. LCA calculations for the life cycle of cars. [29–31]

To sum up, no studies have been conducted comparing the cumulative CO2 emissions
for the stages of production and use of an electric car with those of (only for the use stage)
of an already existing (i.e., CO2 emissions at the production stage have already taken place)
combustion car. There are no such comparisons about CO2 emissions in the production of
electricity needed to power an electric car and varying average annual mileage for both
compared cars, regardless of the adopted method of analysis, i.e., the usual method (points
c. and d. in Table 1) or with the use of LCA methods (point e. in Table 1) [29–31].

Since there is no such analysis, the aim of this work is to compare CO2 emissions related
to the production and use of a new electric car and the continued use of an old (operational)
combustion car, not taking into account CO2 emissions at the stage of construction of the
combustion car (because it is already built and emissions have already taken place). Such
analysis should be taken into account in the development of national policies regarding the
rules for the use and sale of cars.

The new contributions of this work are:

• Assessment of when, from the point of view of CO2 emissions, the replacement of an
internal combustion vehicle with an electric one is justified;
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• The assessment was carried out for five variants of electricity production and three
scenarios of car use based on average annual mileage.

3. Material and Methods
3.1. Purpose and Scope of the Analysis

With this analysis, we aimed to determine if and when the continued use of an existing
(functional and already produced) combustion car would result in a greater total CO2
emission than replacing the car with a new electric one (the production and use of which is
also burdened with total CO2 emissions). The analysis included five variants of electricity
production used to power an electric car with varying degrees of CO2 emissions, as well as
three different scenarios for the annual mileage of new electric and old combustion cars.
The performed analyses are the basis for assessing when (from the point of view of CO2
emissions) an old, operational combustion car should be replaced with a new electric car,
with the goal of reducing CO2 emissions.

The scope of this work covers the description of CO2 emissions in particular stages of
life of two similar selected cars (electric and internal combustion) based on source data.

In summary, the aim of the work is:

1. Determination of the cumulative CO2 emissions in the production, use and disposal
stages for two comparable cars:

• With a combustion engine;
• With electric drive; in this case, the analysis was performed for five variants of

electricity sources to charge the vehicle

The above-mentioned analysis was carried out assuming a total mileage of vehicles
during use of 150,000 km over 10 years.

2. Based on the results and analysis obtained in point 1, determination of when, from
the point of view of cumulative CO2 emissions, the replacement of an old (functional)
combustion vehicle with a new electric one is justified. The analysis was performed
for three scenarios, based on average annual mileage of 3000, 7500 and 15,000 km.

3.2. Data Selection and Analysis

The analysis was carried out on the same car model in two configurations: a typical
representative of the C segment—mid-range passenger cars, i.e., Volkswagen Golf VII
generation. The first configuration is a gasoline vehicle with a 1.4 TSI 140 KM/103 kW
engine. The second vehicle is an e-Golf equipped with a 100 kW electric motor and 35.8 kWh
battery capacity (based on publicly available data) [32].

The dataset needed to calculate the cumulative life cycle CO2 emissions of both
vehicles is comprised of 5 steps:

• Step 1 relates to the production of the vehicle, which includes the extraction of raw
materials, the fabrication of parts and components and their assembly;

• Step 2 includes the production of fuel for a gasoline engine car and generation of
electricity for an electric car;

• Step 3 concerns the use of the vehicle, including fuel consumption while driving;
• Step 4, relates to maintenance, which takes into account CO2 emissions in the produc-

tion of spare parts and their disposal;
• Step 5 deals with disposal after use, i.e., the disposal of the vehicle and the recycling

of the dismantled parts.

3.2.1. Vehicle Production

There are differences when calculating the CO2 emissions in the production stage for
a combustion vehicle and an electric vehicle. However, by selecting the same car model,
the vehicle parts, such as chassis, interior fittings, tires, etc., are identical in both cases. The
only differences are in the production of engines and drive systems.
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The amount of CO2 emissions during production was based on data available in the
literature. Taking into account the extraction of ore metal and materials, the production
of parts and components and their assembly for all vehicle components, excluding the
engine and drive system, the CO2 emission level for both cars was determined to be 4219
kg-CO2 [30,33]. For a combustion vehicle, emissions of carbon dioxide in the production of
the engine and drive system were 1274 kg-CO2, for a total amount of 5493 kg-CO2 [30].

According to [34], emissions amount to 1070 kg-CO2 for production of an electric
engine, plus 641 kg-CO2 for the drive system (see [35]). According to several literature
sources, the emission level for battery production [36,37] is very different. In [38,39], the
authors determined CO2 emissions from the extraction of materials to finite batteries and
described the emissions in the production of two types of lithium-ion batteries: NMC
(with a lithium–nickel–manganese–cobalt cathode) and LFP (with a lithium–phosphor–iron
cathode).

Large differences in the CO2 emissions of batteries reported in the literature have to
do with where they are produced, the type of cathode and the components used for their
production [40,41]. Consequently, based on the calculations in [30], the CO2 emission value
was assumed to be 177 kg-CO2/kWh. The total for the whole battery in an electric car is
35.8 × 177, for a total of 6336.6 kg-CO2.

The calculation results for the vehicle production stage are shown in Table 2.

Table 2. Cumulative carbon dioxide emissions in the production phase of both vehicles. Based on,
among others, [30].

Vehicle Type Part of the Vehicle Emission [kg-CO2]

Gasoline
Combustion engine 980

Drive system 294
Car frame with all elements except the

above-mentioned 4219

Electric

Electric motor 1070
Drive system 641

Battery 6337
Car frame with all elements except the

above-mentioned 4219

3.2.2. CO2 Emissions in Fuel Production and Electricity Generation

The fuel (gasoline) production process comprises multiple stage, including extraction,
transport, refining, etc. In each of these stages, carbon dioxide is released, which should be
included in the cumulative CO2 emissions of the vehicle. Emissions depend on the place of
extraction, the quality of crude oil and all production processes. In Europe, CO2 emissions
from gasoline production are 224 g-CO2/L [42,43].

The level of cumulative CO2 emissions related to the production of fuel during the
operation of the car depends on the average fuel consumption of the vehicle, the carbon
dioxide emission factor during fuel production and the number of kilometers traveled in
the life cycle of the tested car (Equation (1)):

Epp = ep · Sb · l
100

[g − CO2] (1)

where:
Epp—total CO2 emissions during fuel production, related to kilometers traveled over

the whole considered operation period of the vehicle (g-CO2);
ep—CO2 emissions from gasoline production (g-CO2/L);
Sb—average gasoline consumption by the vehicle (L/100 km);
l—number of kilometers traveled during the considered operation period of the

vehicle (km).
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According to the available data, the Volkswagen Golf VII 1.4 TSI 140 KM has an
average fuel consumption of 5.2 L/100 km, which is comparable with the fuel consumption
and CO2 emissions of other passenger cars [32,44]. However, tests carried out by the PSA
Group on the actual fuel consumption showed that the values given by the manufacturer
are, on average, underestimated by 2–3 L/100 km. This is mainly because manufacturers
carry out combustion tests under laboratory conditions, which are significantly different
from those on the road [45]. When calculating the actual CO2 emissions related to fuel
production, the above-mentioned average value (2.5 L) was used for the calculations, and
consequently, the actual combustion value, “Sb”, is equal to 7.7 L/100 km for driving in the
mixed mode.

CO2 Emissions from Electricity Production

To best illustrate the differences in carbon dioxide emissions, five variants of electricity
generation sources and their intensity of cumulative CO2 emissions were analyzed [46–48],
including about 10% of emissions related to transport, extraction, etc., of the fuel itself:

• W1—CO2 emission intensity during electricity generation from coal only:
1160 gCO2/kWh;

• W2—CO2 intensity during electricity generation from natural gas: 671 gCO2/kWh;
• W3—CO2 intensity during electricity generation from wind energy or PV panels

between 20 and 25 gCO2/kWh (assumed): 23 gCO2/kWh;
• W4—CO2 intensity during electricity generation for the average European mix:

353 gCO2/kWh;
• W5—CO2 emission intensity during electricity generation for the average Polish mix:

790 gCO2/kWh. Data were determined based on the electricity benchmark from
the National Center for Emissions Management in Poland and taking into account
transmission losses [48].

The energy consumption provided by the manufacturer of the Volkswagen e-Golf
electric car with an engine power of 100 kW is 12.7 kWh/100 km. However, the real con-
sumption of electricity, as provided by the Environmental Protection Agency, is, depending
on the car model, higher than the catalogue consumption by 15–35% [49]. The actual
consumption was assumed to be 25% higher.

The level of total CO2 emissions during the production of electricity needed to power
the vehicle depends on the electricity consumption of the vehicle, the emission factor and
the number of kilometers traveled in the life cycle of the tested car. The result is the amount
of CO2 that will be emitted during the generation of electricity needed to power the electric
vehicle during its entire (considered) life cycle (Equation (2)):

Epen = wn · Zel · l
100

[g − CO2] (2)

where:
Epen—total CO2 emissions of electricity generated to power the vehicle in the given

period (mileage) (g-CO2);
Zel—electric energy consumption by the vehicle (kWh/100 km);
wn—CO2 emission factor (gCO2/kWh) for variants 1–5;
l—number of kilometers traveled during the considered phase of vehicle opera-

tion (km).
The results of cumulative CO2 emissions from electricity production for the actual

electric energy consumption of the vehicle while driving (on average, 25% greater than those
given in the technical data of the vehicle), amounting to 15.88 kWh/100 km, taking into
account the indicators of CO2 emissions from electricity sources for individual production
variants and the number of kilometers traveled during the life of the vehicle at the level of
150,000 km.
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3.2.3. Fuel Combustion in the Use Phase

An electric vehicle has zero combustion in the use phase; all emissions related to its
operation are generated in the electricity generation stage. A gasoline-powered car, in
addition to emissions produced during the fuel production phase, generates emissions
during the use phase by burning fuel. The level of CO2 emissions in the operation phase of a
combustion vehicle depends on the average fuel consumption of the vehicle, carbon dioxide
emissions during the combustion of 1 L of fuel and the number of kilometers traveled in
the life cycle of the tested car. According to [50] and chemical calculation, carbon dioxide
emissions produced during the combustion of 1 L of gasoline total 2392 g-CO2/L. The
result is the amount of CO2 that will be emitted during the use phase of a combustion car
over its entire life cycle (Equation (3)):

Ej = es ·
Sb · l
100

[g − CO2] (3)

where:
Ej—total CO2 emissions in the considered vehicle operation phase (g-CO2);
es—CO2 emissions during fuel combustion (g-CO2/L);
Sb—average gasoline consumption by the vehicle (L/100 km);
l—number of kilometers traveled during the considered phase of vehicle opera-

tion (km).

3.2.4. Vehicle Maintenance

While the vehicle is in use, consumable items, such as motor oil, coolant and tires must
be replaced. Other consumables, due to their low impact on CO2 emissions and the fact
that they are present in both vehicles, were omitted in this study. In the operation phase
of internal combustion vehicles, it is necessary to take into account the replacement of the
lead-acid battery, the replacement frequency of which, unlike other spare parts during the
use of the car, does not depend on the number of kilometers traveled but on the years and
method of operation. The need to replace the lead-acid battery depends on many factors,
such as long stops or a large number of short routes. The Volkswagen service manual
states that the battery should be replaced every 5 years [18,51] and even more frequently
under conditions of short journeys with frequent start-ups (city driving). CO2 emissions
during battery production were assumed at the level of 19.5 kg-CO2 [30]. The results are
summarized in Table 3.

Table 3. Frequency of replacement of materials and consumable items during vehicle maintenance
and their cumulative emissions based on Volkswagen data [52].

Vehicle Type Part Replacement
Frequency

Emission
[kg-CO2/Element]

Quantity
[pcs or l]

Gasoline
Motor oil 15,000 km (or 1 year) 3.22 4
Battery 5 years 19.5 1

Electric/
gasoline

Tire 45,000 km 108 4
Coolant 5/2 years 7.03 7

3.2.5. Management after Use

In the final stage of a vehicle’s life, regardless of its type, it emits a relatively low
amount of CO2 compared to the previous stages. An electric car, however, has slightly
higher emissions at this stage due to the presence of batteries. In most LCA studies, the
release of CO2 in battery recycling is neglected due to difficult access and the small amount
of data on the process. No detailed analysis has been conducted in the available literature
on the cumulative CO2 emissions related to the disposal of electric batteries. Based on
the experience of the authors in [53], it was assumed at a level of 30% of the emissions
in the production stage. The largest share of carbon dioxide emissions in this stage is the



Energies 2022, 15, 2703 9 of 17

storage of disassembled parts, as well as their shredding and sorting. Dismantling has a
negligible contribution to CO2 emissions and is therefore usually neglected. Table 4 shows
the end-of-life processes and their carbon dioxide emissions [30,34,54].

Table 4. CO2 emissions for the utilization processes of vehicles.

Process Emission [kg-CO2]

Parts transportation 4
Shredding and sorting 24

Storage 38
Battery (electric car only) 1901

The parts disposed of at this stage include in the internal, external and body fittings.
By using the same car model, the CO2 emissions related to this stage were assumed to be
the same for both vehicles. At this stage, the model does not include emissions related to,
e.g., transport of scrap to the steelworks, assuming such emissions as part of the cumulative
emissions of new manufactured materials.

3.3. Calculation of Cumulative CO2 Emissions

Cumulative life cycle CO2 emission calculations for both vehicles were performed for
European conditions. This calculation covers the period from production to management
after use, with a use phase of 10 years and an assumed traveled distance of 150,000 km.
For the electric car, five variants of electricity production were considered. Calculations
of the cumulative CO2 emissions were determined as the sum of the values calculated
in Section 3.2.1.–3.2.5 for internal combustion and electric cars. The obtained results are
shown in Figure 3 and Table 5.

Figure 3. Emissions in kg-CO2 for the entire life cycle of the cars (150,000 km, 10 years).
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Table 5. List of emissions in kg-CO2 for the entire life cycle of the vehicle (150,000 km, 10 years).

Production Fuel/Energy
Production

Driving Maintenance Utilization TotalCar Body Engine Drive Battery

Gasoline
car 4219 980 294 19.5 2597.2 27,630 1518 64 37,322

Electric
car

W1 4219 1070 641 6337 27,630 - 1324 1965 43,186
W2 4219 1070 641 6337 15,980 - 1324 1965 31,536
W3 4219 1070 641 6337 550 - 1324 1965 16,106
W4 4219 1070 641 6337 8400 - 1324 1965 23,956
W5 4219 1070 641 6337 18,817 - 1324 1965 34,373

4. Results

As a result of using the same car model for both vehicles, there was not much difference
in carbon dioxide emissions in the production phase; differences are caused by the presence
of batteries in electric cars and the location of production. CO2 emissions related to an
electric vehicle depend on the energy sources used to power its batteries, which depend
on the place of use, with differing operational emissions. All variants were adopted
for a vehicle lifetime of 150,000 km; driving more kilometers in the case of an electric car
would involve the need to replace the battery, which would result in a significant increase in
cumulative CO2 emissions during the vehicle life cycle. The need to replace the battery after
this period has been described in [55,56], in which the authors determined the guaranteed
“life” of a battery in an eclectic Volkswagen to be 160,000 km.

It is worth noting that in the case of electric cars powered by electricity derived from
coal combustion, CO2 emissions in the analyzed period of operation are more than 10%
higher for the electric car.

It should also be emphasized that in the case of using all other sources for electricity
production, the electric car emits a lower amount of CO2 in the analyzed period: electricity
from gas, by 15%; from wind farms or PV installations, by as much as 56%; and for the
average European “basket”, by 35%. In the case of W5 (average CO2 emissions in the mix of
electricity production for Poland), the electric car emits 8% less CO2 over the entire period
of its intended use.

From the data shown in Table 5, it can also be seen that even in the above-described
case for electricity obtained only from coal (W1), the fact that the combustion car emits
less CO2 is influenced by CO2 emissions related to the construction of electric car batteries.
If this value were only 2300 kg-CO2 (instead of the adopted 6337), then an electric car
powered by the worst scenario—W1—would have comparable but still slightly lower CO2
emissions. It can be hoped that with the increasing production of batteries for electric cars,
the technological process (for the entire production stage, from the extraction of materials
to the final transport of the finished element) will become more ecological (efficient),
and consequently, the total CO2 emissions related to battery construction will decrease.
However, based on the comparison in [57], until now, nothing has changed with respect
to these factors. Based on the obtained results, it can be concluded that in the “car body”
production stage of the engine and drive, there are no differences in the level of CO2
emissions for the two analyzed car models. The biggest differences are in the production
of batteries: 6337 and 19.5 kg-CO2 in the case of electric and internal combustion cars,
respectively. Similarly, at the disposal stage, the disposal of an electric car requires more
than 1900 kg-CO2 higher emissions. This is mainly due to the high CO2 emissions associated
with the disposal of batteries. In turn, the annual maintenance of both vehicles produces
comparable CO2 emissions. However, the type of power source has the greatest impact on
the ecological use of an electric car in relation to a combustion engine. In the case of the W3
variant (electricity from PV or wind), the cumulative CO2 emissions for an electric car are
more than twice as low as those for a combustion vehicle.

Unfortunately, it is impossible to build an electricity supply system based on PV and
wind turbines alone [58–60]. As a result, national energy systems must include generation
capacities from technologies/sources with higher cumulative CO2 emissions (e.g., electricity
from gas turbines, W2), as they are needed to stabilize the system. Hence, the analysis
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should take into account a mix of sources of electricity production (even if individual
electric cars will be charged mainly from, e.g., PV panels), and the overall balance must
also include CO2 emissions from other sources of electricity generation, e.g., variant W4
(European mix) or W5 (Polish mix). In the end, this means that the electric car, under the
W4 variant, produces only about 14,000 kg-CO2, which is lower than amount produced by
a combustion car under the same scenario.

The question can be raised as to whether all running combustion cars should be
replaced with new electric car (ignoring the possibility of producing such a large number
of electric cars in such a short time), as they are greener and emit less CO2 overall. To verify
this, based on the obtained CO2 emission results for individual stages, further analyses can
be carried out (which were absent in the cited sources) regarding the ecological profitability
(related to CO2 emissions) of replacing existing and operational combustion cars with new
electric cars.

For the electric car, CO2 emissions at the production stage were taken into account,
according to data from Section 3.2.1 and Table 2. For the combustion car, CO2 emissions at
this stage were not taken into account because, according to our assumptions, the car is
already manufactured, so the CO2 emissions related to the production stage have already
been produced.

The cumulative CO2 emissions in individual years of operation were calculated ac-
cording to Equations (1) and (2) (Section 3.2.2) for the five variants (W1-W5) for an electric
car and a combustion car according to Equation (3) (Section 3.2.3). The CO2 emissions
related to inspections were also taken into account according to the data in Table 3.

On this basis, the total cumulative CO2 emissions for 15 consecutive years of operation
of the analyzed vehicles were calculated for three scenarios related to the average annual
mileage of the car and the five power variants (W1–W5). Based on the data from Table 5,
three simulations were carried out.

It was assumed that each of the cars will drive 15,000 km each year and be subjected to
periodic inspections and maintenance (oil change, tire change, etc.) based on the assump-
tions given in Section 3.2.4. As a consequence, the cumulative CO2 emissions related to the
use of the two cars—the old but efficient combustion car and the new electric car—for five
different sources of electricity were calculated according to the assumptions described in
Section 3.2. The results are shown in Figure 4.

Figure 4. Comparing the cumulative CO2 emissions for a gasoline car and an electric car in each year
of operation (15,000 km/year scenario).

It was assumed that each of the cars will drive 7500 km each year, with all other
parameters unchanged. The results are shown in Figure 5.
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Figure 5. Comparing the cumulative CO2 emissions for a gasoline car and an electric car in each year
of operation (7500 km/year scenario).

It was assumed that each of the cars will drive 3000 km a year, with all other parameters
unchanged. The results are shown in Figure 6.

Figure 6. Comparing the cumulative CO2 emissions for a gasoline car and an electric car in each year
of operation (3000 km/year scenario).

The average mileage for passenger cars in Poland is about 8000 km [61]; this corre-
sponds to the data adopted in the “B” scenario. The choice of the average mileage value for
individual scenarios was based on literature data. In [62], the average annual mileage of
private passenger cars was assumed to be 10,000, 15,000 and 20,000 km. In [63], the average
mileage of the car was given as 13,785 km, which corresponds to the adopted scenario of
15,000 km. In [64], the average mileage for various European countries was given, equal
to: for France, 7946 km; for the UK, 9946 km, which corresponds to the 7500 km scenario.
The 3000 km scenario corresponds to the minimum annual mileage generated for a second
family car based on [64,65]. The results are summarized in Table 6.



Energies 2022, 15, 2703 13 of 17

Table 6. Simulation results: after what time a gasoline car will produce higher kg-CO2 emissions
than an electric car, depending on the average annual mileage and electricity sources.

Scenario
15,000 km 7500 km 3000 kmVariant

W1 15> 15> 15>
W2 9 15> 15>
W3 4 8.5 15>
W4 5.5 12 15>
W5 9 15> 15>

5. Discussion

In the case of electricity generation “from coal”, in practice, the replacement of a
combustion car with an electric car will not improve global CO2 emissions in any of the
scenarios.

Even in the case of electricity production from wind and PV, in the case of low annual
mileage (scenario 3000 km), replacing a combustion car with an electric one will result
in greater total CO2 emissions than using the old combustion car throughout the entire
planned period/mileage. In the case of the Polish electricity production mix (case W5),
with higher annual mileage, the replacement of a combustion car with an electric one
(15,000 km/year scenario) will “pay back” after 9 years from the point of view of CO2
emissions. However, in the remaining scenarios (7500 km and 3000 km/year), it will not be
ecologically beneficial. In the case of the average European mix, replacing a combustion
car with an electric car will pay for itself in the 15,000 km/year scenario after 5.5 years
and in the 7500 km/year scenario after 12 years. In the low-mileage case (up to about
4000 km/year), the total CO2 emissions associated with replacing a combustion car with a
new electric one will be higher over the entire assumed simulation period.

These results should influence national policies regarding the replacement and use of
internal combustion cars. Top-down prohibition or obstruction of the use of combustion
cars (old but functional), e.g., by increased fees, taxes, additional fees for entering city
centers (or a complete ban on entry for combustion cars) may result in higher cumulative
CO2 emissions caused by the purchase of new electric cars by residents.

A similar result was not found in any of the quoted literature (Table 1) because in
the analysed literature, the authors focused on the impact of purchasing a new electric or
combustion car on total (cumulative) CO2 emissions.

The obtained results are completely different than those reported in [66], in which
the authors showed that replacing combustion cars with electric cars is always beneficial
from the point of view of CO2 emissions. This is true only if the emissions related to the
driving of the car itself are taken into account; however, if emissions are taken into account
(especially) at the stages of production and maintenance, unfortunately, the conclusions are
exactly the opposite.

The advantage of an electric car over a combustion car is its enormous potential in
the fight against global warming by reducing CO2 emissions related to the constantly
developing technologies during battery production and the pursuit of an increasing share
of renewable energy sources in electricity production. On the other hand, using old but still
functional combustion cars, depending on the average annual mileage, will not increase
global CO2 emissions at all. Of course, combustion cars emit CO2, e.g., in city centers,
and CO2 emissions from electric cars (in the W1, W2, W4 and W5 scenarios) are produced
outside city centers. Additionally, combustion cars emit not only CO2 but also other harmful
gases, e.g., NOx. It is true that in the case of obtaining electricity from the combustion
of fossil fuels or biomass (scenarios W1, W2, W4 and W5), harmful compounds are also
emitted (e.g., SO2, PM and others), but, again, outside of city centers.

6. Conclusions

Two main conclusions result from the conducted analyses:
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• When a passenger car needs to be replaced or purchased, from a CO2 emissions point
of view, it is always better to buy a new electric car. This will result in lower cumulative
CO2 emissions.

• However, in the case of an efficient combustion car, its replacement with an electric
car will result in greater cumulative CO2 emissions than the further use of the internal
combustion car, although this depends on the average annual mileage and the source
of electricity production, according to the data in Table 6.

A few detailed conclusions based on the calculations and simulations for the first part
are as follows:

• An internal combustion car produces cumulative CO2 emission for its entire life cycle
(production, operation, maintenance and disposal) equal to 37,000 kg-CO2.

• The obtained results of the analysis show that for the adopted operating assumptions,
in variants W2–W5, the use of an electric car produces lower cumulative CO2 emissions
than the use of a combustion car. For the electric car, the values of cumulative emissions
were obtained depending on 43,000, 31,000, 16,000, 23,000 and 34,000 kg-CO2 for
variants W1 to W5, respectively.

• In the case of electric cars, the production and disposal of batteries have a very large
impact on cumulative CO2 emissions. In this stage, producers of electric cars can
improve their processes so that electric cars are more environmentally friendly by
reducing CO2 emissions. Another factor that significantly affects the amount of CO2
emissions from electric cars is the type of electricity source (variants W1–W5).

• Consequently, the main conclusion from this part of the research for a compact “B”
class car is that when it is necessary to purchase a new car, an electric car will be
greener (from the point of view of CO2 emissions) for the W2–W4 variants.

Furthermore:

• In the case of an old (but still good) combustion car, the simulations (Table 6) show
that in many cases, the total CO2 emissions will be much lower with continued use of
the old but operational combustion car instead of buying a new electric one;

• For the worst variant from the point of view of CO2 emissions (W1, production
of electricity only from coal), further use of a combustion car will be associated
with lower cumulative CO2 emissions than the purchase of a new electric car over
the entire analyzed period of 15 years. In turn, for the most advantageous variant
(W3, production of electricity from PV or wind) with an annual mileage of 3000 km,
the purchase of a new electric car will result in higher cumulative CO2 emissions
throughout the analyzed period, whereas for 7500 and 15,000 km of annual mileage,
replacing the car with an electric one will “pay back” in terms of cumulative CO2
emissions after 8.5 and 4 years, respectively.

In summary, electric cars are not zero-emission, as some parts of society seem to be. To
reduce CO2 emissions in real terms, the habits of residents, especially in cities, should be
changed in practice around the world (not only in Europe) by promoting the idea of using
public transport, bicycles or other greener means of transport or the idea of a “15 min city”
(https://www.15minutecity.com/ (accessed on 18 October 2021) because this is the only
way to reduce real CO2 emissions.

Even a weighty argument that limiting the use of combustion cars, even if it does
not significantly reduce CO2 emissions, will contribute to the reduction in smog in cities
is difficult to defend in the light of data, e.g., from “Arly” [67] showing that in summer,
despite the comparable intensity of traffic in large cities of central Europe, air quality is
much better than in winter. However, with little information related to battery recycling and
CO2 emissions related to this process, it is currently difficult to say what the environmental
impact of the continuous production of new batteries will be.

Ultimately, the replacement of an electric car every five years with a new model,
from the point of view of cumulative CO2 emissions and based on our calculations and
simulations, will result in more CO2 emissions than the consistent use of an old combustion

https://www.15minutecity.com/
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car for the remainder of the vehicle life cycle. This shows that only a complete change in
“consumption” habits can help reduce CO2 emissions and fight global warming.
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