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Abstract: Compared to conventional passenger cars, the hybrid and electric alternatives include elec-
tric motors and large batteries; the use of clean energy, reduced operation emissions, and decreasing
purchase prices can represent solid reasons for their market adoption. The feasibility of the transition
to electric cars is analyzed herein in terms of the costs, main pollutants, and energy consumption of
compact to large-sized cars. In this regard, the proposed life cycle assessment methodology evaluates
the pollution and energetic impacts of the current passenger car models with a weight varying from
1.6 to 1.8 tons, depending on the car type, for a complete life cycle. The life cycle emissions and energy
consumption are also determined through simulation in order to validate the estimated values for
the considered powertrains. This study has shown that a transition to current full-electric passenger
cars, based on a European and United States energy mix, is not currently sustainable in terms of
energy consumption. The complete life cycle values are similar for the tested conventional and
full-electric passenger cars, ranging from 5 to 5.2 MJ/km. By comparison, the hybrid alternatives and
full-electric cars based solely on renewable energy present lower energy consumption, ranging from
3.32 to 4.62 MJ /km. At the same time, the hybrid alternatives and conventional cars provide relevant
benefits in life cycle costs: 20-25% lower than full-electric cars. In terms of life cycle emissions, the
tested full-electric cars based on renewables show a noticeable reduction in greenhouse gases and in
other relevant pollutants: 37% and 62%, respectively, lower than that of conventional cars.

Keywords: energy consumption; life cycle assessment; sustainable transport systems; emissions

1. Introduction

Electric cars have gathered a lot of interest from the automotive industry recently, with
implications for both the climate and environment, including the need for scarce resources,
as discussed in [1]. In the case of passenger cars, the evolution of the powertrain is relevant,
starting from internal combustion engine vehicles (ICEVs) to hybrid vehicles, such as
hybrid electric vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVs), and then to
battery (full-) electric vehicles (BEVs). Each type of powertrain requires the improvement
of specific components. For example, in the case of electric and hybrid vehicles, energy
storage (such as batteries or supercapacitors) or generators (such as fuel cells) are essential
for achieving high performance [2]. Fuel cell vehicles (FCVs) are also currently available,
but the lack of infrastructure and the high vehicle costs represent serious backdrops. More
recently, the development and improvement of autonomous vehicles allowed an increase
in their efficiency and safety in operation. These are closely related to the evolution of
the structure of transport systems and are extensively treated in [3]. Figure 1 provides an
overview of the main aspects related to vehicles: their production and operation.

The inferences between resources, the vehicle production market, vehicle manufac-
turing, the recycling of materials, and reinsertion into a new production cycle represent
the typical circular economy cycle [4]. On other hand, an operation cycle based on raw
materials and energy should be emphasized, as should the society means that modulate
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transport systems. In the proposed methodology the authors consider the two cycles: the
production and operation of transport means. The inferences between human activities
related to transport and well-known concepts such as a circular economy and sustainability
are also presented in Figure 1.
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Figure 1. Overview of the main elements that intervene in developing sustainable transport systems.

As two parallel but intercorrelated processes, the transition of transport technologies
and the implementation as well as evolution of the clean production of energy must be syn-
chronized in order to maximize energetic efficiency [4]. This should also provide maximum
advantages for both nature and our society. Resources, which consist of energy and raw
materials, technologies, human resources (economy), society, and the environment, repre-
sent the main components of transport activities’ sustainability, as highlighted by many
frameworks [5-9]. A clear distinction must be made between energy and raw materials
as resources. While raw materials are mainly specific to the production of goods and the
generation of infrastructure, thus representing limitations in transport, energy has a much
greater coverage because its implications must be addressed at every level of a product’s
life cycle (LC) [10-12]. Yet, both are used for producing elements of infrastructure and
vehicles. The life span of these can be between several years and ten (for example, BEVs)
or more years (for example, ICEVs and heavy-duty vehicles). This is also the case for the
majority of elements of infrastructure [13,14]. The range also differs for various types of
vehicles [15].

By means of a life cycle assessment (LCA), it is possible to see to what extent the transi-
tion from ICEVs to EVs is sustainable for light-duty vehicles (LDVs), such as passenger cars.
As a result of this analysis based on an LCA, which emphasizes not only the environmental
(including the use of resources) and energetic impacts but also the socioeconomic impacts of
transport means, the sustainability of the transition from conventional to electric passenger
cars is under review. The paper is structured as follows: In Section 1, Introduction, the
main aspects regarding the development of sustainable terrestrial transport systems, such
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as passenger cars, in terms of LC are briefly described. In Section 2, a detailed overview of
the pollution standards at the levels of the European Union (EU) and United States (US)
is portrayed in correlation with the evolution of passenger car emissions in the last 5 to
10 years, as well as the evolution of costs for the main passenger car categories: compact to
mid-sized cars (1.3 to 1.5 tons) and large-sized cars (2 to 2.5 tons).

In Section 3, the data for the proposed LCA methodology are analyzed for various
powertrains (ICEVs, HEVs, PHEVs, and BEVs based on RES or various energy mixes)
and weight categories (compact to mid-sized cars and large-sized cars) in terms of life
cycle emissions and energy consumption. These powertrains are simulated in GREET
in Section 4 for the predefined models, both for compact cars (with a weight ranging
from 1.23 to 1.48 tons) and mid-sized cars (with a weight ranging from 1.41 to 1.68 tons).
In this simulation, both the US/EU energy mix and wind RES for BEVs are considered.
The same simulation methodology is applied for the test models of current passenger
cars, with a weight ranging from 1.6 to 1.8 tons. Section 5, Results and Discussion, offers a
comprehensive analysis of the life cycle emissions and energy consumption values obtained
by applying the proposed LCA methodology both in concept and in simulation for the
powertrains analyzed in the previous sections. In this regard, the separation between
vehicle and energy life cycle (LC) is relevant according to the proposed methodology.
The results are validated through comparison with relevant studies in terms of LCA
methodology and data, emphasizing the main strengths and limitations of the current
study. Section 6, Conclusions and Future Work, synthesizes the main findings of the paper
and assesses the implications of this analysis.

The paper tries to answer a fundamental question: To what extent is the conversion
of transport technologies towards electric vehicles sustainable from the point of view of
energy consumption and pollution abatement? These are the main aspects analyzed in
the paper. Other aspects, such as the adaptation of infrastructure to the new transport
technologies, the necessity to increase electric energy production capacities, and the use of
clean production processes, are highlighted but not treated.

2. Overview of Emission Standards in the United States and Europe as Well as
Reported Operation Emissions and Costs for the Main Passenger Car Categories

2.1. Motivation

Technologies reflect the ability and knowledge of our society to use resources in an
efficient manner. This is closely related to scientific research, production capacities and
their degree of development, and also to the “quality”, in general, of the exploitation of
such transport resources [12,15]. Currently, the Paris Climate Agreement presented a few
anti-global warming strategies, among which one of the main refers to a 2 °C stabilization
scenario, which should also apply for car emissions. Such a scenario is, however, unlikely
to comply with the 2015 levels by 2030, according to [16]. Yet, the net effect of withdrawing
from the Agreement can be seen as negative and not justified, as the losses in co-benefits
exceed any gain in gross domestic product (GDP). Losses in GDP could refer to carbon
pricing systems, especially for key metals. Mining could be made unprofitable for metals
such as steel and aluminum, as shown in [17].

Many countries aim to find new strategies with which to cut their dependence on
fossil fuels and increase energy efficiency while reducing greenhouse gas (GHG) emissions,
associated mainly with CO,. One such study [18] intends to improve the efficiency of
fossil-fueled power plants to 46% alongside the curbing of routine gas flaring by 2030 while
cutting GHG emissions by 12% compared to the business-as-usual (BAU) pattern. Such
pathways to reduce GHG emissions present a great deal of interest, and their implications
for the power sector are of utter importance. Another study [19] shows that, until 2050,
the increased penetration of renewables, interconnection capacity, and energy storage,
alongside the corresponding power system, are sufficient for staying on the required
emissions trajectory imposed by the Paris Agreement. Another solution for a longer
term, say 2100, could be based on biomass imports, but at the same time raises questions
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on energy security. Besides energy security and environmental sustainability, aspects
related to socioeconomic equity should also be considered [20]. All in all, energy supply
transformation presents a lot of challenges, as the costs for achieving a decarbonized system
are far from negligible [16,17].

These pollution aspects are very important since the impact of road transport on
human health is relevant especially in terms of particulate matter (°PM), ground-level ozone,
which refers to nitrogen oxides (NOy) and volatile organic compounds (VOCs), carbon
oxides (COy), sulphury oxides (SOx), and lead (Pb) levels [7]. The effects of these pollutants
that result from transport have been thoroughly analyzed in [21-23]. For reducing the
impact on health of GHG emissions (mainly associated with CO,) caused by vehicles,
as explained in [24], numerous strategies and policies have been proposed in [25-27].

However, air quality can be improved substantially by using cleaner transport tech-
nologies, as long as effective policies are used in conjunction. Such policies must address
the economic, social, energy, and resource implications for sustainable transport. For ex-
ample, simplified in terms of air pollution, GHGs, BEVs, PHEVs, and FCVs are primarily
considered in many studies as much cleaner alternatives to ICEVs and HEVs, which are
said to pollute more [28]. Such a statement regarding pollution that is only associated
with transport activities is inaccurate, since industrial pollution due to battery and electric
energy production, use, and disposal is not neglectable. Other issues associated with the
range, cost, and resource use of EVs must also be taken into consideration [29].

If, for a long time, society did not take into account the complex effects of the develop-
ment of transport activities on itself and on the environment in particular, the significant
damage and duration of the effects of these activities on the human health have become
impossible to neglect, especially due to PM, NO,, SO;, and O3 emissions [30].

2.2. Overview of Emission Standards in the United States and Europe

To limit air pollution, various standards on air quality were proposed by the European
Union (EU) and United States (US), examined in [31,32], as well as by the World Health
Organization (WHO), examined in [33]. Table 1 compares the limit values between these
guidelines. While the EU and US limit values are difficult to compare in terms of health
impact, the WHO guidelines are likely to follow, since they are the most restrictive. The
pollution caused by human activities is assessed in air quality reports, such as [34].

Table 1. Air quality standards.

Standard For Averaging Period Unit EU [31] US [31,32] WHO [33]
PM, 5 1 year pg/m?3 251 12-1523 54
24h - 353 154
PMj 1 year pg/m?3 40! - 154
24h 501 150 3 454
NO, 1 year pg/m?3 401 1033 104
1h 200! 1953 254
co 1 year mg/m3 101 - 104
24/8/1h - 10.65° (8 h) 41.53 (1 h) 44 (241h)
SO, 24h pg/m?3 1251 - 404
1h 350! 2033 -
03 8h pg/m?3 1201 1403 1004
1h 1801 - -

1 EU standards. 2 Primary and secondary US standards. 3 US standards. * WHO standards.

Due to the significant differences between the standard values (see the EU and US
vs. WHO in Table 1), the health impact image can be misleading; for example, while only
around 6% of EU stations have exceeded the EU standard PM; 5 values, more than 77%
exceeded the WHO value in 2017. The same can also be said about the premature deaths
associated with PM, 5. Even if the number has decreased from 456 thousand in 2005 to
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337 thousand in EU in 2019 (EU-28), it is unlikely that it will be as low as 205 thousand,
which represents the EU target for 2030.

While the contribution to NOx, PM, VOC, CO, and Pb emissions from the transport
sector is appreciable in the EU, as presented in [30,34], the contribution to SO, emissions
must also be considered, as shown in a US report in [35]. Both the European and US
emission standards for vehicles impose limits on PM, NOy, VOCs, CO, and CO, [36].
Table 2 synthesizes these limits for gasoline cars. In EU legislation, passenger cars that
do not exceed 2.5 tons represent Category M, while Categories N1 class III and N2 are
represented by light commercial vehicles that weigh between 1.76 and 3.5 tons.

Table 2. Emission standards for gasoline cars in the EU and US, in grams per km.

Standard For EU Category M [36] EU Categories N1 Class III and N2 [36] US [36]
PM 0.0045! 0.0045! 0.004827 1
NOx 0.061 0.0821 0.041
VOCs 0.068 ! 0.108* 0.061
co 11 2271 261!
CO, 951 951 1321

1 EU and US standards.

As seen in Table 2, the weight of a car can play an important role in imposing limits
on air pollution. Additionally, the car type can influence these limits. For example, the
EU values for diesel cars are more restrictive for CO (0.5 g/km) and more permissive for
NOx (0.8 g/km for Category M). As highlighted in the full life cycle model known as
Greenhouse gases, Regulated Emissions, and Energy use in Technologies (GREET) [35,37],
a car’s tailpipe emissions refer to the operation phase of the life cycle, known as pump-to-
wheels or TTW. These also include methane (CHy), nitrous oxides (N,O), and black carbon
(BC) alongside CO, COy, PM; 5, PM1p, VOCs, NOy, and SOx.

2.3. Overview of Operation Emissions Reported in the Literature

Regarding energy TTW and vehicle operation emissions, the values obtained in the
literature [38-56] are compared in Tables 3 and 4 with the automotive emission standards
depicted in Table 2.

Table 3. Emission standards for gasoline compact cars in the EU and US versus operation emission
values (including TTW) reported in the literature in the 2016-2021 period, in grams per km.

EU/US ICEV HEV PHEV BEV—RES  BEV—Energy Mix
Standard
[36] [38-40,46-50,53,55] [571

PMy 0.00451/0.0048 2 0.003-0.0523 0.01-0.023 0.01-0.024°  0.024°3 0.034

NO, 0.061/0.04 2 0.053 0.043 0.035 3 0.033 0.07-0.15
VOCs 0.0681/0.062  0.009-0.213 0.123 0.113 0.0123 0.038-0.075 ©

CcoO 11/2.612 0.33-1.653 053 023 0.0423 0.093 ¢

CO, 951/1322 139-2613 104-193 3 118-1743 90-1203 1204

1 EU Category M. 2 EU and US standards. 3 According to values reported in literature. * Figure of 39 to 68% oil,
gas, and coal (OGC) in the energy mix. 5 Figure of 67-91% OGC. 6 Figure of 39-91% OGC.

As can be seen in many cases, the current emission standard values are overall ex-
ceeded. The type of energy used for charging EVs is also important, and this depends on
both the location and period of charging [57]. For a minimal pollution impact, BEVs should
preferably be charged from RES.
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Table 4. Emission standards for gasoline large cars in the EU and US versus operation emission
values (including TTW) reported in the literature in the 2016-2021 period, in grams per km.

EU/US ICEV HEV PHEV BEV—RES  BEV—Energy Mix
Standard
[36] [38-40,46-50,53,55] [571
PM;g 0.00451/0.00482 0.02-0.26°%  0.01-0.045% 0.01-0.033%  0.085° 014
NOy 0.061/0.042 02053 0.1553 0.1433 0.088-0.105 3 0.2435
VOCs 0.0681/0.06 2 0.31-0.453 0.163 0.133 0.073 0.06-0.2 6
Cco 1172612 15-2.63 1.673 1.123 0.0533 0.243°
CO, 951/1322 175-350 3 180-2023  150-1743 100-200 3 1744

1 EU Categories N1 class IIT and N2. 2 According to EU and US standards. 3 According to values reported in
literature. 4 Figure of 39-68% OGC. ® Figure of 67-91% OGC. ° Figure of 39-91% OGC.

2.4. Overview of Life Cycle Costs and Benefits Reported in the Literature

Over the last decade, both car weight and purchase price have increased substan-
tially [38,39]. Regarding the 10 best-selling passenger car models, their average curb weight
has increased from 1.32 tons in 2011 to 1.62 tons in 2021, while their average manufacturer’s
suggested retail price (M.S.R.P.) has increased from EUR 17 thousand in 2011 to almost
EUR 27 thousand in 2021, as seen in Figure 2. Most of the car models run on gasoline and
are endowed with an internal combustion engine (ICE), such as ICEVs and HEVs. Only
a few are charged with electricity, such as electric-motor-based EVs (PHEVs, BEVs). The
evolutions seen in Figure 3 can be correlated with population and GDP evolutions, which
have led to more car sales [40—42].

Average M.S.R.P. per year

27
1.65 26.78 56 86

25 2451

w 23.50 25.06

2 93 24.63

% 23.24

2 21

£ 204" 209

= 19.79
19

1.32 17 17.09
2015 2017 2019 2021 2011 2013 2015 2017 2019 2021
Year Year
(a) (b)

Figure 2. Eleven-year evolution of the 10 best-selling passenger car models in terms of (a) average
curb weight; (b) average M.S.R.P.

This is relevant since, even if the annual production-weighted carbon footprint has
decreased from 7.3 metric tons of CO; in 1990 to 5.3 in 2020 for cars, and from 9.0 metric
tons of CO; in 1990 to 6.0 in 2020 for car SUVs (whose curb weight does not exceed
2.3 tons), the world CO; emissions have not [35]. It is actually the opposite. In 1990
there were 21 billion metric tons of CO, reported, while in 2019 there were more than 35.
More specifically, even if EVs present no tailpipe emissions, and thus significantly help
decrease the carbon footprint, the upstream emissions must be taken into consideration.
For example, vehicle manufacturing cycle GHG emissions are the highest for BEVs: 7 to
10.5 in tons of CO; equivalents, depending on mileage (160 to 480 km), and the lowest for
gasoline ICEVs: 6.2 [37]. The performance of the various types of vehicles (ICEVs, HEVs,
PHEVs, and BEVs) in terms of mileage, energy/fuel/electricity consumption, and battery
energy storage is analyzed in [43] from 2011 to 2021. Both fuel/electricity consumption
and battery energy storage have grown during this interval. Included in the same study
are the total vehicle emissions, such as global warming potential (GWP) in gCO,/km,
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photochemical oxidant formation (POF) in gNMVOC/km (non-methane VOCs), terrestrial
acidification (TA) in gSO, /km, human toxicity (HT) in g1,4DCB/km (dichlorobenzene),
freshwater eutrophication (FE) in gP/km (potassium), and particulate matter formation
(PMF) in gPM; 5 /km. Greater values were reported for GWP, TA, and FE, while no relevant
improvements were detected for PMF and POF in same period.

LC costs and benefits for a compact/midsize car

70
59.90 56.00
20 43.16 46.41
W 40
F,ES
S
5
- | I
| | L
HhV l’HI:V BEV mix BEV RES
=20

B 1 M.S.R.P. (Vehicle LC)

M 2 Energy generation & transmission costs (WTT)
3 Energy conversion costs (TTW)
4 Vehicle operation costs (TTW)

B 5 EoL costs (Vehicle LC)

B 6 Pollution costs (Complete LC)

B 7 Benefits

B TOTAL

Figure 3. Complete life cycle costs for a compact/mid-sized car (1.3 to 1.5 tons).

Various studies have provided comprehensive analyses in a similar fashion [44—-48]
but with more emphasis on the stages of the complete life cycle: WTT, TTW, and vehicle
LC (including vehicle manufacturing, maintenance, and EoL), as shown in Figure 2.

While BEVs charged with clean energy (RES) are the most promising in terms of
reduced TTW and vehicle operation emissions, the purchase price of BEVs can represent a
serious impediment, being at least EUR 5000 more expensive than an ICEV with the same
weight. Figure 3 presents the life cycle costs of a compact to mid-sized car (1.3 to 1.5 tons)
for all five car types, while Figure 4 refers to large-sized cars (2 to 2.5 tons) [38,39,43,50].

LC costs and benefits for a large size car

115.54
120
97.03 91.24 91.58
90
W
5 60
o
[av]
2]
=
0
ICEV HEV PHEV
-30

B 1 M.S.R.P. (Vehicle LC)

M 2 Energy generation & transmission costs (WTT)
3 Energy conversion costs (TTW)
4 Vehicle operation costs (TTW)

B 5 EoL costs (Vehicle LC)

W 6 Pollution costs (Complete LC)

B 7 Benefits

Figure 4. Complete life cycle costs for a large-sized car (2 to 2.5 tons).
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The higher values for the various types of EVs reflect the battery weight and capacity
evolutions [43-56,58-60]. In the case of BEVs, the compact cars have increased their battery
capacity, on average, from 27 kWh in 2005 to more than 40 kWh in 2020, while the large-
sized cars have more than 65 kWh capacity in 2020, which is substantial when compared
to the figure of 34 kWh in 2014. HEVs show no notable changes in capacity over the last
decade, as it is usually around 2 kWh for both compact and large-sized cars. For PHEVSs,
compact cars’ batteries are from 10 to 12 kWh, while for large-sized cars they are approx.
20 kWh. Not only have the mileage (autonomy) and battery costs increased, but so have the
cost of materials, as can be seen in Figure 2 for compact cars, such as ICEVs and HEVs from
2005 to 2019, and for large-sized cars, such as HEVs and BEVs from 2014 to 2019. The life
cycle costs reflect both the vehicle life cycle (LC) stages (car manufacturing, operation, and
end of life (EoL)) and energy LC stages (energy generation and transmission for the WTT
(well-to-tank) stage and energy conversion for the TTW (tank-to-wheel) stage). Associated
with material extraction and car manufacturing is the manufacturer suggested retail price
(M.S.R.P.). The costs for producing the required energy are included in energy generation
and transmission costs.

The costs associated with fueling/charging a vehicle, replacing a vehicle’s battery, and
home charging installation are included in energy conversion costs. The costs that cover
vehicle operation include maintenance, repairs, insurance, and fees. The EoL costs refer to
shipping and recycling/disposal costs. The pollution costs include the life cycle emissions
that consider all of the previous stages (one—five in Figures 3 and 4) in terms of PM;j,
NOy, VOCs, CO, SOy, CO,, PM; 5, CHy, and Ny O. The benefits help reduce the costs and
cover gains in GDP, taxes, compensation, and employment benefits. Table 5 synthesizes the
complete life cycle costs.

Table 5. Life cycle costs (103 x EUR), PC = pollution costs, and B = benefits.

Car

Car Energy Generation Energy

Study Manufacturing Operation/Maintenance Car End of Life and Transmission Conversion Other
. - 13
Current 22.6-651 10.75-24 3 0.5-1°¢ 3.6-188 1-9.510 PCB.4‘26_2168£’ ’
[38] 16.3-36 2 18-243 - 3.2-108 0-1510 -S4
[39] 58-65 1 244 - 4-18° 11-13 1 B:3-26 1%
[43] - - - - - PC:2.8-4516
[50] 18-321 365 057 - 41112 PC:3-851

IMS.RP./ purchase price. 2 True vehicle cost. 3> Maintenance costs, including repairs, insurance, financing, and
fees. * Maintenance costs, including insurance and fees. 5 Maintenance costs, including fees. 6 End of life costs,
including shipping and disposal. 7 End of life costs, including shipping. 8 WTT costs, including energy/fuel
production costs. ° WTT costs, including fuel costs. '© TTW costs, including fueling/charging, alternative
transportation, battery replacement, and home charging installation costs. ! TTW costs, including fuel usage.
12 TTW costs, including fueling. '* Overall pollution costs and benefits for all car types and main car categories.
14 No pollution costs and benefits only for ICEVs and BEVs, for mid-sized and compact cars. 1> Overall benefits
for all car types but only lar%e—sized cars, no pollution costs. 16 Some pollution costs for all car types but only
mid-sized cars, no benefits. 1 Overall pollution costs for all car types but only mid-sized cars, no benefits.

3. Life Cycle Assessment Data

Based on various studies [38,39,43-56,58-60], the energy generation and transmission
(WTT) emissions are depicted in Figure 5 for the main pollutants: PM;y, NOy, VOCs, CO,
SOy, and CO,. The energy conversion (TTW) and car operation emissions are presented in
Figure 6, while in Figure 7 car manufacturing and EoL emissions are presented.
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Energy generation and transmission Energy generation and transmission

14 (WTT) emissions . (WTT) emissions
B PM (g/km) m NOx (g/km) ’
1.05 B VOC (g/km) CO (g/km) B GHG (kg/km)
m SOx (g/km) 0.1
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0 ™ I - . = I || = hn 0 I I
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(a) (b)
Figure 5. Energy generation and transmission emissions (WTT) in terms of (a) PM (only PM;g), NOx,
VOCs, CO, and SOy; (b) GHG (only CO5), during 2016-2021.
Energy conversion and car operation Energy conversion and car operation
5 (TTW) emissions 04 (TTW) emissions
n 0.3
3 CO (g/km) mSOx (g/km)
0.2
2 —
— [ ] - [ ] !
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Figure 6. Energy conversion and car operation emissions (TTW) in terms of (a) PM (only PM;g), NOy,
VOCs, CO, and SOy; (b) GHG (only CO5), during 2016-2021.

Table 6 synthesizes the main differences between the five types of passenger cars in
terms of complete life cycle emissions for compact cars (minimum reported values in th
literature) and large cars (maximum values reported in the literature). In Figure 8 other
pollutants and depletion potentials are also analyzed in terms of a complete life cycle for
the two main car types. The pollutants HTP, FTP, TTP, and MTP refer to human, freshwater,
terrestrial, and marine toxicity potentials. FE, HH, and IR refer to freshwater eutrophication,
human health, and ionizing radiation. MDP, FFDP, ODP, and RDP are mineral, fossil fuel,
ozone, and resource depletion potentials, while WD and LTO represent water depletion as
well as land transformation and occupation parameters.
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Figure 7. Car manufacturing and EoL emissions in terms of (a) PM (only PMjp), NOy, VOCs, CO,
and SOy; (b) GHG (only CO,), during 2016-2021.

Table 6. Complete life cycle emissions reported in the literature in the 2016-2021 period, for compact
(min) and large-sized cars (max) in terms of PM;g, NOy, VOCs, CO, SOy, and CO;.

ICEV HEV PHEV BEV Mix BEV RES
Emission Min-Max Min-Max Min-Max Min-Max Min-Max
[38-40,46-50,53,55,59]
PM (g/km) 0.02-0.431 0.05-0.171 0.05-0.161 0.05-0.51 0.05-0.14 1
NO (g/km) 0.12-0.431 0.1-0.331 0.09-0.31 0.16-0.511 0.08-0.231
VOC (g/km) 0.04-0.68 1 0.15-0.271 0.13-0.291 0.2-0.571 0.03-0.321
CO (g/km) 0.39-2.66 1 0.56-1.73 1 0.26-1.181 0.15-0.31 0.1-0.111
SOy (g/km) 0.19-0.511 0.15-0.191 0.22-0.261 0.52-0.621 0.25-0.411
Total (g/km) 0.76-4.712 1.01-2.69 3 0.75-2.24 1.09-2.55 0.5-1.21°
CO; (kg/km) 0.17-0.437 0.15-0.29 8 0.17-0.36 ° 0.18-0.37 10 0.14-0.22 11

1 According to values reported in literature. 2 WTT: 24.4-10.9% (min-max). TTW: 67.3-83.1%. 3 WTT: 17.4-13.9%.
TTW: 74.6-78.3%. * WTT: 22.9-16.7%, TTW: 67.3-71.7%. 5 WTT: 41.5-43.9%, TTW: 40.9-40.4%. ® WTT: 48.2-41.8%,
TTW: 38.6-42.4%. 7 WTT: 14.4-12%, TTW: 79.9-81%. 8 WTT: 22.7-19.4%, TTW: 67.5-68.6%. ° WTT: 14.5-39.2%,
TTW: 68.2-48.7%. 10 WTT: 24.5-35.4%, TTW: 65.2-47.4%. ! WTT: 21.4-31.8%, TTW: 71.4-54.6%.

Other emissions and depletion potentials for a complete

LC (%)
100%
80% 43% 40%
529
62% . A I n
60% 79% 82% 77% 77% 77% 75%

87% 88%
40%
Vil il
111

PM2.5 HTP FTP TTP MTP FE HH IR MDP FFDP ODP RDP WD LTO
B ICEV (average) BEV mix (average)

Figure 8. Comparison between ICEV and BEV in terms of fife cycle emissions for other pollutants
and depletion potentials, for a medium car (mid-sized to large: 1.5 to 2 tons).
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Figure 9 presents the energy consumption of an ICEV and two BEVs, from compact
cars (minimum reported values in the literature) to large cars (maximum values reported
in the literature). BEV mix (max) refers to an energy mix similar to the China energy
mix, which indicates the maximum reported value in the literature, while BEV RES (min)
indicates the minimum reported value in the literature.

Energy consumption (M]/km)

B Energy generation and transmission
M Energy conversion

250 M EoL and car manufacturing
: Car operation

2.00

2.20
2.8 1.70
1.40

1.00
1.4 .
o B

ICEV compact ICEV large BEVMIX BEV MIXlarge BEVRES BEV RES large
(min.) (max) compact (min.) (max.) compact (min.) (max.)

Figure 9. Life cycle energy consumption for ICEVs and BEVs during 2016-2021.

4. Simulation Data
4.1. Predefined Car Models and Simulation Results in Terms of Emissions and Energy Consumption

As seen in Figures 5-7 and 9, weight reduction or light weighting (LW) in cars should
prove beneficial in pollution abatement and energy savings. This hypothesis is verified in
GREET for the main car types (ICEVs and HEVs on E10, PHEVs on E10 and electricity, and
BEVs on electricity as EV300). These consist of two predefined car models: a compact car
(1.23 to 1.48 tons, from ICEVs to BEVs for lightweight material) and a mid-sized car (1.41 to
1.68 tons for conventional material). Generated emissions in terms of PM7y, NOy, VOCs,
CO, SOy, and CO; are depicted in Figures 10 and 11.

Total emissions in GREET

1.8
o — B PM (g/km) H NOx (g/km)
— [ ] m VOC (g/km) CO (g/km)
12 . m SOx (g/km)

i 1111
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| # 8

N N ¢ N N N ¢ N
F & T S TS
& A% W N S &S
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S 3 3 & & &
e S &S &

< < ©
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Figure 10. Total emissions in GREET for the predefined models in terms of PM (only PMj(), NOy,
VOCs, CO, and SOy.
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Figure 11. Total emissions in GREET for the predefined models in terms of GHG (only CO5).

These include the WTT, TTW (energy conversion), and vehicle LC (EoL and car man-
ufacturing) emissions. The following limitations must also be considered when utilizing
GREET: car operation emissions are not taken into consideration and no battery replacement
is accounted for regarding lithium-ion batteries.

Because the energy generated that covers a car’s travel demand depends on both the
car type and location, the energy mix used is of utter importance. For an average energy
mix, both the EU and US energy mixes are considered. Another reason is the correlation
with emission standards. Based on data from 2021 [61-63], the US and EU energy mixes
can be analyzed in terms of energy generation share for the main sources: petroleum,
natural gas, coal, nuclear energy, and RES. The GREET model [37] provides the energy
consumption of these sources for the following main stages: vehicle LC, which includes car
manufacturing and EoL, and energy LC, which includes energy generation, transmission,
distribution, and conversion. Figure 12 presents the total energy required for each type
of car.

Total energy consumption in GREET

B Energy generation and transmission
M Energy conversion

® EoL and car manufacturing

B
2 .l
-
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Figure 12. Total energy consumption in GREET for the predefined models.

4.2. Test Models for the Proposed LCA Methodology

The proposed test models (1.6 to 1.8 tons, from ICEVs to BEVs) are depicted in Table 7.
The weight distribution of these is based on the predefined models in GREET [37] and data
from [47,52,54,58]. The following simulation parameters are considered for the models:
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the vehicle lifetime in km of travel is 200.000 km, the payload is 500 kg for five passengers,
the electric range is 0 km for ICEVs and HEVs, 52 km for PHEVs—1.38 t, 80 km for PHEVs—
1.58 t, and 480 km for BEVs. PHEVs—1.38 t run in charge-depleting (CD) mode 55.95%
and in charge-sustaining (CS) mode 44.05%, while PHEVs—1.58 t run in CD mode 69.73%
and in CS mode 30.27%. The assembly, disposal, and recycling (ADR) is 907.18 kg for all of
the models.

Table 7. Curb weight distribution of the tested models.

. . .. . Motor, Generator, Fluids, Tire
Cal;;ypi and Battery Vehicle Body Powertrain System Transmission Chassis and Controller Replacement
eight
& [37,47,52,54,58]

ICEV—1.6 t 1% 1 50.4% ! 14%1 6% 1 25% 1 0% 1! 3.6% !
HEV—1.67 t 4%1 42%1 21.3% ! 42%1 20% 1 6% 1 2.5% 1
PHEV—1.75 t 8% 1 41%1 21%1 4%1 18% 1 7.5% 1 2.5% 1

BEV—1.8t 24% 1 36% ! 3% 1 4% 1 17% 1 14%1 2% 1

! According to values reported in literature.

5. Results and Discussion
5.1. The Proposed LCA Methodology

The proposed life cycle assessment (LCA) methodology is depicted in Figure 13.
In such an analysis, a clear distinction is made between energy LC, which includes the
well-to-tank (WTT) and tank-to-wheel (TTW) (energy conversion) stages, and vehicle LC,
which includes the production (including vehicle manufacturing), operation (maintenance),
and end of life (EoL) stages.

Materials Fuel/Energy
extraction extraction

Vehicle LC / % \

/ v \ Energy generation
Vehicle #
manufacturing o
Energy transmission &

distribution

v

i LTS

Vehicle Energy
operation conversion /
Vehicle End of
Life

~/

Figure 13. Life cycle assessment of vehicles based on the proposed methodology.
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Our evaluation methodology consists of the sum of the two main elements: energy con-
sumed for the production of the transport means (W, per vehicle) considered as energy /km
during vehicle lifetime (EoL), and energy consumed for its operation during its whole life
(W, per vehicle until EoL). The recycling “costs” are also taken into consideration:

Wp =W, + W, 1)

where W}, represents the energy consumed for manufacturing the vehicle and W, is the en-
ergy necessary for recycling it. In regard to operation, the following formula is representative:

WO = ka/o X NEoL/ (2)

where Wy, /, represents the energy consumed by the vehicle per km during its operation
and Ng,|, represents the total mileage (in km) covered by the vehicle during its life. The
following formula depicts the total energy consumed during the vehicle’s life cycle:

W= W, + W, 3)

Additionally, in a similar manner, the authors have considered the whole pollution
generated by a vehicle as a vector composed of the pollutants that result from a vehicle’s
production and operation (Pg,1) for the main pollutants: GHGs (CO;) and other relevant
pollutants (PC), which include NOy, SOy, PMjg, CO, and VOCs. Thus, the comparison
between the two transport technologies (conventional, based on ICEVs, and full-electric,
based on BEVs) will be illustrated by the following equation:

GHGp

GHG,

PEoL = { PC,

] x NEoL + [ } x NEoL, @)

Thus, the vehicle impact takes into account a certain life span, or mileage. The impacts
associated with energy consumption and the resulting emissions are evaluated for the whole
vehicle life cycle. With this methodology, the weight factors between vehicle production
and its operation are considered equal.

5.2. Evaluation of Vehicle Life Cycle Emissions and Energy Consumption for the Transition to
Full-Electric Cars Based on GREET Correlations with the Proposed LCA Methodology

Figures 14-16 depict the data referring to energy consumption and pollutants gener-
ated during the vehicle production and operation stages until their end of life (EoL).

As can be seen, the energy consumed in the case of ICEVs is significantly lower in
production, mainly as a result of the technologies” maturity in comparison with other types
of vehicles, such as BEVs. During operation, BEVs that use clean electric energy, such as
RES, present significantly lower emissions. This suggests that the future development
of vehicle technologies should evolve in parallel with the greening of electric energy
production. Related to emissions, the situation is similar with energy, but it is visible
that other pollutants present reduced values just as GHGs, which translate into a lower
environmental impact of electric vehicles [64]. Figure 16 illustrates the comparison of the
different technologies for the whole vehicle life cycle.

This picture can be affected only by the changes in the energy mix pattern that can
differ for each country. The energy mix considered in Figures 14-16 is an average between
EU and US mix.



Sustainability 2023, 15, 2614 15 of 22

Energy consumed in GHG production Other production
car production (MJ/km) emissions (kg/km) emissions (g/km)
12 1146 1146 0.05 o
0.045  0.045 :
0717 0.715
1.0 .
0.04
0.8 y
0.6 -
003 0027
0 0370 I .
0.2 I 0.02 03 N
ICEV " BEV-RES BEV-MIX ICEV  BEV-RES BEV-MIX ICEV  BEV-RES BEV-MIX

(@ (b) ©

Figure 14. Production stage in terms of (a) energy consumption; (b) CO, emissions; and (c) PM,
NOy, VOC, CO, and SOy emissions.
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Figure 15. Operation stage in terms of (a) energy consumption; (b) CO, emissions; and (c) PM,
NOy, VOC, CO, and SOy emissions.
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Figure 16. Complete vehicle LC in terms of (a) energy consumption comparison; (b) CO, emissions
comparison; and (c) PM;g, NOy, VOC, CO, and SOx emissions comparison.
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5.3. Validation of the GREET Correlations with the Proposed LCA Methodology

The results based on the proposed LCA methodology are compared with the GREET
simulation results [37] in Tables 8-10. The energy consumption and emissions assump-
tion values show a strong correlation with the simulated values, mostly for HEV and
BEV models.

Table 8. Total energy consumption (M]/km) for the tested models (assumption vs. simulation
in GREET)

Car Type Vehicle LC (Car Manufacturing Vehicle LC Energy LC (Generation Energy LC Total (Without Vehicle
and Weight and End of Life) (Car Operation) and Transmission) (Conversion) LC—Operation)
ICEV—1.6t! 0.38 2.30 0.48 2.01 2.87
HEV—1.67 t! 0.48 2.10 043 1.61 2.52
PHEV—1.75 t ! 0.75 1.90 0.67 1.01 243
BEV—1.8t! 1.15 1.75 0.47 0.79 2.40
ICEV—1.6t2 0.54 - 0.64 2.40 3.58 (0.713)
HEV—1.67 t 2 0.52 - 0.43 1.61 2.56 (0.04 3)
PHEV—1.75 t 2 0.62 - 0.66 1.01 229 (0.14 3)
BEV—1.8t2 1.17 - 0.64 0.62 2.43 (0.03 %)
1 Methodology-based (assumptions of the current study) average between RES and the EU/US mix for BEVs.
2 Simulation (GREET) average between RES and the EU/US mix for BEVs. 2 Difference between assumption
(current study) and simulation (GREET).
Table 9. Total GHG emissions (kg CO,/km) for the tested models in GREET.
Car Type Vehicle LC (Car Manufacturing  Vehicle LC (Car  Energy LC (Generation Energy LC Total (Without Vehicle
and Weight and End of Life) Operation) and Transmission) (Conversion) LC—Operation)
ICEV—1.6t! 0.027 0.082 0.036 0.168 0.231
HEV—1.67 ! 0.030 0.044 0.040 0.116 0.186
PHEV—1.75t! 0.040 0.040 0.080 0.110 0.230
BEV—1.8t! 0.045 0.028 0.055 0.102 0.202
ICEV—1.6t2 0.030 - 0.080 0.173 0.283 (0.052 %)
HEV—1.67 t2 0.030 - 0.054 0.115 0.199 (0.013 %)
PHEV—1.75t 2 0.036 - 0.221 0.036 0.294 (0.064 %)
BEV—1.8t?2 0.062 - 0.132 0 0.196 (0.006 %)
1 Methodology-based (assumptions of the current study) average between RES and the EU/US mix for BEVs.
2 Simulation (GREET) average between RES and the EU/US mix for BEVs. 2 Difference between assumption
(current study) and simulation (GREET).
Table 10. Other relevant pollutants’ total emissions (g/km) for the tested models in GREET (VOCs,
CO, NOy, PMjg, and SOx).
Car Type and Weigh Methodology-Based (Without Simulation (Without Vehicle = Methodology-Based (Vehicle Difference
P 8 Vehicle LC Car Operation) LC Car Operation) LC, Only Car Operation) (g/km)
ICEV—1.6t 16461 16122 19541 0.0343
HEV—1.67 t 1.650 1 1.643 2 0.700! 0.007 3
PHEV—1.75 t 1.150'1 0.988 2 0.900! 0.1623
BEV—1.8t! 0.910! 0.916 2 0.700! 0.0063

1 Methodology-based (assumptions of the current study) average between RES and the EU/US mix for BEVs.
2 Simulation (GREET) average between RES and the EU/US mix for BEVs. 3 Difference between assumption
(current study) and simulation (GREET).

5.4. Discussion of the Results Obtained with the Proposed LCA Methodology

Tables 11 and 12 provide a sensitivity analysis for the current study’s limit values
on energy consumption and emissions, as well as for other sources, thus highlighting
once more the correlations with GREET and other relevant studies in terms of the LCA.
Based on the correlations with the GREET simulations and other relevant studies, Figure 17
highlights the complete life cycle emissions in terms of PM;, NOx, VOCs, CO, SOy, and
CO; for the main car types for an average weight (1.5 to 2 tons). Figure 18 synthesizes the
complete life cycle energy consumption for the same car types.
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Table 11. Life cycle emissions (g/km), GHGs = greenhouse gases, and other = VOCs, CO, NOy, PMyj,

and SOy.
Car Manufacturing Car Energy Generation .
Source and End of Life Operation/Maintenance and Transmission Energy Conversion Total
Current stud GHGs: 27-108, GHGs: 17-112, GHGs: 30-140, GHGs: 83-238, GHGs: 143-598,
y Other: 0.36-0.72 Other: 0.33-2 Other: 0.2-1.1 Other: 0-1.9 Other: 0.89-5.72 1
GREET GHGs: 26-101, } GHGs: 35-200, GHGs: 0-172, GHGs: 59471,
Other: 0.37-0.68 Other: 0.15-0.5 Other: 0-0.98 Other: 0.52-2.16 2
[50,55] ; GHGs: 30-150, ) GHGs: 119-302, GHGs: 149452,
’ Other: 0.21-3.63 3 Other: 0.13-2.74 Other: 0.34-6.37 4
[43] GHGs: 10-523 GHGs: 25-140 3 GHGs: 16-753 GHGs: 65-1823 GHGs: 116-449°
[59] GHGs: 10-98 3 GHGs: 35-100 3 GHGs: 35-70 3 GHGs: 65-2503 GHGs: 145-528 4
L All car types, compact to large-sized cars. 2 All car types, compact to large-sized cars. 3 No clear distinction
between vehicle and energy life cycle. # All car types, main car categories. ® All car types, compact to mid-
sized cars.
Table 12. Life cycle energy consumption (MJ/km).
Car Car . Energy Generation Energy
Source Manufacturing Operation/Maintenance Car End of Life & Transmission Conversion Total
Current study 0.18-0.45 1.5-2.3 0.2-0.7 0.32-0.67 0.35-2.01 2.55-6.13 1
GREET 0.13-0.36 - 0.07-0.34 0.03-0.63 0.6-2.26 0.83-3.59 2
[39] - - - 0.5-2.4 14-5.3 1.9-7.73
[43] - 122 - - - 1224
[59] 0.1° 0.1-1.1 04° - 0.1-15 0.6-2.6

1 All car types, mid-sized to large-sized cars. 2 All car types, compact to mid-sized cars. 3 All car types, large-sized
cars. * All car types, no weight data. 5 No clear distinction between vehicle and energy life cycle. ® Only ICEVs
and BEVs, compact cars.

Complete life cycle emissions
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1.36
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Figure 17. Complete life cycle emissions for a medium car (test model: from 1.6 to 1.8 tons).
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Figure 18. Complete life cycle energy for a medium car (test model: from 1.6 to 1.8 tons).
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Figure 18 illustrates that the ICEV model has the maximum complete life cycle energy
consumption. At the same time, the BEV mix model also consumes just as much. As ex-
pected, BEV RES represents the most energy-efficient type of vehicle. Moreover, it could
have even better efficiency if its charging is carried out in an insulated network, such as
buildings’ microgrids.

Finally, Table 13 underlines the main strengths and limitations of the current study
compared to other studies relevant in terms of life cycle assessment methodology.

Table 13. Strengths and limitations of various studies in terms of life cycle (LC).

Costs

Energy Demand Emissions Car Type and Weight Strengths and

Limitations
Source [38-40,46 [1,2,9,11,12,15,17,19,26,
138,39,43,501 139,43,591 50,53,55,59] 49-52,59,64]
Clear distinction '—
Current study Complete Complete Complete All types, 1.6-1.8 t other aspects 2
GREET - Almost complete 3 Almost complete 3 All types, 1.23-1.68 t Clear distinction |—
’ other aspects 2
. . 4 . 5 . 6 No clear distinction 7—
Other studies Mostly incomplete Mostly incomplete Mostly incomplete All

other aspects 8

! Clear distinction between energy and vehicle life cycle stages, weight and car type categories, and energy mix
used (EU/US mix). 2 Energy supply infrastructure, energy efficiency, and driving pattern data not considered.
3 All car types, large-sized cars. * Many studies lack data on pollution costs, benefits, and other costs associated
with the life cycle stages, except the mentioned references in the table. > Many studies lack energy consumption
data for all vehicle and energy life cycle stages, except the mentioned references in the table. ® Many studies lack
relevant data on main pollutants for all life cycle stages, except the mentioned references in the table. 7 No clear
distinction between vehicle and energy life cycle stages, weight and car type categories, and energy mix used.
8 A few studies contain data on energy supply infrastructure, energy efficiency, the supply and demand of scarce
raw materials, and driving pattern.

The limitations of this study refer to the geographical impact of transport services,
which was not tackled herein. This implies that the main driving patterns (urban, mixed
or interurban, or long distance) were not considered in this analysis. This is important
because it is clear that the transition to electric transport technologies will significantly
improve the air quality in urban zones, and thus also quality of life and health.

Additionally, the authors did not analyze the considerable effort with regard to elec-
tric vehicle technologies in increasing the need for electric power necessary to fulfill the
new energy demand levels. Additionally, of course, the changes in the corresponding
infrastructure, the development of power transmission and distribution means for the new
energy networks, charging stations, and storage technologies are not aspects considered
for analysis in this paper. Here, the authors should mention that the time parameter must
be considered in order to provide a smoother transition or to significantly improve the
management of energy in conjunction with the evolution of electric vehicle technologies.

The transition to electric cars also implies a new type of analysis from an economic
point of view. This refers to the use of optimized methodologies as a function of the working
regimes of electric vehicle fleets, consisting of traffic control and fleet management, thus
leading to intelligent transport systems.

6. Conclusions and Future Work

This paper proposes a methodology that provides an accurate comparison of the
main vehicle technologies, having as references the energy consumed and the principal
pollutants generated during a vehicle’s lifetime. At the same time, the authors have made a
correlation with an existing model, GREET, obtaining similar data and conclusions, mainly
related to the production of vehicles and consequences. This validates the results obtained
within the paper, which can be synthesized as follows.

The complete life cycle values obtained herein are similar for current models of ICEVs
and BEVs based on the EU/US energy mix: 5.2 and 5 MJ/km, respectively. By comparison,
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the current models for HEVs, PHEVs, and BEVs based on RES present lower energy
consumption, with life cycle values of 4.62, 4.33, and 3.32 MJ/km, respectively. In terms
of complete life cycle costs, current ICEVs, HEVs, and PHEVs provide relevant benefits
compared to BEVs: EUR 65-68 thousand versus EUR 86-87 thousand. In terms of life cycle
emissions, BEVs based on RES show the greatest reduction in greenhouse gases (37% lower
than ICEVs (0.195 versus 0.313 kg pollutant/km)) and in other relevant pollutants (62%
lower than ICEVs (1.36 versus 3.6 g pollutant/km)). HEVs, PHEVs, and BEVs based on the
EU/US mix present values ranging between the limits imposed by the values for ICEVs
and BEVs based on RES.

At the same time, by making herein the clear distinction between the main life cycle
stages, the vehicle and energy life cycles, another picture can be depicted. While the vehicle
LC emissions reveal serious improvements in both GHG and other relevant pollutants’
(PMj9, NOy, VOCs, CO, and SOx) abatement for BEVs when compared to ICEVs, the energy
LC GHG and other relevant pollutants” emissions are similar in values for BEV and and
ICEV models, showing almost no improvements. This represents a call for alarm, since the
decarbonization of the energy sector is one of the main priorities of our society.

The proposed methodology is obviously not an exhaustive one, but offers a clear
image of the evolution of current means of transportation. Moreover, the authors consider
that this methodology can be used in the future for the necessary synchronization of the
development of electric transport technologies along with new electric facilities for the
production and distribution of power networks, as well as charging stations (infrastructure).

The main question that was addressed in the paper can be reformulated as follows: Do
new (electric) technologies represent an alternative to established (conventional) passenger
cars, ICEVs? The authors argue that, from the energy point of view, electric vehicles based
on large batteries require more energy and scarce resources (raw materials) whether the
structure of the electric energy produced is more or less clean (RES vs. mix). At the same
time, by considering only a vehicle’s operation stage, electric transport technologies are
more beneficial.

In the end, the authors consider that the proposed methodology, which eventually
can be improved, constitutes a useful tool for managing the transition to electric transport.
Using it will allow the emphasis of the impact of many influence factors involved in the
transition of transport activities in the not-so-far future. It is obvious that local factors,
such as geography, climate, and demography, and administrative organization factors will
play a significant role in this sense. All of these aspects must be taken into account for
implementing a more detailed model.
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