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Abstract: Electric mobility is considered a solution to reduce carbon emissions. We expanded
a lifecycle assessment with data on technical limitations and driving habits (based on real-world
data) in order to identify the environmentally optimal drivetrain for each individual driving be-
havior with current and projected technologies, focusing on CO, emissions. By combining all data,
an environmentally optimal European drivetrain mix is calculated, which is dominated by fuel-cell
electric vehicles (50% in 2020, 47% in 2030), followed by plug-in hybrid-electric vehicles (37%, 40%),
battery-electric vehicles (BEV) (5%, 12%), and Diesel vehicles (2%, 1%). Driving behavior defines
the most environmental drivetrain and the coexistence of different drivetrains is currently still nec-
essary. Such information is crucial to identify limitations and unmet technological needs for full
electrification. If range is not considered a limitation, the environmentally optimal drivetrain mix
is dominated by BEVs (71%, 75%), followed by fuel cell electric vehicles (25%, 19%) and plug-in
electric vehicles (4%, 6%). This confirms the potential environmental benefits of BEVs for current and
future transportation. Developments in battery energy density, charging, and sustainable production,
as well as a change in driving behavior, will be crucial to make BEVs the environmentally optimal
drivetrain choice.

Keywords: electric vehicle; life cycle assessment; environmental impact; sustainable transport;
electrification forecast; automotive fleet analysis

1. Introduction

The automotive industry is currently facing several profound changes. Electrifica-
tion in order to reduce greenhouse emissions, driven by government subsidies [1,2], is
a major one among them. The assumption that electric vehicles (EVs), i.e., all vehicles with
an electric drivetrain, produce less carbon dioxide (CO;) emissions than conventional
internal combustion engine vehicles (ICVs) has been questioned by some studies, due
to the different steps involved in a vehicle life cycle affecting its CO, emissions such as
production, energy supply, usage, and recycling [3-6]. Firstly, the extraction method of
raw materials needs to be considered. For EVs, the extraction of raw materials is par-
ticularly significant [7,8]. Secondly, as in any other energy intensive production process,
the efficiency of the processes used in the battery and vehicle production will have an im-
pact on the energy requirements and, therefore, on CO, emissions. Moreover, the emissions
during production will also depend on the energy mix being used. Thirdly, the energy
supply technology (i.e., petrol or diesel for ICVs, grid electricity for EVs, and hydrogen
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for fuel-cell EVs) employed during the vehicle’s usage affects the level of CO, emissions.
Especially for EVs, even though they are characterized by zero direct emissions at a local
level, the applied energy mix during energy supply for the vehicle’s usage is a decisive
factor for emissions, as these emissions will depend on the type of technology being used
for electricity generation (wind, solar, thermal, nuclear, etc.). On the other hand, ICVs will
have significant local direct emissions, since the main emission factor is local combustion
while driving, rather than energy supply (i.e., the emissions during petrol and diesel fuel
production). Fourthly, the high impact of vehicle recycling on the overall CO, contribution
of a vehicle over its whole life cycle is also to be considered.

Life cycle assessment (LCA) is a useful tool to evaluate the environmental impact of
a product or system over its whole life cycle, including direct and indirect pollution [4,6,9],
and has been standardized in the norm ISO 14040:2006 [10]. Its components are clustered
into the following categories: production, energy supply, usage, and end of life (EoL) [4,9].
The emissions during transport stages are considered in each corresponding category.
While this standardized method considers impacts on air, water and ground, the present
study is only addressing the analysis of CO, emissions.

From an LCA perspective, EVs pose a number of challenges. Regarding emissions
resulting from vehicle production with current technology, raising electrification involves
a clear-cut increase in contribution to global warming potential due to battery mass and tech-
nical complexity [6]. As previously mentioned, at the energy supply level, CO, emissions
resulting from EVs depend on their energy generation method, whether being generated
by renewables, lignite, gas, atoms, or others [11,12].

Findings from the main published LCAs in which advantages and disadvantages of
different types of drivetrains have been identified [3-6] are summarized and compared
in Figure 1. Such studies show diverse results regarding the drivetrain types and their
carbon footprints. Although studies identified battery electric vehicles (BEVs) as beneficial
in CO, emissions compared to ICVs [13,14], others show only a limited advantage for BEV
compared to Diesel ICVs (see Figure 1). Although, other investigations have suggested
the carbon footprint for BEVs to be actually inferior than Diesel ICVs [15]. Taking into
account such heterogeneous findings, the need for a holistic LCA becomes apparent.
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Figure 1. Comparison of existing LCA results (in kg CO, per km) of each drivetrain type [3-6]. Data
derived from graphics.



Sustainability 2022, 14, 15972

30f19

It must be stressed, however, that not all technologies that are beneficial in an LCA
will necessarily be beneficial in some specifically real applications. For example, higher
CO; emissions in the production of EVs need to be offset by zero emissions in local driving.
When the number of driven kilometers is low, compensation for higher CO, emissions in
production cannot be reached, thus making an EV more harmful for the environment than
driving an ICV. For BEVs, studies have shown that the number of kilometers that need to
be reached, in order to compensate for higher emissions during production, is between
80,000 km and 100,000 km [16].

Currently existing EVs do not fully satisfy the driving needs of all customers. Due to
range limitations, battery electric vehicles might not allow frequent long-distance driving.
Instead, ICVs might be used as a second car to meet single long trip needs. However, in
such cases, taking into account the CO, emissions resulting from production and recycling,
the use of a single ICV car appears to be environmentally more beneficial than acquiring
an additional EV.

Furthermore, there are certain challenges linked to the implementation of EVs in
Europe. Macioszek addressed issues associated with EVs in some European countries,
such as Poland, in which the demand for EVs is still low [17]. Such issues can be partly
improved by energy management strategies for EVs, which improve efficiency and reduce
consumption of such vehicles [18]. Nevertheless, development of charging infrastructure
as well as the required time to charge a vehicle remain relevant for implementation of
EVs [19].

A holistic analysis to take into account not only the LCA, but also user driving be-
haviors, technical requirements, and the individual applicability to identify the individual
environmental benefit of each technology, appears to be needed.

In order to clarify the current debate on EVs’ eco-friendliness, we aimed at using
real driving data to analyze the different drivetrain types (Otto, Diesel, plug-in hybrid
electric vehicle (PHEV), battery electric vehicle, fuel cell electric vehicle (FCEV), fuel cell
plug-in hybrid electric vehicle (FC-PHEV)) from an LCA perspective and select the most
favorable drivetrain type for specific customers based on their driving patterns, from
an environmental perspective, using both current data and projections for 2030 in Europe.

The aim of the present study was to determine the mix of drivetrain types that would
be environmentally optimal, i.e., with the lowest CO, emissions in Europe (defined as
the “environmentally optimal drivetrain mix”) with current technologies by considering
driving data, LCA data, and technical limitations. The environmentally optimal drivetrain
mix was also calculated if EV driving range was not considered a limitation in order to
determine the potential environmental benefits of BEVs.

The content of the present study was presented as follows. In the methods section,
firstly, the driving profile database was described. Secondly, the driving parameters and
assumptions that were considered to determine the environmentally optimal drivetrain
were defined. Thirdly, the CO, emissions calculations based on the previous criteria for
each drivetrain type were shown. Fourthly, the selection process of the most favorable
drivetrain type was defined. In the results section, firstly, the statistical parameters of the
database were presented. Secondly, the CO, emissions per vehicle based on the collected
LCA data were shown. Thirdly, the environmentally optimal drivetrain mix was presented,
both with and without range limitations for BEVs. Fourthly, the results of the sensitivity
analysis were included. Finally, in the discussion section, each result is commented and
compared with previous literature.

2. Literature Review

A literature search in Web of Science database (last 5 years, date 12 November 2022;
keywords: electric vehicles; life cycle assessment; combustion engine; fuel cell electric
vehicle; environmental impact; passenger) revealed that no previous study had used
LCA data and driving data to determine the environmentally optimal drivetrain. From
the 8 studies resulting from this literature search, 7 original papers that investigated the
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environmental effects of different drivetrains were identified. None of these used driving
behavior data as a parameter.

Rosenfeld et al., calculated the global warming potential of different drivetrains,
and determined that for FCEVs and BEVs it was up to 50% higher than ICVs during
production; however, BEVs and FCEVs had a lower global warming potential (45% and
35% respectively) than ICVs when the entire life cycle was considered [20]. Sacchi et al.,
estimated via time-adjusted LCA data that BEVs would generate less emissions in most
European countries than ICVs in the future [21]. Nordelof et al. determined via LCA that
in some cases, diesel hybrid buses would be preferable than buses using PHEV or BEV
drivetrains [22]. Candelaresi et al. compared the environmental performance between
different hydrogen-based drivetrain types [23]. A study by Harzendorf et al. introduced
a “domestic value added” indicator to a life cycle sustainability assessment and used
it to compare BEVs and FCEVs with ICVs; their results showed that BEVs were more
advantageous than ICVs from this perspective and that FCEV had the highest potential [24].
Koj et al. compared the use of excess energy in power-to-transport chains that included
BEVs, FCEVs, and ICVs, and determined that BEVs showed the lowest environmental
effects [25]. Haase et al., conducted a sustainability assessment for BEV, FCEV, and ICV
drivetrains in combination with different energy sources, and determined that BEVs with
wind power would be the most sustainable option from 2020 to 2050 in Germany, followed
by ICVs with synthetic biofuel in 2020 and FCEVs in 2050 [26].

3. Methods: Analysis of the Environmentally Optimal Drivetrain Mix

An analysis of real consumer driving data was used to calculate the theoretical optimal
drivetrain mix that minimizes the carbon footprint according to published LCA data,
based on the selection of the most environmental favorable powertrain type for each speci-
fic driver.

A dataset of 60,000 virtual vehicle (VV) profiles, based on real driving data from
Mercedes-Benz vehicles, has been used. This dataset is based on a collection of driving
data points that are converted into VV profiles which can be useful for analyzing driving
patterns for different types of vehicles. A VV profile is defined by the following parameters:
type of model, type of fuel, typical daily range, yearly kilometers, share of electrical range
for PHEV, and typical daily amount of kilometers over one year. VV profiles are available
for different vehicle segments. To ensure a widely representative sample, S-Class luxury
vehicles were excluded from this data set. From the total VV data that are available, a total
of 9328 VVs included data from the European region for an entire year. Therefore, our
analysis is based on this subset of VVs. Statistical characteristics of the presented data are
detailed in the result section.

In the present study, the following segments were considered for separate analyses:
compact-size, sport utility vehicles (SUV), and upper mid-size. The following drivetrain
types are examined to select the most environmentally favorable one for each individual
VV: Otto ICVs, Diesel ICVs, BEVs, PHEVs, FCEVs, and FC-PHEVs [27].

The selection of the most environmentally favorable drivetrain for each individual VV
was based on the following driving parameters, assumptions, forced-selection criteria, and
LCA calculation:

Driving parameters: (a) long-range requirement (km): the amount of km that an indi-
vidual VV needs to be able to achieve with one charge based on its longest trip over the
year; (b) overall km per year; (c) share of electric drive (%) (only for PHEV): proportion of
driving performed with the electric drivetrain, with the rest being performed with internal
combustion drivetrain; (d) type of vehicle (compact-size, SUV, and upper mid-size) used to
determine the maximal life cycle mileage, i.e., the maximal amount of km that the vehicle
will be able to reach in its life cycle (160,000 km for the compact segment, 200,000 km for
upper mid-size and 250,000 km for SUV) [28]; (e) typical daily drive (km), which was used
to remove outliers from the database.
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Assumptions: (a) Due to battery aging, it is assumed that BEV battery’s life is 12 years,
since the battery will have lost a significant part of its capacity after this period; this is
an acceptable assumption since published data on battery lifespan ranges from 8 to
15 years [29-31]. Battery swapping models are complex and currently not foreseen for
passenger vehicles (although they could be viable for electric buses in public transporta-
tion [32]), so it is assumed the vehicle needs to be scrapped after the 12 years lifetime, even
if the maximal life cycle mileage has not been achieved. (b) Therefore, for each data point,
LCA calculations are based on the life cycle maximal mileage, if achieved. Otherwise, the
amount of km in life cycle is calculated by multiplying the yearly drive (km/year) with
12 (years). (c) To ensure comparability between BEVs and ICVs, for ICVs if the total amount
of km is higher than the maximal life cycle mileage for the car segment, the maximal life
cycle mileage value is assumed. Otherwise, the real value is kept.

Forced selection criteria: (a) If the long-range requirement cannot be met for an indi-
vidual VV with the BEV electric range without charging during the trip, BEV is excluded
from the selection of the optimal drivetrain. Even though “supercharger hopping” could
be a possibility, it is excluded from the present study as it is only relevant for performance
vehicles, since the majority of vehicles do not have fast charging capabilities; (b) Climatic
conditions can affect the vehicle’s range [33], e.g., range reduction due to low tempera-
ture. Therefore, for a BEV to be viable in all conditions, a range reduction due to climatic
conditions is set to 35% based on different publications [34,35].

Assumed parameters for each car segment are summarized in Table 1. Consumption
data and CO, emissions data used in the study, as well as their source references are shown
in online Supplementary Tables S1 and S2, respectively.

Table 1. Assumed parameters for each vehicle segment type.

Compact Size SUV Size Upper-Mid Size
Lifecycle base distance 160,000 km [26] 200,000 km [27] 250,000 km [28]
Lifecycle base period 12 years 12 years 12 years
Driving Range BEV * 280 km 458 km 413 km
Electric range PHEV * 50 km 50 km 52 km
Electric range FC-PHEV * - - 49 km
Driving Range FCEV * - 756 km 525 km

* see calculations in online Supplementary Tables S1-S3.

The following formulas are used to calculate the CO, emissions for each drivetrain
type and each VV. Emissions for the Otto engine (EO) are shown in Equation (1). See
Abbreviations section to find the abbreviations:

EO =EP+ LD x FC x EFS + LD x EDU + EL, 1)

where EP are the emissions during production in kg CO,/vehicle, LD is the lifecycle
distance in km, FC is the fuel consumption in liters/km, EFS are the emissions during fuel
supply in kg CO,/liter, EDU are the emissions during driving usage in kg CO,/km, and
EL are the emissions during end of life and recycling in kg CO,/vehicle. Emissions for
Diesel engine (ED) are shown in Equation (2):

ED = EP+ LD x FC x EFS+ LD x EDU + EL, 2)

where abbreviations are the same as in Equation (1). Emissions for BEV (EB) are shown in
Equation (3):
EB = EP + LD x EC x EES + EL, 3)

where EC is the energy consumption during driving in kWh/km, and EES are the emissions
required for electricity supply in kg CO,/kWh (based on the corresponding energy mix).
Emissions for PHEV (EPH) are shown in Equation (4):
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EPH = EP + LD x (1 — ES) x FC x EFS+ LD x (1 — ES) x EDU + LD x ES x EC x EES + EL, 4)

where ES is the full electric driving share for each PHEV in %. Finally, emissions for FCEV
(EF) are shown in Equation (5):

EF = EP + LD x HC x EHS + EL, ()

where HC is hydrogen consumption in kg H, /km and EHS is the emissions for hydrogen
supply in kg CO, /kg H,.

With these equations, CO, emissions for each type of drivetrain and each individual
VV are calculated based on driven kilometers, and the most beneficial type of drivetrain
regarding carbon footprint is identified for each VV. The PHEV fuel consumption and
electricity consumption needs to be considered specifically depending on each individual
trip profile due to the difference in emissions when driving with the electric motor or the
combustion engine. Consumption data by car manufacturers are not precise enough for
our estimations because they only provide a standardized value that already combines
electric and combustion engine driving. Thus, consumption data from comparable BEV
and ICV within the equivalent segment were taken and applied to the specific electric drive
share from each individual VV based on real driving use (see Equation (4)).

CO, emissions resulting from production and EoL are drawn from published emission
permits [36—41], shown in online Supplementary Table S3. Such data are supplemented with
information from a survey by Allgemeiner Deutscher Automobil-Club (ADAC) [42] and the
Fraunhofer Institute [43]. Although the industry objective is to reduce CO; emissions from
production, the same data is assumed for 2020 and 2030 projections, since the increase in
battery size per vehicle could also result in an increase in CO, emissions per vehicle, thereby
compensating any emissions reduction during production. CO, emissions generated by
the production and supply of electricity, hydrogen and fuel are based on the analyses by
Bloomberg [44], the Fraunhofer Institute [43], ADAC [42], and the Federal Office for Motor
Vehicles Germany (KBA) [27]. Thus, the European electricity mix is applied. CO, emissions
through energy consumption are based on segment-specific information from the KBA and
car manufacturers. All calculations are based on the New European Driving Cycle (NEDC)
since only limited data are available from the Worldwide Harmonized Light Vehicles Test
Procedure (WLTP).

The selection of the most environmentally favorable drivetrain type for each VV was
then repeated using projected values for 2030. However, for this prospective scenario,
values for production and EoL were set equal to current ones due to the lack of reliable
projections. All the values used and their respective source can be found online in Sup-
plementary Table S3. The projected CO; emissions in electricity and hydrogen supply in
2030 by Bloomberg [44] and the Fraunhofer Institute [43] were used. Improvements in fuel
production are expected to reduce its carbon footprint in the next years. For our analysis
we used the reduction projection in CO, emissions generated by fuel supply expected in
2030 based on the Volkswagen’s Golf LCA [45]. According to an existing investigation,
emissions due to fuel consumption are reduced by 1% per year [46]. A similar improvement
is assumed to occur in EVs. Regarding assumptions and forced selection criteria, ranges
will change due to technical improvement. However, as it is currently unknown whether
the range will be increased or battery size will be reduced, provided range is set constant
for 2030.

By collecting the calculated drivetrain choice for each driving profile data point,
shares of each drivetrain (BEV, Diesel, FCEV, FC-PHEV, PHEYV, etc.) in percentages are
determined. The available VV data set that was used for the calculations contains amounts
of vehicles per segment (compact, mid-size, SUV, etc.) that do not necessarily represent the
vehicle segment shares in Europe. This is mainly because the available data set included
a large number of vehicles in the compact segment. Therefore, the collected shares of
each drivetrain do not fully represent the optimal drivetrain shares in Europe. Thus, in
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order to optimize comparability, the resulting shares of each vehicle segment were adapted
considering known European market percentages of each individual segment (compact:
38%; mid-size: 21%; SUV: 41%) [47]. With that, the environmentally optimal drivetrain mix
in Europe is determined, both for 2020 and 2030.

Moreover, several sensitivity analyses were performed to assess the impact of different
assumptions such as energy mix, vehicles” lifetime, and CO, emissions resulting from
production or recycling. The sensitivity analysis for electric range was conducted by
re-calculating the market shares with a 10% range increase. For the vehicle lifetime the
sensitivity analysis was conducted with a 10% increase. For the CO, emissions during
battery recycling, a generic 700 kg CO, block of emissions per BEV is included into the
calculation. For the CO, emissions during vehicle production, since they could vary, more
or less, depending on the energy mix of the producing country, the sensitivity analysis
was conducted considering both a 10% increase and 10% decrease. The assessment of this
sensitivity analysis is included in the results section.

The selection of the most environmentally favorable drivetrain type for each VV was
also repeated by removing any range limitations for all vehicle types. The forced selection
criteria that considered range limitations were removed, and the environmentally optimal
drivetrain mix for 2020 and 2030 considering no range limitations was calculated.

4. Results

Data from 9328 VVs (A-class model [compact-size] 7515; GLC model [SUV] 628,
E-class model [upper mid-size] 1185) were used for the current estimations. The average
long-range requirement is 373 £ 170 km (median: 339 km; range: 40-1453 km). Average
distance per year (mean £ SD) is 20,437 £ 14,920 km/year (median: 16,337 km/year;
range: 1710-152,120 km/year). The average share of electric drive is 54 &+ 15% (median:
54%; range: 16-96%). Average daily drive is 67 & 59 km (median: 53 m; range: 6—497 km)
(see Figure 2).
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Figure 2. Box plot diagrams of the driving parameters in the 9328 virtual vehicles sample.

A summary of CO, emission estimations for each individual segment and powertrain
type as well as the corresponding sources of data is shown online in Supplementary Table S3.

Before considering driving patterns, overall LCA results showed BEVs to have the
lowest CO; emissions level for each individual segment. All other EVs outperformed
ICVs too. As expected, in spite of their lower production impact on carbon footprint, ICVs
showed the highest overall carbon footprint impact due to their CO, emissions resulting
from usage. This is illustrated in Figure 3 for the largest segment—SUYV. Similar findings
were observed in all other segments (see online Supplementary Figures S1 and S2).
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Figure 3. LCA for CO; emissions: SUV segment.

When considering carbon footprint results combined with real driving patterns, tech-
nical requirements, and individual applicability, the drivetrain mix preference appears
to be different. Figure 4 shows a scatterplot of all individual VV, based on long distance
requirement and distance per trip. In this diagram a color code has been assigned to
each VV to show the selected environmentally optimal drivetrain based on the lowest
carbon footprint assessed with the aforementioned equations. This illustrates, for exam-
ple, the driving patterns for which FCEVs are still preferable, from an environmental
point of view with currently available technology, are the ones with the combined higher
long-distance requirement and highest distance-per-trip driving patterns. Projected re-
sults for 2030 are also shown. Results for each individual segment are shown in online
Supplementary Figures S3-S8.

Figure 5 displays the share of each type of vehicle as the environmentally preferred
option in the whole VV sample (all segments). This reflects the final environmentally
optimal drivetrain mix, which was calculated by adapting the results to the European
vehicle segment shares.

In the present time analysis (Figure 5a), FCEVs (50%) outperform PHEVs (37%). FC-
PHEVs (7%), BEVs (5%), and Diesel (2%) represent also a relatively small, but still relevant,
amount of the overall drivetrain mix. In both scenarios, Otto ICVs are not represented
as they are only slightly beneficial in their CO, emissions in production compared to
Diesel ICVs. Such small benefit cannot compensate for higher CO; emissions from fuel
consumption.

The projected results for 2030 in the whole series show a reduction in the proportion of
VV, preferably requiring ICVs (Figure 5) as shown in the results: FCEVs (40%) shows a 10%
reduction, whereas PHEVs (40%) shows a 3% increase. The highest growth is found for
BEVs (12%) with a 7% increase, whereas FC-PHEV do not persist in 2030 anymore. Diesel
ICVs remain in 1% of VV.
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Figure 4. Environmentally optimal drivetrain type per individual driving pattern 2020 (a) and
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Figure 5. Results of the environmental drivetrain mix analysis for 2020 (a) and 2030 (b).

The environmentally optimal drivetrain mix was also calculated by removing any
range limitation for all BEVs and FC-PHEVs. The results are shown in Figures 6 and 7.
BEVs dominate with 71% in 2020 and 75% in 2030, followed by FCEVs with 25% in 2020 and
19% in 2030. Share of PHEYV is minimal with 4% in 2020 and 6% in 2030, and ICVs are not
part of the drivetrain mix.
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Figure 6. Environmentally optimal drivetrain type per individual driving pattern, considering no
range limitations in 2020 (a) and in 2030 (b).
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Figure 7. Results of the environmental drivetrain mix analysis considering no range limitations in
2020 (a) and 2030 (b).

Due to the dependency of the identified energy mix on the assumptions, a sensitivity
analysis was performed to evaluate the robustness of our results. Lifetime was a forced-
selection criterion when either surpassing the vehicle’s lifetime in mileage or reaching the
maximal 12-year lifetime. An increase in lifetime by 10% does not result in any changes in
the share of ICVs (0% and 2%), BEVs (5%), and PHEVs (37%), but has a strong noticeable
influence in hydrogen vehicles with a 15% shift from FCEV (from 50% to 35%) to FC-PHEV
(from 7% to 22%). This redistribution can be explained by the increasing ability of FC-
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PHEVs to overcome higher emissions in production by the utilization of longer battery
driving operations with lower CO, emissions compared to the FCEV hydrogen-based
electric driving.

Since the recycling process of batteries represents a major part of the carbon footprint
of EVs, in an additional sensitivity analysis, a block of 700 kg CO, emissions per BEV is
added generically. Even though, in this scenario, emissions due to EoL are almost doubled
for mid-sized BEVs and almost quadrupled for compact BEVs, there are only very small
changes in their distribution. Additionally, since CO, emissions due to production are very
diverse, another sensitivity analysis included either a 10% increase or a 10% reduction of
such CO, emissions. Only a slight negative impact on the advantage of PHEVs (from 37%
to 35%) and FC-PHEVs (from 7% to 3%) was observed, which are compensated by FCEVs
(from 50 to 54%) and Diesel ICVs (from 2% to 4%). The distribution of BEVs was unaffected.
If used recycled batteries could be re-integrated in the supply chain, i.e., through a circular
economy approach, recycling could be considered an opportunity to reduce the carbon
footprint for future battery production. However, this is not within the scope of the pre-
sent study.

5. Discussion

Based on a large series of VV derived from real-world driving patterns in Europe
and using published LCA data to assess the CO, footprint, the study identifies the most
environmentally friendly type of drivetrain for 9328 individual VVs defined by current
technical limitations, real world driving habits, and other influencing factors. The mix of
selected drivetrain types for best environmental results based on current technology and
data and projections for 2030 shows PHEVs and FCEV to be the predominant choices. In the
current scenario BEVs have only a minor role in the optimal drivetrain mix. Interestingly,
projections for 2030 show some increase in their share. Nevertheless, their role is projected
to still be minor, which shows a clear need for technology improvements for the full electri-
fication of the automotive sector to be environmentally favorable, particularly regarding
batteries allowing higher vehicle range for usual trips and/or fast charging technology and
infrastructure to fulfill long distance requirements.

Due to complexity and variability in lifecycle emissions of current and future vehicles,
for example due to the diversity of vehicle recycling processes or the many factors that
affect vehicle production emissions (e.g., location, type of energy supply, efficiency, etc.),
several assumptions were made. Our sensitivity analyses show that the findings are also
robust with varying inputs for recycling and production emissions.

Previous studies on LCA results for different types of vehicles [3-5] showed an ex-
pected overall carbon footprint advantage for BEVs over other drivetrain types. Other
studies have also shown that CO, emissions from BEVs will highly depend on location
and timing of charging [48]. This study, based on a large number of VVs, has revealed
that when individual driving patterns are considered, non-BEV vehicles continue to be
the most environmentally friendly for certain driving patterns both currently and in 2030
projections, as shown in Figure 4. Again, this clearly illustrates the current and predicted
technological limitations that need to be solved to allow full electrification.

Carbon footprint is a widely and diversely discussed topic, which is becoming increas-
ingly crucial in the automotive sector, and has driven the development of the different types
of drivetrains. In particular, EVs are coming to the forefront. However, in spite of EVs being
advantageous due to their zero-emission local drive [3,4,12,49-52], some environmental
drawbacks are found when considering the vehicles” whole lifecycle. This is mainly due to
vehicle production [3,6] and to the electricity and hydrogen generation [15,53].

As shown in our results for 2030, the predominance of BEVs in our projected optimal
drivetrain mix will be even more pronounced in the future with the increasing degree of
green electricity within the electricity mix. The main reason is that, with greener electricity,
the emissions of BEVs during their lifecycle are reduced, and in many more VV BEVs
become the best environmental choice, i.e., the share of BEVs in our drivetrain mix is
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increased. This trend is not yet observable for FCEV. However, as soon as hydrogen
provision is solely generated by renewables, FCEVs will outperform BEVs due to the
approximation of CO, emissions in energy supply combined with lower production values.
In fact, production of clean hydrogen is one of the main technological challenges for
widespread FCEV implementation [54,55]. Furthermore, a reduction of CO; emissions
during BEV production would also impact this analysis.

When considering real user driving behaviors and technical regulations, together with
LCA findings, the optimal environmental drivetrain mix of passenger cars in Europe is
clearly dominated by FCEVs (50%), followed by PHEVs (37%), FC-PHEVs (7%), and BEVs
(5%). Diesel (2%) represents a relatively small amount of the overall drivetrain mix. Both
in sole LCA analysis and in the overall holistic analysis, Otto ICVs have no share. Our
findings show the increasing potential of EVs, and a significant remaining role is identified
for ICVs in the near future.

What clearly stands out in our results is the limited amount of BEV in our optimal
drivetrain mix. This shows that limited range appears to be a main driver for the selected
environmental drivetrain mix. The low share of BEVs can be explained by the high burden
resulting from battery production and limited range abilities. However, this is expected to
change in the future. First, the development of battery technologies is expected to provide
a clear increase in energy density, the main industry trends being solid-state batteries [56,57]
and silicon anodes [58,59]. Such developments would allow the use of smaller batteries
per vehicle or reduce the range limitations of present battery technology, both of which
could increase the amount of BEVs in our optimal drivetrain mix. Second, battery and
vehicle production with energy from renewable sources, as already being targeted by
some European companies such as Northvolt [60], Automotive Cell Company [61], or
Verkor [62], will also contribute. In the present study, the same CO, emissions data from
vehicle production have been assumed for 2020 and 2030, but with major industrial and
infrastructure efforts this could be significantly reduced. Technological efforts on both
these areas will be key to increasing the amount of BEVs in the optimal drivetrain mix and
to reduce CO, emissions in the passenger vehicle sector. Furthermore, improvements in
vehicle energy efficiency will be key to reduce CO, emissions during vehicle use [63].

Furthermore, an additional important factor that should be considered is that the
driving habits that were used in this study are mostly ICV-based. Such driving habits could
be maintained with innovative charging technologies, such as high-power charging [64].
In fact, a study by Zhang et al. showed that fast charging directly reduces range anxiety, i.e.,
the psychological condition related to needing to find a vehicle charger, when the battery
level is low [65]. Another possibility is that driving behavior could change in the future; for
example, a BEV driver could plan a longer charging time for its long-distance travel, which
would remove the long distance travel limitation, making BEV possibly the environmental
drivetrain choice. This could increase the share of BEVs in our drivetrain mix.

In contrast, zero emission long range abilities are the clear advantage of FCEVs. Only
in production and energy supply values are FCEVs inferior to ICVs. However, it should be
taken into account that FCEV durability, costs, and the required raw materials could be
significant limiting factors for FCEV implementation [8], which have not been considered
in the present study. PHEVs are evaluated to be a good solution providing electric drive
while simultaneously offering long-range abilities. In segments not being operated by
FCEVs, as occurs in the compact segment, ICVs are still an important technology for use
cases of long-range requirements combined with long average driving range.

The most beneficial use cases for BEVs are characterized by profiles in which mileage
requirements can be satisfied by the BEVs maximum range, with the average daily trip
distance being at the same time above the electric range of PHEVs. Regarding profiles
with average daily trip distance within the PHEV’s electric range, both, BEVs and PHEVs
are selected. The fundamental threshold for BEVs outperforming PHEVs or vice versa is
defined by lower CO, emissions in the PHEV production stage. In case of single daily
trips being above the PHEV’s electric range, BEVs are able to offset higher emissions



Sustainability 2022, 14, 15972

13 0of 19

in production by the PHEV’s share of combustion drive. The BEV’s best use case supports
existing literature, defining BEVs as the most suitable solution for short distances [66,67].
Moreover, the assumption based on this literature regarding BEVs being most beneficial for
small vehicles is strengthened by the absence of BEVs in the segment of upper mid-size
vehicles and its relatively small share in the SUV segment.

In our study, PHEVs are reasonable for driving profiles of low- to medium-range
requirements and small to medium average daily usage, mostly coexisting with BEVs in
low-ranges. PHEVs” CO; emissions in production are below BEVs and FCEVs, whereas
PHEVs also benefit from their lower CO, emissions by electricity supply compared to
hydrogen. However, for use cases of longer single trips or average daily usages above
the electric range provided by PHEVs, FCEVs are able to outperform PHEVs. FCEV’s
zero emission local drive by hydrogen is advantageous compared to PHEV’s fuel combus-
tion and FCEVs are still able to compensate for higher CO, emissions in production.

In the absence of FCEVs, for instance in the compact segment, PHEV is the dominant
concept in almost all driving profiles. The incorporated combustion engine eliminates
range limitations, which is a critical factor for BEVs, whereas electric driving meets the
requirement of the zero emissions local drive. However, as the CO, emissions in production
are above Diesel ICVs, PHEVs are outperformed by the combustion engine in profiles
having very long average daily trips.

Compared to other EVs, FCEVs are not restricted by any range limitations. This
could change in the future if fast charging technologies, such as megawatt charging, were
available, and driving efficiency was improved [68], as they would allow long distance
travel for BEVs and remove their range limitations. Moreover, CO, emissions in production
only slightly exceed the PHEV and Diesel production values. For these reasons and their
local zero emissions, FCEVs dominate almost all use cases of upper mid-size vehicles.
However, due to beneficial CO, emission values from electricity generation compared to
hydrogen, use cases met by BEVs electric range abilities are dominated by this technology,
as soon as higher CO, emissions in production are compensated. This is in line with the
literature stating FCEVs to be most beneficial for large vehicle segments [66,67].

As indicated by our literature review, Diesel ICVs are environmentally beneficial com-
pared to Otto ICVs from a LCA perspective. In the absence of FCEVs and FC-PHEVSs, Diesel
ICVs are identified to have lower carbon footprint in use cases of long-range requirements
combined with the long-range average trip distance. Their main advantage is their lack of
range limitations, outperforming BEVs. Even though PHEVs are also unrestricted in range
due to their integrated combustion engine, PHEVs are not able to compensate their higher
CO; emissions in the production compared to Diesel ICVs, with their small share of electric
driving within such long-range trip profiles. This is in line with the literature assumption
of ICVs being disadvantageous for city driving, since such long-range distance trips are not
performed in cities [4]. When including FCEVs and FC-PHEVs, this technology replaces
Diesel ICVs since the long-range advantage of Diesel is outperformed by fuel cell vehicles
due to their unlimited local zero emission driving.

When looking at the distribution in 2030, an increase in BEV share is noticeable.
This can be explained by increasing range abilities due to the improvement of thermal
efficiency. The increase in BEV share from 4% to 10% clearly shows that the currently
expected developments (in terms of technology, energy mix, etc.) are going in the direction
of making electrification the environmentally best transportation solution. However, it
also reveals that there are some unmet technological needs—such as driving range, EV
production from renewable energy, etc—for our environmentally optimal drivetrain mix
to be fully electric.

PHEVs also benefit from the increase in range abilities that allows a reduction of
combustion engine driving. Therefore, unless an additional significant reduction of BEVs
emissions is achieved through technological developments, PHEVs will still remain the
best environmental drivetrain for many VVs. Moreover, our results for 2030 show that both
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BEVs and PHEVs benefit from increasing generation of electricity from renewable sources
compared to hydrogen-based technology.

If BEVs did not have any range limitations, the environmentally optimal drivetrain
mix looks quite different (as shown in Figures 6 and 7). In such a case, BEVs are clearly the
most dominant drivetrain. This shows the environmental benefits of BEVs for sustainable
transportation. This also confirms the need for technology and infrastructure development,
so that most of the driving profiles can go fully electric. Only in 25% of cases would FCEVs
be the environmentally optimal drivetrain choice in 2020, and 19% in 2030. PHEVs would
be the optimal choice in 4% and 6% of cases for 2020 and 2030, respectively. Such values
are much lower than the ones when range limitations were considered. The major presence
of BEVs when range limitations are removed from the calculation, confirm the relevance of
this drivetrain for current and future transportation, but also underline the needed charging
and battery technology development, in order to make BEVs the optimal drivetrain choice.

Some limitations in our analysis need to be discussed. First, only CO, emissions
are considered, but vehicles produce other emissions with environmental impact, such
as carbon monoxide, nitrous oxides (NOx), particulate matter, or ultra-fine particulate
matter [11,12]. Analysis of the effects of such emissions by each drivetrain could provide
more insights regarding the environmentally optimal drivetrain choice. Moreover, not
only emissions but also the utilization of critical raw materials such as lithium or cobalt
have an influence on the eco-friendliness of EVs [4,69]. Additionally, such battery raw
materials are associated with critical social factors, such as artisanal mining of cobalt, which
should be addressed, even though they are not necessarily environmental. Second, within
this LCA study, no detailed CO, emissions due to recycling are included. However, this is
a very critical influencing factor, especially for EVs containing large batteries. Unfortunately,
available data are still scarce. We tried to size its potential impact by means of a sensitivity
analysis. Furthermore, recycling could be considered an opportunity to implement circular
economy approaches, which could have a positive impact on the LCA of future vehicles.

Third, this study is based on NEDC measurement, due to the novelty of the WLTP.
However, it might be of interest to perform these analyses with WLTP data, as this mea-
surement appears to be more realistic. Fourth, as this study only included data from
Mercedes-Benz vehicles, the results might differ when using driving profiles from other
car manufactures. Fifth, besides the chosen engines, further technologies such as synthetic
fuels and gas exist and might have an impact on future projections. In fact, synthetic fuels
generated by capturing CO, and renewable energy sources could provide a new envi-
ronmentally optimal alternative. Sixth, current driving habits, that are mostly ICV-based
were considered; a change in driving behavior with BEVs (e.g., planning more charging
time during long-range travel) could affect future projections. Seventh, due to the lack of
data, several assumptions had to be made. In spite of having tested their limited impact
by means of sensitivity analyses, they still might need to be adjusted or even expanded.
Eighth, not only the ecological aspects will decide the future drivetrain mix. Other driv-
ing factors such as costs, infrastructure, or politics may have a major influence on the
customer’s drivetrain choice.

Our analysis indicates that, if the consumer driving behavior is considered in the
buying choice, the sales forecasts and the necessary vehicle types, with their respective
battery size, will be affected. Projections in raw material availability and cost will also have
a significant impact that will need to be considered, both for BEV [70] and FCEV [8].

In future studies. the potential impact of further criteria such as costs, especially
total costs of ownership, should be analyzed. Buying behavior and costs as a primary
influential factor should be investigated. Additionally, the translation of the study results
to the industry and politics could lead to different actions to facilitate the technological
developments required for a faster electrification. If the buying behavior is focused on
optimal sustainability, the infrastructure development as well as the offered vehicle choices
will be affected.
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6. Conclusions

In conclusion, this study identified EVs, and especially BEVs, as the most environmen-
tally friendly drivetrain as opposed to ICVs, when only carbon footprint effects from LCA
are considered. However, if user driving behavior and technical requirements are taken into
account, a particular mix of different types of drivetrains appears as the environmentally
preferable choice. The calculated mix is led by FCEVs, with estimated shares of 50% in
2020 and 47% in 2030, followed by PHEVs (37% and 40% respectively), BEVs (5%, and 12%
respectively), and Diesel ICVs (2% and 1% respectively).

The small role of BEVs (5% and 12% respectively) and the persistence of both PHEV
and diesel engines as the most environmentally favorable choice in a small but relevant
proportion of cases clearly shows the need for technological development of some key
areas: electric vehicle range and production emissions. Furthermore, the market shares
in 2030 clearly show how BEVs and PHEVs benefit from an increase in generation of
electricity from renewable sources.

FCEVs have the largest vehicle share due to the long-range abilities that can be
provided by this drivetrain in larger vehicle segments. Due to range limitations, FCEVs
can often outperform PHEVs and BEVs as the optimal drivetrain choice. In the compact
segment, which cannot be operated by a FCEV, ICVs can become the environmentally
optimal choice, when long distances in average daily trips are required that cannot be
covered by PHEVs nor BEVs. Nevertheless, FCEV implementation would entail significant
challenges such as fueling infrastructure and production of clean hydrogen.

It is important to emphasize that the actual market share will not only be based on
environmental parameters, but also strongly depend on differential costs and customer
acceptance, in order to be implemented in the real world. Furthermore, driving habits
could change in the future, for example the acceptance of longer charging times during
long distance travel, which would make BEVs the best environmental choice in many cases.

The limited amount of BEVs is caused by the estimated range limitations and the higher
CO, emissions generated during battery production. Currently ongoing technological
developments in battery technologies and investments in charging infrastructure could
significantly improve this in the future. In fact, if range is not considered a limitation, the
environmentally optimal drivetrain mix is dominated by BEVs (71% and 75% in 2020 and
2030, respectively), and PHEVs (4% and 6% in 2020 and 2030, respectively). This confirms
the environmental potential benefits of BEVs for current and future transportation.
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Abbreviations

EO Engine OTTO

EP Emissions during production
LD Lifecycle distance
FC Fuel consumption

EFS  Emissions during fuel supply
EDU  Emissions during driving usage

EL Emissions for end of life/recycling

ED Engine Diesel

EB BEV

EES  Emissions required for electricity supply
EPH PHEV

EF FCEV
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