energies MBPY

Article

Environmental and Economic Sustainability of
Electric Vehicles: Life Cycle Assessment and Life
Cycle Costing Evaluation of Electricity Sources T

Mattia Rapa *'¥, Laura Gobbi and Roberto Ruggieri

Department of Management, Sapienza University of Rome, Via del Castro Laurenziano 9, 00161 Rome, Italy;

laura.gobbi@uniromal.it (L.G.); roberto.ruggieri@uniromal.it (R.R.)

* Correspondence: mattia.rapa@uniromal.it

t This Paper is an Extended Version of the Paper Published in 20th IEEE International Conference on
Environment and Electrical Engineering (EEEIC 2020), Web Conference, 9-12 June 2020, pp. 309-402.

Received: 2 November 2020; Accepted: 27 November 2020; Published: 29 November 2020 oy

Abstract: The electro-mobility of vehicles could solve the negative effects of road transport,
by decreasing greenhouse gas emissions. However, some electric vehicles also have a negative impact
on the environment related to the nature of electricity used. This paper aims to evaluate the electricity
sources for electric vehicles using a Life Cycle Thinking approach. Life cycle assessment, using several
midpoints and endpoint methods, highlighted that the most damaging sources were lignite and diesel,
while hydropower, wind, and biomass were the most sustainable ones. Cumulative energy demand
showed that biomass used the least energy (0.034 M] eq.), but originates from 100% non-renewable
sources. Lignite, which also comes from 100% non-renewable sources, used the most energy
(17.791 MJ eq.). The lowest carbon footprints were for wind, biomass, and photovoltaic (<0.1 kg
CO; eq). Municipal waste incineration and natural gas had a medium impact, while lignite, coal,
peat, and diesel had a high impact (>1.0 kg CO, eq.). Considering life cycle costing, photovoltaic
electricity generation was the most expensive (0.2107 USD/kWh) while natural gas the cheapest
(0.0661 USD/kWh). Therefore, this study presents an integrated approach that may offer a valid tool
for decision-makers, giving them the possibility to choose the electricity sources for electric vehicles.

Keywords: electric vehicles; sustainability; life cycle assessment; life cycle costing; electric mobility;
cumulative energy demand; carbon footprint

1. Introduction

A total of 80% of the global energy consumption is attributed to the G20 countries (European Union,
United Kingdom, South Africa, Turkey, Saudi Arabia, Russia, China, India, Korea, Japan, Indonesia,
Australia, Canada, Mexico, Argentina, and Brazil) [1]. A great quantity (12 Gtoe) of energy was
consumed in 2019, with an increase of 0.9%. In the same year, CO, emissions did not increase,
maintaining the previous year record (33 Gt CO; eq.) [2]. A different trend can be seen between G20
countries—industrialized countries, such as those in the European Union and Japan, are trying to lower
their energy consumption. However, in other countries (e.g., China, India, and Russia) a great increase
(above 3%) in energy consumption has been registered [3]. Energy consumption and CO, emissions are
directly correlated. Indeed, there is a linear relationship between the energy consumed and the number
of greenhouse gases emitted [4]. Among the most impacting segments, transport represents 24% of the
total emissions and 33% of the total energy consumption. Thus, the effect of the transport area is one
of the major global issues that directly and indirectly influence the environment [5]. The worldwide
demand for transport has risen, due to the increase in population, urbanization, global mobility,
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and economic movements. Road transports are the most utilized in the globe, accounting for more than
70% of all transport sector. This type of transport was associated with up to 75% of the energy demand
in the transport area [6]. Recently, a new form of transport has increased in popularity, electric mobility.
This innovative mobility method would result in a significant decrease of future greenhouse gas
emissions; therefore, electro-mobility presents a major opportunity to solve the negative effect that
vehicles involved in road transports have on the environment [7]. Some studies have been dedicated
to evaluating the sustainability of electric mobility. In this study, the Life Cycle Thinking (LCT)
methodology was extensively used to evaluate sustainability. The LCT assessment studies the impacts
during the entire life cycle of a product—electric vehicles in this case—from the raw materials used in
the disposal scenario [8]. This kind of study highlighted that some electric vehicles have a negative
impact, particularly in their production and use [9]. However, they have sustainable maintenance
compared to fuel vehicles. Electric mobility has a great potential to reduce global warming, but the
environmental impacts depend on the nature of electricity used [10,11].

Starting from these results, this paper aims to evaluate the electricity sources (biomass, coal, diesel,
hydropower, lignite peat, municipal waste incineration, natural gas, photovoltaic, and wind) to power
the electric vehicles using an LCT approach. Firstly, a literature review on the energy consumption
of vehicles powered with different fuels was performed. Then, the applied methodologies were
described, i.e., life cycle assessment, life cycle costing, cumulative energy demand, and carbon footprint.
The results of the Life Cycle Impact Assessment of the different sources by means of several midpoint
and endpoint methods, such as ReCiPe 2016, ILCD 2011, CML-IA, IMPACT 2002+, and EPD (2013),
were discussed and compared with the ones of other methodologies involved. Therefore, an integrated
approach was applied to evaluate the impacts of the electricity sources used in electric mobility.

2. Literature Review

The use of electric mobility is spreading worldwide, and academic studies are following its
inevitable growth. To date, data from Scopus® showed about 105,000 contributions containing “electric
vehicles” in their title, abstract, or keywords. The number of publications on this topic has undergone
a huge increase in the last 20 years—starting from 731 publications in 2000 to 11,308 in 2019. To date,
the number of studies on the topic of sustainability in electric mobility are 6126 (5.8% of the total),
whereas the papers dealing with the life cycle thinking approach accounted for 4.5% of the total (about
4800). In the LCT studies reported in the literature, one of the main challenges was the evaluation
and comparison of conventional and electric vehicles [12-14]. Furthermore, the environmental
impacts and the energy efficiency of the engines in these two types of vehicles were compared.
The battery-electric vehicles had a higher energy efficiency compared to that of conventional vehicles
(fuel cell vehicles); however, the difference was small. This feature of the electric vehicles was found
only if the charging electricity comes from renewable source, in accordance with the aim of this
paper [15-18]. The literature studies have reported that another issue associated with electric vehicles is
the battery typology. The results of life cycle assessments of batteries varied significantly depending on
the LCA methodology approach. The results showed a huge variability in terms of the environmental
impact assessment, particularly for climate change impacts. It was found that the CO; eq emissions
per kWh of battery capacity ranged from 50 to 313 g CO; eq/kWh depending on the battery typology
but also the LCA methodology involved. However, electric vehicles had a lower carbon footprint
than conventional vehicles, such as diesel- or petrol-powered [19-22]. A strategy to reduce greenhouse
gas emissions that has been implemented in electric vehicles is the integration of charging systems.
The evaluation of different charging strategies highlighted that these systems could decrease the
emissions related to the battery life cycle by between 4% and 11% [23]. The integration of photovoltaic
solar modules into electric vehicles has been shown to be a particularly effective approach. The LCA of
this integration showed a large reduction in emissions—from 0.435 kg CO, eq/kWh (system without
photovoltaic integration) to 0.357 kg CO, eq/kWh [24].
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In addition to electric mobility, other clean technologies in road transport are emerging, one of
which is the use of Hy as fuel. This technology has often been integrated into hybrid vehicles,
replacing conventional fuels. A recent study compared the CO, eq and NOy emissions of Hj, electric,
and conventional technologies for the transport sector [25]. It was highlighted that H, technology
can reduce fuel consumption, with competitive emissions against electric vehicles. The integration
of fuel cell vehicles with Hj-tech produced the lowest greenhouse gas emission and a comparable
NOxy one. The best production of H, was defined. Another study was carried out in this area by
comparing Hy hydrogen fuel productions, i.e., conventional, renewable from biomass, and renewable
from wind [26]. Three environmental indicators were used: carbon footprint, cumulative energy
demand, and acidification. The conventional H, production method had the highest values in all three
indicators. The biomass-based production had the lowest carbon footprint (expressed as CO; eq.),
whereas the wind-based had the lower non-renewable energy requirement.

To summarize, the evaluation of emissions related to road transport focused on the fact that
the electric vehicles offer a great reduction in greenhouse gases. Additionally, the integration of this
mobility with a self-charging system or the use of H; fuels led to better environmental performances of
vehicles using conventional technology.

3. Materials and Methods

The LCT methodology was employed to evaluate the economic and environmental sustainability of
different energy sources. Two main approaches of LCT were herein applied, the Life Cycle Assessment
(LCA) and the Life Cycle Cost (LCC) [27,28].

3.1. Life Cycle Assessment

Goal and Scope definition: the objective of this LCA is the evaluation of the production of
several energy sources involved in electric mobility (biomass, coal, diesel, hydropower, lignite, peat,
municipal waste incineration, Natural Gas, Photovoltaic, and Wind). The functional unit chosen was
1 kW/h of energy [29]. The system boundaries of the analyzed system are reported in Figure 1.

Production .

Figure 1. System boundaries for the Life Cycle Thinking approach.

Life Cycle Inventory: the data regarding energy production have been collected from November
2019 to January 2020. All the data concern Italian energy production.

Life Cycle Impact Analysis: the impacts were calculated using several methods through the
software SimaPro 8.5., i.e., ReCiPe 2016 midpoint and endpoint, ILCD 2011, CML-IA, IMPACT 2002+,
and EPD (2013) [30-33]. These methods are considered midpoint indicators that highlight a single
environmental problem. Moreover, the ReCiPe 2016 endpoint method was applied by assessing three
endpoint indicators (Human Health, Ecosystems, and Resources) [34,35]. It is noteworthy that there is
not a standard reference level for each indicator, but they can be used to compare different systems by
using the same inventory and the same analysis method.
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3.2. Cumulative Energy Demand

Cumulative energy demand (CED) is a tool that is widely applied to investigate the energy used
throughout the life cycle of a good or service [36,37]. This approach can be considered as a screening
indicator for the environmental impact analysis, but it does not replace an assessment with the use of
comprehensive impact assessment methods, such as ReCiPe 2016 or ILCD 2011. Therefore, an integrated
approach to CED and other impact assessment methods was highly recommended. The CED-indicator
was split up into two main categories (Renewable and Non-renewable) and eight sub-categories (fossil,
nuclear, biomass, wind, solar, geothermal, water). In this case, the value of wind, solar, and geothermal
sub-categories have been aggregated. CED indicators are calculated according to the intrinsic value of the
energy, determined by the amount of energy withdrawn from nature (expressed in MJ-equivalents) [38].

3.3. Carbon Footprint

Carbon footprint was determined according to IPPC guidelines [39] by considering the following
greenhouse gases (GHGs): carbon dioxide, methane, nitrous oxide, hydrocarbons, hydrofluorocarbons,
chlorofluorocarbons, hydrochlorofluorocarbons, perfluorocarbons, halon, fluorinated ethers, and sulfur
hexafluoride. Each of the GHGs have a different greenhouse effect; therefore, the CO, equivalents
were calculated as follows:

CF = Z G.G.i xK; )

where G.G.; is the greenhouse gas quantity produced and K; is the CO, equivalents coefficient of that
gas [40].

3.4. Life Cycle Costing

The LCC evaluation defines the total cost of products and services, taking into account its complete
life cycle [41]. The assessment permits the cost drivers to be defined and to recognize the possible
cost savings in a system [42]. In the LCC, the total cost is considered with the goal to support the
decision-makers in the choices concerning variation of some parameters in the life cycle of specific
products or services, highlighting the most cost-efficient and competitive solutions for the production
process [43,44].

4. Results

The results of the environmental impact evaluation using the different LCIA methods are reported
in Table S1.

4.1. ReCiPe 2016 Midpoint

The first method reported is the ReCiPe 2016 midpoint that involves six impact categories dealing
with air, five categories for the water, five categories for the land, and two categories dealing with human
health [45,46]. For the categories regarding the air, the results were heterogeneous. The electricity
generated by hydropower systems has a lower impact in the following categories, global warming =
5.870 x 1073 kg CO, eq., stratospheric ozone depletion 1.150 x 10~ kg CFC-11 eq. and fine particulate
matter formation = 2.271 kg PM2.5 eq. The lignite energy source had high impacts in these category
(respectively, 1.785 kg CO, eq., 4.243 X 107 kg CFC-11 eq. and 9.789 x 1073 kg PM2.5 eq.). The biomass
source had the largest impact on the ozone formation categories for both human health and ecosystems
damage (9.533 x 1072 kg NOx eq. and 1.496 x 10~2 kg NOx eq., respectively) and it had no impact
on the ionizing radiation one. For the photovoltaic source, with which low impacts are generally
associated, the ionizing radiation has the highest impact (9.793 x 10~3 kBq Co® eq.).
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4.2. ILCD 2011

The ILCD 2011 method provides information on the five categories dealing with the air, five on water,
and three categories on soil and human health [47,48]. In terms of air, lignite had the greatest impact
in three of the five categories (climate change = 1.801 kg CO, eq., particulate matter = 3.264 x 1073 kg
PM2.5 eq. and photochemical ozone formation = 3.235 x 10~% kg NMVOC eq.). Hydropower had
lower impacts for the same categories (respectively, 6.015 x 103 kg CO, eq., 6.850 x 10~7 kg PM2.5 eq.
and 9.437 x 107% kg NMVOC eq.). In the ozone depletion category, the biomass source was the most
eco-friendly (8.714 x 10~!4 kg CFC-11 eq.) despite the fact that the municipal waste incineration source
had the highest value (4.781 x 10~* kg CFC-11 eq.) in terms of ozone depletion. Photovoltaics had a
drawback associates with the high level of ionizing radiation (2.380 x 1078 CTUe), as reported in the
ReCiPe 2016 midpoint method. For the categories relating to water, overall, the wind source had a minor
impact, while coal and lignite had the highest.

4.3. CML-IA

In the CML-IA (baseline) methods, there were eleven impact categories. The majority of the
categories concerned air and water impacts—only 20% of the categories covered soil and human
health damages [49,50]. By this method, coal, diesel, lignite, and peat had a similar global warming
potential, emitting 1.150 kg CO, eq., 1.134 kg CO, eq., 1.803 kg CO, eq. and 1.176 kg CO; eq.,
respectively. In terms of ozone layer depletion, the municipal waste incineration had the highest value
(4.781 x 1078 kg CFC-11 eq.) while biomass had the lower (9.498 x 1014 kg CFC-11 eq.). However,
biomass had the greatest impact in terms of photochemical oxidation (2.310 x 1072 kg C,Hy, eq.).

4.4. IMPACT 2002+

The IMPACT 2002+ [33,41] method takes four categories of human health into account,
with biomass had fewer carcinogens (7.990 x 1077 kg C,H;3Cl eq.) and non-carcinogens impacts
(1.641 x 10~ kg C,H;Cl eq.), while it had the largest impact in terms of respiratory organics
(2.402 x 1072 kg CoHy eq.). In this last category, hydropower had the lowest value (3.492 x 10~7 kg
CyHy eq.) as well as in the respiratory inorganics (1.724 X 107° kg PM2.5 eq.). In the human health
categories, in addition to biomass, the sources with the largest impact were diesel (non-carcinogens
= 7.870 x 10~2 kg C,H3Cl eq.), lignite (respiratory inorganics = 9.399 x 103 kg PM2.5 eq.) and
photovoltaic (carcinogens = 1.729 x 1073 kg C,H3Cl eq.). For water, the hydropower source had the
lowest impact in all three categories analyzed, i.e., aquatic ecotoxicity = 5.860 x 1072 kgTEG water,
aquatic acidification = 9.215 x 10~° kg SO, eq, and aquatic eutrophication 1.136 x 1078 kg PO* P-lim.
In terms of the negative aspects, the response was various with coal, lignite, and natural gas as the
highest-impact sources. Hydropower and biomass were also the most sustainable sources in terms of
the soil and air impacts, while lignite and municipal waste incineration were the least sustainable.

4.5. EPD (2013)

The last method is used to generate an Environmental Product Declaration, an eco-label recognized
by the European Community [51-53]. This method was based on the CML-IA one for the following
categories: global warming, ozone layer depletion, photochemical oxidation, abiotic depletion,
and abiotic depletion-fossil fuel. The other two categories are acidification and eutrophication. In both
these categories, hydropower had the lowest impact—9.172 x 107¢ kg SO, eq. and 1.157 x 107 kg
PO,3~ eq., respectively. In the acidification category, coal had the largest impact—(6.293 x 1073 kg SO,
eq.)—while lignite contributed most to eutrophication (1.350 x 1072 kg PO4>~ eq.).

4.6. ReCiPe 2016 Endpoint

The assessment using the ReCiPe 2016 endpoint method involved the study of 22 impact categories.
These categories were summarized into three main targets, i.e., human health, ecosystems, and resource
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scarcity [46,54,55]. Furthermore, three different measurement units reflect the 22 categories (Table S2).
The human health impact categories were expressed by the Disability-Adjusted Life Year (DALY).
This unit determines the overall disease burden, expressed as the number of years lost due to ill
health, disability, or early death. In all the categories of this area, the lowest impact was recorded in
the electrical energy generated from hydropower. The highest impact was found for lignite in the
global warming (2.231 x 10~° DALY) and human carcinogenic toxicity (4.429 x 10~° DALY) categories
and coal in the stratospheric ozone depletion (5.706 x 1071 DALY), fine particulate matter formation
(8.678 x 10~ DALY), and human non-carcinogenic toxicity (2.682 x 1075 DALY) categories.

In the ecosystems assessment, the impact categories are expressed as species/year, which is
a way to measure the extinction rate of living species. For the ecosystems, the highest-impact
electricity source was lignite in terms of terrestrial global warming, freshwater global warming,
marine eutrophication, freshwater ecotoxicity, and marine ecotoxicity. Biomass had the highest impact in
the ozone formation category (1.931 x 10~ species/year), natural gas in the terrestrial acidification one
(1.258 x 10~ species/year), and photovoltaic in the terrestrial ecotoxicity one (2.009 x 107! species/year).
The lowest impacts were found for wind in the water categories, such as marine eutrophication freshwater
and marine ecotoxicity, and hydropower in the other categories.

Moreover, the impact categories dealing with resource scarcity are expressed in United States
Dollars (USD). For this endpoint, the most expensive electricity source was diesel, while hydropower
was the cheapest.

4.7. Cumulative Energy Demand

To quantify the energy withdrawn from nature by the electricity sources analysed, the cumulative
energy demand (CED) was calculated, and the results were expressed as MJ eq., as reported in
Table 1 [56,57]. Biomass was the source that used the least energy (0.034 MJ eq.), but its provenience
was 100% non-renewable fossil. A similar trend was found for diesel, natural gas, lignite, peat, and coal
(100%, 100%, 99%, 99%, and 98% non-renewable fossil source, respectively). However, while biomass
had the lowest value of energy withdrawn from nature, the above-mentioned sources withdrew more
energy, from 10.823 M]J eq. for coal to 17.791 MJ eq. for Lignite. Wind used 0.130 M] eq. of which 87%
originated from non-renewable fossil sources, 10% from non-renewable nuclear sources, and just 3%
from renewable water sources. The municipal waste incineration used 6.918 MJ] eq. originating from
non-renewable fossil sources (59%), renewable biomass (12%), renewable wind (18%), and renewable
water (11%). Photovoltaic and hydropower used more renewable energy. The source of 5.035 MJ eq. of
photovoltaic was 77% renewable solar, and 3% renewable water, with the remaining 20% originating
from non-renewable fossil and nuclear.
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Table 1. Cumulative energy demand results for different electricity sources.
CED Sub-Categories (M]) Biomass Coal Diesel Hydropower Lignite Municipal Waste Natural Gas Peat Photovoltaic Wind
Non-renewable, fossil 0.034 10.646 15.478 0.027 17.695 0.0594 12.639 11.378 0.887 0.113
Non-renewable, nuclear - 5.280 x 1072 - 2508 x 107 5.074 x 1072 3.766 x 1073 - 4.805x 1072 1.273x 107! 1.331 x 1072
Non-renewable, biomass - 6.346 x 107° - - 2424 x 107° 3.024 x 107° - 1.816 x 1075 1.818 x 10™* -
Renewable, biomass - 9.336 x 1072 - - 8.586 x 1072 8.493 x 107! - 6937 %107  3.030 x 1072 -
Renewable, wind, solar, geothermal - 5.380 x 1072 - 2497x107° 5139 x 1073 1.271 - 4.376 x 1073 3.860 -1.253 x 1073
Renewable, water - 2.565 x 1072 - 4.236 3.062 x 1072 7.345 x 107! - 20971072 1.304 x 107 4204 x 1073
Total 0.034 10.823 15.479 4.267 17.791 6.918 12.639 11.457 5.035 0.130
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4.8. Carbon Footprint

The Carbon Footprint (CF) was recognized worldwide as a reliable and suitable indicator to
evaluate the environmental impact of activities [58-60]. This tool has a unique calculation method,
which is described in the International Panel on Climate Change (IPCC) guidelines [61,62]. The results
of the CF calculation of the different electricity sources, analyzed in this study, are reported in Figure 2.
From the results of the LCA and CED analysis, lignite had the highest CF (1.8036 kg CO; eq.) of the
evaluated electricity sources, followed by peat (1.1760 kg CO; eq.), coal (1.1520 kg CO, eq.), diesel (1.1375 kg
CO; eq.) and natural gas (0.7382 kg CO; eq.). The lowest CF was of hydropower with 0.0059 kg CO; eq.,
a huge difference from lignite, coal, and diesel. Furthermore, wind, biomass, and photovoltaic had a low
CF (0.0109 kg CO; eq., 0.0455 kg CO, eq. and 0.0794 kg CO, eq., respectively).

Carbon Footprint

Figure 2. Carbon footprint results for human health, calculated according to the IPPC guideline.

4.9. Life Cycle Costing

The costs of the electricity production were herein assessed to evaluate which source of electricity
was the cheapest using the LCC methodology [63-65]. The results are shown in Figure 3 and are
expressed in USD for 1 kW/h. The costs refer to Italian electricity production and no data have been
reported for diesel, municipal waste incineration, and peat sources.
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Wind
Photovoltaic
Peat
Natural gas

Municipal waste incenerartion

Lignite
Hydropower
Diesel
Biomass
Coal
0 0.05 0.1 0.15 0.2 0.25
USD/kWh

Figure 3. Costs analysis of electricity sources examined (* data not found).

5. Discussion

5.1. Midpoint Method Comparison

To assess the environmental impacts of the electricity sources, six midpoint LCIA methods have
been applied and compared, i.e., ReCiPe 2016, ILCD 2011, CML-IA, IMPACT 2002+, and EPD (2013).
The results associated with the different impact categories were heterogeneous. Moreover, even if
the category described the same damage, the measurement unit used was different. For example,
the category dealing with ionizing radiation is described by kBq Co-60 eq. in the ReCiPe 2016 method,
CTUe in ILCD 2011, and Bq C-14 eq. in IMPACT 2002+. Therefore, it is not possible to compare values
with different measurement units, even if they are described in the same impact category. Nevertheless,
some categories are expressed in a unique measurement unit. The first one is the global warming
category, expressed as kg of CO, eq. for all the methods analyzed. To compare the data, Figure 4
shows the percentage of each source relative to the highest-impact one. In all the midpoint methods,
the highest-impact source in the global warming category was lignite (100%), followed by peat (65%).
The greatest difference was found for the coal and diesel sources. In the ReCiPe 2016 and ILCD 2011
methods, diesel showed a higher value than coal. In contract, in the CML-IA/EPD (2013) and IMPACT
2002+ methods, the trend was the opposite. The other sources did not highlight significant differences.
The second category was the particulate matter in the ReCiPe 2016, ILCD 2011, and IMPACT 2002+
methods, expressed as kg of PM2.5 eq. (Figure 5). Additionally, in this case, the highest values were
found for lignite but there was a great difference between ILCD 2001 and the other two methods.
All the values in the ILCD 2001 method for particulate matter were 70% less if compared with ReCiPe
2016 and IMPACT 2002+. So, the ILCD 2001 method was not appropriate to describe the impacts
associated with particulate matter. The least comparable category was the acidification one, which was
expressed in kg SO, eq. for all the methods analyzed, except for the ILCD 2011 one. The ReCiPe 2016,
CML-IA, and IMPACT 2002+ methods had the same trend for the impacts in this category (Figure 6).
Natural gas was the highest-impact source, followed by coal, lignite, and peat. The results of the EPD
(2013) method showed 10% to 80% higher values than the other ones. For this method, lignite had the
highest overall environmental impact, followed by coal, diesel, and natural gas.
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Global warming (kg CO2 eq.)
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Figure 4. Comparison of global warming category by midpoint methods, expressed as a relative percentage.

Particulate Matter (kg PM 2.5 eq.)
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Figure 5. Comparison of the particulate matter category using midpoint methods, expressed as a
relative percentage.
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Acidification (kg SO, eq.)
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Figure 6. Comparison of acidification category using midpoint methods, expressed as a relative percentage.
5.2. Endpoint Method

Since the ReCiPe 2016 endpoint method involved the use of only three measurement units, it was
possible to compare and to summarize the impacts from different categories in the three main areas
(human health, ecosystems, and resources scarcity). Therefore, the impact categories values with
the same measurement unit were summarized. In Figure 7, the relative percentages of each source
are shown, compared to the highest value calculated. In this way, it was possible to highlight the
total impact and to valorize the real contributions of each source in the area studied. In terms of
human health, lignite was the source with the highest impact (100%), followed by coal (17%) and
peat (10%), while those with the least impact were hydropower (0.03%), wind (0.05%), and biomass
(0.26%). The same energy sources also had the lowest values in terms of ecosystem impact (0.10%,
0.17%, and 2.03%, respectively) while lignite, coal, and peat had here the highest impact. In terms of
resource scarcity, the trend of the sustainable sources was the same while that of the highest impact
ones was quite different. Diesel had the highest value in this area, followed by natural gas (66%),
lignite (41%), and peat (29%).
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ReCiPe 2016 endpoint

100.00 — —
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ONatural gas O Peat O Photovoltaic

O Wind

Figure 7. ReCiPe 2016 endpoint results for human health, ecosystems, and resource scarcity, expressed as
a relative percentage.

5.3. Single Issue Method

In addition to the impact assessment with midpoint and endpoint methods, some individual
issues were evaluated, i.e., cumulative energy demand, carbon footprint, and cost analysis. In the CED,
biomass was the source with the lowest value (0.034 M] eq.), even if its origin was 100% non-renewable
fossil. Lignite, with an energy use of 17.791 MJ, was the source with the highest CED value. For the CED,
the best source was wind, which had a negative value in the renewable parameter, indicating that there
is not a withdrawal but a release of energy. The results of the carbon footprint evaluation confirmed
that the most environmentally friendly sources were hydropower, wind, biomass, and photovoltaic
(CF < 0.1 kg CO; eq.). A medium impact was attributable to municipal waste incineration and natural
gas (CF < 1.0 kg CO; eq.) and a high impact to lignite, coal, peat, and diesel (CF > 1.0 kg CO; eq.).
In addition, the cost analysis using LCC highlighted that the largest cost is for photovoltaic electricity
generation (0.2107 USD/kWh), while the other sources have costs ranging from 0.086 to 0.11 USD/kWh.
In this analysis, cheapest electricity generation was found for natural gas (0.0661 USD/kWh).

6. Conclusions

This study provided an evaluation of the environmental and economic sustainability of electricity
sources used for electric vehicles, i.e., coal, peat, lignite, diesel, natural gas, hydropower, wind,
municipal waste incineration, photovoltaic, and biomass. A life cycle assessment was conducted by
comparing the results of six midpoint and one endpoint methods for the calculation of the impacts.
The midpoint methods provided heterogeneous results. In the global warming category (kg CO; eq.),
the highest-impact sources were lignite, peat, and coal, while the lowest-impact ones were hydropower
and photovoltaic. The same trend was highlighted in the particulate matter category (kg PM. 2.5 eq.).
ILCD 2011 underestimated values, this method seems more appropriate for water considerations.
It was possible to make another comparison of the acidification category (kg SO, eq.). In this category,
ReCiPe 2016, CML-IA and IMPACT 2002+ had the same impact trend. The highest-impact source was
natural gas, followed by coal and lignite. The EPD (2013) method showed values that were between
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10% and 80% higher than the other ones. In addition, in this method, lignite was the highest-impact
source, while natural gas ranked fifth.

The endpoint analysis method provided information on the impacts on human health, ecosystems,
and resource scarcity areas. In terms of human health, lignite was the highest-impact source, followed by
coal and peat, while hydropower, wind, and biomass were the most sustainable. In terms of ecosystem,
the same categories had the lowest values, while lignite, coal, and peat had the highest. In terms of
resource scarcity, the trend of the sustainable sources was the same, while diesel had the highest value,
followed by natural gas, lignite, and peat. In addition, the cumulative energy demand and carbon
footprint indicators were calculated. Biomass was the source that used the least energy (0.034 M]
eq.), but its origin was 100% non-renewable. Lignite also had 100% non-renewable origins and used
the most energy (17.791 M]J eq.). The lower CFs were for wind, biomass, and photovoltaic (0.0109 kg
CO; eq., 0.0455 kg CO; eq. and 0.0794 kg CO; eq., respectively). A medium impact was observed for
municipal waste incineration and natural gas (CF < 1.0 kg CO; eq.) and a high impact for lignite, coal,
peat, and diesel (CF > 1.0 kg CO; eq.).

A life cycle costing was conducted to evaluate the economic sustainability of the analyzed sources.
Photovoltaic electricity generation was the most expensive (0.2107 USD/kWh), natural gas was the
cheapest (0.0661 USD/kWh), and the other sources had a cost ranging from 0.086 to 0.11 USD/kWh.

Therefore, the analysis of the environmental and economic sustainability herein proposed was
proved suitable to evaluate the impacts of the electricity sources used in electric mobility. This study
might provide a valid tool for decision-makers, offering them the possibility to choose the electricity
sources considering the impacts that they want to reduce. Furthermore, an integrated approach of
an LCA of the vehicles with the results of this study could be applied. For instance, if the vehicle
LCA resulted in a large emission of particulate matter, thanks to this study, one could choose to
use hydropower or photovoltaic electricity sources, as these were found to have the lowest impact
in this category. A limitation of this study is the heterogeneous results provided by the evaluation.
Nevertheless, this was a particular limit of LCA studies, as it has been reported in the literature section
for Hy production. In addition, there was no single environmentally friendly way to produce Hy—it
depended on the considered indicator. Another issue was the fact that the data were based on Italian
electricity production, so they described a local situation. For these reasons, there are many avenues for
further research such as the expansion of the inventory to describe and to evaluate a global or European
condition. Moreover, further work to build on this study could involve the integrated evaluation of
electric vehicle production and their disposal using an LCT approach.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/23/6292/s1,
Table S1: LCIA results for different electricity sources by ReCiPe 2016, ILCD 2011, CML-IA, IMPACT 2002+,
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warming), Figure 2 (Particulate Matter) and Figure 3 (Acidification), Table S2: LCIA results for different electricity
sources by ReCiPe 2016 endpoint method. Data employed in the elaboration reported in Section 4.7. and Figure 4.
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