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This study applies life cycle assessment to quantify and compare the environmen-
tal impacts of battery electric vehicles (BEVs) and internal combustion engine
vehicles operated under different national electricity mixes, using Slovenia and
selected European countries as case studies. The analysis utilizes the Ecoinvent
database and the Environmental Footprint 3.1 (EF 3.1) impact assessment
method, implemented in SimaPro, with a functional unit of 100 km of passenger
car transport. Results show that BEV life cycle GHG emissions are highly sensi-
tive to national grid carbon intensity, with coal-intensive mixes yielding BEV cli-
mate change impacts that are close to or higher than those of internal combustion
engine vehicles. In contrast, low-carbon, renewable-based mixes substantially
improve BEV performance in the climate change category. The highest life cycle
GHG emissions of BEV per 100 km of transport among the analyzed countries
were in the case of Serbia, which mainly produces electricity from thermal power
plants (20.9 kg COz-eq), compared to Norway with 0.44 kg CO:r-eq. Increasing
the share of PV in Slovenia's electricity mix reduces the life cycle climate impacts
of BEV use but slightly increases mineral and metal resource use, indicating a
burden-shifting trade-off between decarbonization and material demand. The fin-
dings demonstrate that country-specific electricity mixes, when assessing environ-
mental performance, need to be taken into account. Support policies that combine
grid decarbonization, smart charging aligned with low-carbon hours, and impro-
ved battery and PV material circularity should be adopted to maximize the susta-
inability benefits of BEVs.

Keywords: life cycle assessment, transportation, electricity, BEV, RES,
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Introduction

Sustainable development goals (SDGs) have been accepted as crucial targets for a
more sustainable and equitable world by 2030. The seventeen SDGs, which include ending
poverty, ensuring access to clean water and sanitation, safeguarding the planet, and promoting
prosperity through peace, justice, and robust institutions, serve as the foundation for the devel-
opment of sustainability metrics, and the implementation of monitoring systems [1]. Energy
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has also been recognised as a crucial component of sustainable development within the SDGs.
Sustainable development goal 7 (SDG7) goal is to ensure access to affordable, reliable, sus-
tainable and modern energy for all [2].

An integral part of sustainable development is life cycle thinking (LCT). The LCT is
a concept that addresses environmental problems at a systematic level and considers the aspect
from cradle to grave [3]. The product life cycle begins with the extraction of raw material from
natural resources. Materials and energy are required and present a crucial part of production,
packaging, distribution, use, maintenance, and eventually end-of-life, which can be reuse, re-
cycling, recovery, or final disposal. In each life cycle there is a possibility for improving prod-
uct performance through a reduction in resource use [4].

The LCT is crucial for decision-based making as it considers a full life cycle perspec-
tive and broader implications on all three pillars of sustainability (environmental, social, and
economic). Additionally, the LCT approach allows addressing potential trade-offs between the
pillars of sustainability and focuses on key drivers allowing faster and more efficient progress
toward sustainable development [4]. The European Green Deal also highlights the importance
of a holistic approach to the value chain and the cruciality of the need to pay attention to the
potential trade-offs between different sustainability aspects [5]. The foundations of LCT stem
from the 1960°s and 1970’s when environmental issues became more prominent in terms of
catching the attention of governments, scientists, and the media [1, 4]. The most comprehen-
sive tool for determining the environmental impact of a product throughout its entire life cycle
is life cycle assessment (LCA), which gained popularity in the 1980s and was standardized in
the 1990’s with the introduction of ISO 14040 and 14044 standards [1].

In achieving SDG7 targets, LCA can provide a tool for data-based decision-making
as it could play an important role in developing national policies and recommendations. It has
been previously used for the assessment of environmental impact with regard to introducing a
higher share of RES [6], which is one of the SDG7 targets [7].

Energy systems are associated with several sustainability challenges, including cli-
mate change impacts. They cause diverse environmental impacts, ranging from damage to hu-
man health via particulate matter formation to damage to ecosystems via land and water use
and contribute to issues regarding fossil and metal resource availability [8]. Although the en-
ergy transition towards higher share of RES has gained a lot of attention and technologies exist,
fossil energy sources still dominate global energy production [8].

Laurent and Espinosa analyzed the environmental impact of electricity generation
at global, regional, and national scales for the period from 1980-2011 using the LCA meth-
odology [9]. The results showed that all environmental impacts have largely increased at
global scales, with increases ranging from +111%-+416% between 1980 and 2011. The
results highlighted that impact trends vary considerably between countries for a given en-
vironmental impact category and that environmental impact burden-shifting has occurred
in the past. A notable example is France, where the impacts of climate change decreased
considerably (by more than 60% between 1980 and 2011), while freshwater ecotoxicity
increased by more than 50% during the same period. The discrepancies stem from three
main factors: electricity demand, the technology levels/developments of power plants, and
the type of energy carriers composing the electricity mixes. The LCA results highlight the
environmental planning challenges, as policies can reduce one impact category (i.e., cli-
mate change) at the expense of another environmental impact category (i.e., freshwater
eutrophication), and underscore the value of integrating the LCA approach into strategic
electricity planning.
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Decarbonisation of national energy systems is a critical aspect of achieving the SDG7
goal and their target; however the relevant national circumstances differ considerably between
countries. Slovenia is committed to achieving at least a 25% share of RES in the final energy
balance by 2020 and a 39.3% share of RES in electricity generation; however, in 2020, the
target value was not reached, and as achieved share of RES in electricity generation was 34.7%
[6]. In Slovenia, the highest potential for an increase in RES is PV, and supporting laws and
regulations are key in investing in the economic feasibility of PV plants [6]. However, although
technically possible, an increase in the share of PV possesses specific challenges due to their
intermittent nature [6]. Recently, Thaler and Hoffman [10] highlighted the energy policy trade-
offs that countries that are expanding their renewable energy production are facing, coining the
term impossible energy trinity stating that many countries cannot simultaneously achieve en-
ergy security, sustainability and sovereignty. The countries have three options regarding the
challenge of intermittent electricity production [10]:

— Use non-sustainable sources to base or reserve electricity-generating capacity (non-sustain-
able).

— To accept system stability risk and/or higher electricity prices (insecurity).

— To pursue integration with neighboring electricity grids and markets and cede control over
domestic energy rules (non-autonomous).

The energy sector is the largest contributor to global GHG emissions, accounting for
approximately 73% in 2019, primarily due to the burning of fossil fuels to generate electricity
and heat. The second-largest contributor is the transportation sector, with a 15% share of emis-
sions from burning gasoline and diesel fuel in passenger cars, trucks, and buses [11], making
pollutant emissions from traffic a major environmental concern [12]. Emissions from aviation
and shipping also add to the sector's GHG footprint [11]. Beyond a higher share of RES in the
electricity grid, transport and heat electrification are also important decarbonisation measures
to reduce GHG emissions [13].

The decarbonisation of the transportation sector through the use of electric vehicles
(EV) will be less efficient in scenarios where the electricity sector is not predominantly sourced
from sustainable energy [14]. Research from Burchart-Korol ef al. [15] showed that the envi-
ronmental burden of current and future EVs is higher in Poland than in the Czech Republic for
all analyzed impact categories due to the type of electricity used to charge EV batteries. The
comparative analysis of EVs and internal combustion engine vehicles (ICEV) showed that
GHG emissions and fossil fuel depletion in Poland and the Czech Republic will be lower in
the case of EVs than in the case of ICEVs in the present and future scenarios. On the other
hand, the acidification, eutrophication, human toxicity, and particulate matter formation caused
by EVs were higher than those caused by ICEVs. A similar trend can be observed in the electri-
fication of heating, as air-source heat pumps have a significant potential for decarbonising the
heating sector, however, the electricity grid mix has to be taken into account. Most studies show
that heat pumps reduce CO, emissions and have other positive environmental impacts (e.g. re-
duction of ozone depletion) compared to conventional technology. However, in some cases, they
also negatively affect some indicators (e.g. human toxicity and metal depletion) [16].

One of the metrics used to determine the CO; emissions associated with electricity is
the use of carbon intensity, which refers to the number of grams of CO; equivalents that it takes
to make one unit of electricity, a kWh [17]. The latest data (2023, for Iceland 2022) show that
in Europe, the carbon intensity of electricity generation varies from 28 g CO»-eq/kWh to 895
g CO»/kWh depending on the country's electricity mix [18]. The carbon intensity of a grid is
important when EVs are charged. Vieira et al. [19] compared GHG emissions of ICEV and
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BEV using LCA. The results showed that in best-case scenarios, where BEVs are recharged
with RES and equipped with batteries produced using RES, the environmental impact can be
reduced by six times compared to conventional ICE vehicles. Buberger et a/. [20] analyzed the
CO; equivalent lifecycle emissions from 790 commercially available passenger cars. The re-
sults showed that BEVs have the highest production emissions. The analyses showed that the
additional emissions from production for a Tesla Model 3 Standard Plus approximately corre-
sponded to the driving emissions of a Volkswagen Passat 2.0 TSI after 18000 km. Challa et al.
[21] analyzed the well-to-wheel GHG emissions of EV and combustion vehicles in the US
from 2018 to 2030, taking into account climate, road type, miles driven, vehicle type, and
electricity mix. The results showed that electric cars had lower GHG emissions than ICEVs for
most assessed conditions. However, in the 2030 scenario, the ICEV well-to-wheel GHG emis-
sions were comparable to those of the US average and Arizona. The results also showed that
in New York, EVs driven in 2021 and onwards will have higher GHG emissions than ICEVs,
as natural gas power plants are replacing nuclear energy.

This study examines how country-specific electricity grid carbon intensities affect
the environmental performance of BEVs and ICEVs.

The objective of the study is twofold. First, it quantifies and compares the life cycle
GHG emissions of BEV and ICEV passenger cars under different national electricity mixes,
focusing on Serbia and Slovenia under current conditions and decarbonization transition path-
ways scenarios. Second, it evaluates the full life cycle environmental impacts of petrol, diesel,
and battery electric passenger vehicles under consistent system boundaries and inventory as-
sumptions, thereby isolating the effect of electricity mix composition on the environmental
performance of EVs.

A life cycle impact assessment (LCIA) is conducted using the ReCiPe 2016 method
at the midpoint level, focusing on selected impact categories. The analysis encompasses cli-
mate change (global warming), fine PM formation, terrestrial acidification, freshwater eutroph-
ication, and mineral resource scarcity, which collectively capture key trade-offs between de-
carbonization, air pollution, and resource use in the transport-energy system. These categories
are particularly pertinent for assessing Slovenia's progress towards its NECP targets and
broader EU climate objectives, including SDG7 on affordable and clean energy and SDG13
on climate action.

Materials and methods

Impact of the carbon intensity of the use of electric vehicles

The impact of the carbon intensity of electricity on the use of electric cars was
showcased in hypothetical scenarios, where 20 kWh of electricity was used for a 100 km
journey with an EV in several countries (Slovenia, Croatia, Serbia, and Norway). The
electricity required for a 100 km journey with an EV was taken from available literature
data [22].

Electricity life cycle-GHG emission data was taken from the EU Joint Research Cen-
tre GHG emission factors for the national electricity dataset for the latest available year, which
was 2021 [23]: Slovenia: 235 g COz-eq/kWh; Croatia: 416 g CO,-eq/kWh; Serbia: 1046 g
COs-eq/kWh; Norway: 22 g CO-eq/kWh.

The carbon intensity of a 100 km journey with an EV using 20 kWh of electricity
was calculated by multiplying the carbon intensity per kWh of electricity generated for a spe-
cific country by 20 kWh of electricity used.
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To compare the carbon intensity of EV cars with diesel and petrol cars, based on the
tank-to-wheel emissions, the emission factors for diesel and gasoline fuel blends were taken
from the ICCT 2025 report of LC GHG emissions from passenger cars [24]: Diesel: 235 g
COy/km; Gasoline: 234 g COy/km.

For the calculation of GHG emissions, the emission factors were multiplied by 100
to account for the impact of a 100 km travelled distance. Therefore, the functional unit used
for determining the carbon intensity of car use was 100 km of transportation distance.

Life cycle assessment of different types of
passenger car transportation

The LCA is a scientific methodology based on ISO 14040 and ISO 14044 standards.
LCA consists of four phases: goal and scope definition, inventory analysis, impact assessment,
and interpretation [25]. The software SimaPro 10.1.0.6 and Ecoinvent 3.11 database were used
for modeling. Ecoinvent is a life cycle inventory (LCI) database from which LCI data on elec-
tricity generation sources were sourced. For the calculation of environmental impacts, the
LCIA method Environmental Footprint 3.1 was employed, which provided information on the
inputs and outputs from the LCI in 16 midpoint-characterized impact categories [26]. The se-
lected impact categories were climate change, ozone depletion, particulate matter, and ionizing
radiation, as well as resource use and the extraction of minerals and metals, to illustrate the
potential trade-offs between impact categories.

The study aimed to compare the environmental impact of passenger transportation
using different car types. The selected functional unit was 100 km of transportation by car. The
chosen vehicles were as follows. The source of data was the Ecoinvent 3.11 database:

— Transport with a small-sized diesel passenger car, EURO 5, RER (Transport, passenger car,
small size, diesel, EURO 5 {RER}| transport, passenger car, small size, diesel, EURO 5).

— Transport with a small-sized petrol passenger car, EURO 5, RER (Transport, passenger car,
small size, petrol, EURO 5 {RER}| transport, passenger car, small size, petrol, EURO 5).

— Transport with a small-sized electric passenger, GLO (Transport, passenger car, electric
{GLO}| transport, passenger car, electric).

The functional unit was 100 km of transportation by car. The system boundaries fol-
lowed a cradle-to-grave-approach. Four different electricity mixes were modelled. The selected
countries were Slovenia, Croatia, Serbia, and Norway.

Life cycle assessment of electricity mix scenarios

The study evaluated and compared the potential environmental impact of different
yearly electricity mix scenarios in line with the National Climate and Energy Plan strategies
[27]. All input and output data were related to the 1 kWh of produced electricity for the elec-
tricity generation scenarios. The functional unit (FU) was defined as 1 kWh of produced elec-
tricity. Three electricity production scenarios were modelled:

— Current mix (Slovenia electricity generation sources with different shares without import
for the year 2020): wind 0.04%, pump hydro 1.4%, hydro 28.6%, lignite 24.6%, gas 0.15%,
nuclear 37.1%, oil 0.01%, biogas CHP 0.5%, lignite CHP2.5 %, gas CHP2.3 %, oil
CHPO0.05 %, biomass CHP0.5 %, and solar2.3 %.

— Scenario business-as-usual (BAU) 2030 (additional uptake of solar power without import
with shares): wind 0.04%, pump hydro 1.2%, hydro 25.7%, lignite 22.1%, gas 0.14%, nu-
clear 33.3%, oil 0.01%, biogas CHP 0.5%, lignite CHP 2.5%, gas CHP 2.0%, oil CHP
0.05%, biomass CHP 0.04%, and solar 12.1%.
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— Scenario Green 2030 (reduction in coal electricity and additional uptake of solar power):
wind 0.04%, pump hydro 1.4%, hydro 28.6%, gas 0.15%, lignite 13.4%, nuclear 37.1%, oil
0.01%, biogas CHP 0.5%, lignite CHP 2.5%, gas CHP 2.3%, oil CHP 0.05%, biomass CHP
0.5%, and solar 27.9%.

The datasets for the processes available in the Ecoinvent database 3.11, with a geo-
graphical designation of Slovenia (SI), were used where applicable. If the geographical de-
nomination "SI" was unavailable, the geographical denominations Europe (RER) or Global
(GLO) were used.

Results and discussion

Impact of the grid carbon intensity on electric vehicle use

The impact of the electricity mix of several European countries on the use of electric
vehicles is illustrated in fig. 1. The selected countries exhibit significant variations in carbon
intensity [18]. Norway's largest source of electricity generation is hydropower, which in 2023
had 89% share [28], which is also the reason for the lowest carbon intensity of the electricity.
On the other hand, Serbia's primary source of electricity generation is coal, amounting to a
66% share in 2022, followed by hydropower with a 26.1% share [29], resulting in the highest
carbon intensity of electricity generation among the selected countries. The result showed that
ICEVs have higher CO emissions when fuel types are considered. The difference is more
notable in countries with a higher share of RES, as the emissions in Norway were more than
50 times lower when traveling with a ICEV or BEV car. In Serbia, of Serbia the emissions
were 11.7% and 11.3% lower when comparing travel with a BEV to travel with an ICEV,
respectively.
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Figure 1. The amount of carbon produced from travelling 100 km in
different European countries using an electric car,
a petrol car, or a diesel car

As the transportation sector contributes a considerable share to GHG emissions,
BEVs are considered the key technology to decarbonize road transport. However, the electric-
ity grid plays a major role in EVs environmental impact, and a change toward a more RES mix
will enhance the reduction of GHG emissions in the road transportation sector [30]. Another
relevant aspect of the electricity mix with a large share of intermittent RES is that emissions
can vary significantly during the season and daily, which should be taken into account as EV's
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have to be charged frequently. The results support the notion that EVs are a solution for reduc-
ing CO; emissions when the emission factor of electricity production is low [31].

Environmental performance of passenger cars under
different electricity mixes

Although BEVs are seen as a positive alternative for reducing the environmental im-
pact of transportation, the benefits are heavily reliant on the type of electricity source used to
power them, as vehicle usage accounts for 70%-80% of total emissions when a mix heavily
dependent on fossil fuels is used. On the other hand, in the grid with lower GHG emissions,
the production phase contributes 70%-75% of the total GHG emissions [32].

Figure 2 illustrates the environmental impact in selected impact categories for a 100
km transport route using diesel, petrol, and an electric small passenger car. In the climate
change category, diesel and petrol vehicles have higher values than EVs, which is consistent
with the LC-GHG emissions calculation. Norway exhibited the lowest impact in the climate
change category, with 9.2 kg CO»-eq, compared to Serbia, which exhibited the highest impact
with 29.3 kg CO»-eq for 100 km of transport. In countries with a significant share of RES and
lower reliance on thermal power plants, the impact on climate change was lower for BEVs. In
the case of Serbia's electricity mix, where thermal power plants are the primary source, with a
69% share in 2023 [29], the environmental impact in the climate change category was 14.9%
higher for EVs compared to diesel and 1.3% compared to petrol cars when the European elec-
tricity grid mix was considered.
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Figure 2. Comparison of environmental impact in climate change impact category for
100 km transport with a small passenger car (EV, diesel, petrol)

The production of BEVs is associated with a 50%-100% higher carbon footprint than
conventional powertrain cars, primarily due to the requirements of the battery system [33].

Similar to the climate change impact category, higher values were observed in the
acidification impact category for Serbia due to the higher share of fossil fuels in the electricity
mix, as shown in fig. 3.

Water use is associated with cooling towers in coal- and natural gas-based power
plants, which has the greatest impact when Serbia's electricity mix is considered, fig. 4. A
major challenge associated with the increased presence of BEVs on the market is the rising
demand for batteries, which drives the need for critical raw materials. Rare earth materials such
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Figure 3. Comparison of environmental impact in acidication impact category for
100 km transport with a small passenger car (EV, diesel, petrol)

as copper, nickel, cobalt, and manganese are essential for producing batteries, wind turbines,
and other green technologies. Their mining is a highly polluting and energy-intensive activity,
frequently located in politically unstable regions with poor environmental and human rights
protections [34].
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Figure 4. Comparison of environmental impact in the water use impact category for
100 km transport with a small passenger car (EV, diesel, petrol)

Higher values were observed for BEV in the impact category of resource use, miner-
als, and fossils, as shown in fig. 5. The highest values were observed in the Croatian electricity
mix and Slovenian BAU mix scenarios, which modelled the increase in PV uptake, with
0.0006609 kg Sb eq and 0.0006670 kg Sb eq, respectively. The Slovenian BAU mix scenario
only takes into account the production approach; therefore, further investigation into the impact
of electricity imports and exports should be conducted in the future.
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Figure 5. Comparison of environmental impact in resource use, minerals and
metals impact category for 100 km transport with a small passenger car (EV, diesel, petrol)

Recent research by Aryan et al. [35] analyzed the impact of the electricity grid on the
BEV in developing countries under current and future electricity scenarios. The results indi-
cated that Brazil exhibits the lowest global warming potential among the analyzed countries in
both current and future scenarios, primarily due to its heavy reliance on hydropower. On the
other hand, South Africa showed the highest potential impact of global warming due to their
heavy reliance on coal-based electricity production [35].

Life cycle assessment of electricity mix scenarios

Table 1 shows the LCIA results of three modeled electricity production scenarios. As
the data from the IEA shows, Slovenia's three main electricity production sources are nuclear,
hydro, and coal, amounting to an 85% share [36]. The PV is considered a technology that
addresses the challenges related to electricity system emissions, and the results from different
scenario modeling show that an increase in PV share contributes to a decrease in the impact
categories of climate change. However, the decrease is considerably greater in scenarios where
an increase in PV share is also followed by a reduction in the share of electricity production by
coal-based sources. The impact on climate change for 1 kWh of produced electricity is reduced
by 7.8% and 35.5% in the BAU scenario and the Green Scenario, compared to the current mix
scenario. The results are consistent with those of Carvalho et al. [37], which showed that the
phase-out of coal in modelled scenarios contributed to a reduction in environmental impact,
especially in terms of climate change, acidification, and photochemical ozonation.

Table 1. The LCIA of selected impact categories (LCIA) with Environmental Footprint (3.1)
method for different scenarios of 1 kWh of produced electricity in Slovenia

Damage category Unit | Scenario: Current mix | Scenario: BAU 2030 |Scenario: Green 2030
Acidification molH"eq 0.008402937 0.007639033 0.005107662
Climate change kgCOzeq 0.361019453 0.332986688 0.23457781
Resource use, fossils MJ 8.145487536 7.427035208 7.095009197

Resource use, minerals | g0 3.14422E-07 1.12264E-06 1.22841E-06
and metals

Water use m>depriv. 0.080556822 0.079456692 0.076606865
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The results from Garcia-Gusano et al. [38] are consistent with this study, as scenarios
with a higher share of PV show reduced impacts in the global warming category, accompanied
by increased land use and resource use (minerals and metals) due to the additional materials
required for PV panels and associated infrastructure [39]. Literature further indicates that the
electricity mix is a key determinant of BEV life cycle performance, with the use-phase impact
strongly dependent on the carbon intensity of the grid [40]. Research has shown that the impact
of the use phase is mainly dependent on the electricity mix, as China's 2019 and 2025 scenario
mix had the highest impact in the analyzed BEV scenarios. The lowest global warming poten-
tial among the analyzed 2019 scenarios was in the case of Sweden. Under future 2030 energy
mix scenarios, the highest global warming potential impact among analyzed countries was in
the case of South Korea [40] (35.179 kg CO»-eq) and the lowest in the case of Norway (13.251
kg CO»-eq) due to the higher share of electricity generation from RES [40].

For Slovenia, the comparison of BEV environmental impacts in the climate change
category between the current electricity mix and the 2030 high-PV scenario, fig. 2, shows that
the climate change impact is 3.1% lower in the high-PV scenario, while resource use (minerals
and metals) increases by 1.2%, in line with the trends observed in the electricity mix scenarios
presented in tab. 1. In the electricity mix scenarios, the relative increase in resource-related
impacts is more pronounced, as only changes in generation technologies were modelled.

Integrating RES into the electricity system reduces BEV impacts in most categories,
with some trade-offs in mineral and metal use. From a policy perspective, this implies that
under a business-as-usual electricity mix, BEVs would deliver smaller climate benefits than
under a Green, high-RES pathway. Such benefits could be possibly enhanced and trade-offs
mitigated through measures such as smart charging to align demand with RES peaks, acceler-
ated deployment of low-carbon generation, and robust battery recycling and material recovery
schemes.

Conclusions

This article presents a country-specific life cycle comparison of BEVs and ICEVs,
highlighting how environmental impacts depend on the national electricity mix. The results
showed that the impact is higher in countries heavily reliant on fossil-based electricity gener-
ation. Using LC-GHG emission factors for national electricity mixes from the JRC dataset for
2021, the highest GHG emissions per 100 km of transport with a small BEV among the ana-
lyzed countries were in the case of Serbia, which mainly produces electricity from thermal
power plants (20.9 kg CO»-eq), compared to 0.44 kg CO»-eq in Norway.

A comparative LCA of BEVs under various electricity mixes, a small diesel car, and
a small petrol car revealed that the impact in the climate change category was the highest for
BEVs using Serbia's electricity mix and the lowest for those using Norway's electricity mix.

The results from LCA of electricity mixes show that increased PV results in a de-
creased climate change category, as illustrated in Slovenia's example, where an increase in PV
to a 12.1% share led to a 7.8% decrease in the climate change impact category. When low-
voltage mix with a higher share of PV was used for analysis of BEVs, the results showed a
3.1% decrease in the climate change category and a 1.2% increase in the resource use, minerals,
and metals category. The BAU and Green LCA scenarios are constructed for 2023 and take
into account domestic generation, excluding electricity imports and exports, which should be
further researched in the future.

The LCA presents a tool for quantifying a product's or process's environmental im-
pact throughout its whole life cycle, which can contribute to achieving the SDGs. The LCA
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goes beyond the single impact category evaluation and provides a tool for identifying potential
burden-shifting challenges, which was demonstrated in the implementation of a higher share
of PV in the electricity mix. Although it significantly reduces the impact in the global warming
category, the increase in the category of mineral and metal resources used can be observed. As
such, it provides a tool for measuring progress in achieving the SDGs. The burden-shifting
from climate change to minerals and metals could be associated with the additional material
demand of BEV batteries and PV modules, as well as the associated infrastructure [39]. From
a policy perspective, promoting smart-charging schemes that shift BEV charging to hours with
low-carbon electricity could be implemented.

Nevertheless, there are drawbacks to LCA. The LCA addresses only the environmen-
tal impact, which is one of the three pillars of sustainability. Economic and social impacts
should also be addressed holistically, encompassing both the process and the products. For this
purpose, a life cycle sustainability assessment (LCSA) that integrates environmental LCA, life
cycle costing, and social LCA should be applied. Gathering relevant data for building compre-
hensive inventories is therefore necessary through further research. Future LCSA studies
should focus on policy-relevant economic indicators, such as the life cycle cost of mobility and
affordability, as well as relevant social indicators (e.g., occupational health and safety in min-
ing and manufacturing, and community impacts of raw material extraction).
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Nomenclature

BEV — battery electric vehicles LCIA - life cycle impact assessment

EV — electric vehicle LCSA - life cycle sustainability assessment
ICEV - internal combustion engine vehicles LCT - life cycle thinking

LCA - life cycle assessment SDG - sustainable development goal

LCI - life cycle inventory
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