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Abstract

:

Global warming (GW) and urban pollution focused a great interest on hybrid electric vehicles (HEVs) and battery electric vehicles (BEVs) as cleaner alternatives to traditional internal combustion engine vehicles (ICEVs). The environmental impact related to the use of both ICEV and HEV mainly depends on the fossil fuel used by the thermal engines, while, in the case of the BEV, depends on the energy sources employed to produce electricity. Moreover, the production phase of each vehicle may also have a relevant environmental impact, due to the manufacturing processes and the materials employed. Starting from these considerations, the authors carried out a fair comparison of the environmental impact generated by three different vehicles characterized by different propulsion technology, i.e., an ICEV, an HEV, and a BEV, following the life cycle analysis methodology, i.e., taking into account five different environmental impact categories generated during all phases of the entire life of the vehicles, from raw material collection and parts production, to vehicle assembly and on-road use, finishing hence with the disposal phase. An extensive scenario analysis was also performed considering different electricity mixes and vehicle lifetime mileages. The results of this study confirmed the importance of the life cycle approach for the correct determination of the real impact related to the use of passenger cars and showed that the GW impact of a BEV during its entire life amounts to roughly 60% of an equivalent ICEV, while acidifying emissions and particulate matter were doubled. The HEV confirmed an excellent alternative to ICEV, showing good compromise between GW impact (85% with respect to the ICEV), terrestrial acidification, and particulate formation (similar to the ICEV). In regard to the mineral source deployment, a serious concern derives from the lithium-ion battery production for BEV. The results of the scenario analysis highlight how the environmental impact of a BEV may be altered by the lifetime mileage of the vehicle, and how the carbon footprint of the electricity used may nullify the ecological advantage of the BEV.
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1. Introduction


Worldwide vehicle production growth over the past decades has caused strong emissions increments which have affected both population and industrial sectors globally. EU-28’s CO2 emissions correspond to 10.8% of global CO2 emissions [1]. In 2017, the transport sector contributed to 27.9% of the EU-28 CO2 production, with a passenger cars participation of 43.5%, which hence represents about 12.1% of the total EU-28 CO2 emissions [2]. To reduce air pollution, governments issued increasingly stringent regulations, pushing vehicle manufacturers towards innovative solutions. With a view to eco-sustainable mobility, battery electric vehicles (BEVs) and hybrid electric vehicles (HEVs) are nowadays proposed as clean or light-environmental impact technologies for road transport. In particular, BEVs are often promoted as zero-emitting vehicles since they are propelled by the use of electric energy, in contraposition to internal combustion engine vehicles (ICEVs) and HEVs, which instead make use of fossil fuels. If, on the one hand, it is true that a BEV does not produce tailpipe emissions while moving, on the other hand, it must be considered that the electric energy employed by the BEV may have been produced by the use of fossil fuels, thus contributing to air pollution and CO2 emissions. A fundamental aspect, hence, in the evaluation of the environmental impact related to the use of a BEV is to know the source, or the mix of different sources, employed to produce the electric energy. It is rather obvious that if the electric energy is obtained only by renewable sources (e.g., hydraulic, solar, wind energy), no pollutant emissions are produced during the use of a BEV. Unfortunately, electric energy is not produced exclusively by means of renewable sources, but is still obtained by a mix of different sources which may have a carbon footprint (e.g., coal, natural gas, oil) or may produce different and hazardous waste, such as nuclear energy. Every single country is characterized by a particular mix of energy sources employed to generate electricity, which is usually referred to as the electricity mix (of the country). The pollutant emissions related to the use of a BEV hence depend on the particular mix employed for the electric energy production, and in turn, on the country in which the vehicle is employed. The considerations made up to this point regard only the energy transformation chain which is involved in the BEV propulsion phase. It is, however, widely recognized that a fair and complete evaluation of the pollutant emissions related to vehicle use should also take into consideration the vehicle production phases, since materials employed and manufacturing process may play an important role in determining the real environmental impact related to the use of a vehicle: this aspect is crucial when a comparison between the environmental footprint of different vehicle technology is performed. For this reason, several studies were carried out dealing with the evaluation of the environmental impact of vehicles through a life cycle assessment (LCA) methodology, that considers the entire life of the vehicle, from the production phase to the on-road use of the vehicle, and to the final disposal. In [3], the life cycle greenhouse gas emissions (GHG) of battery electric vehicles and conventional gasoline internal combustion engine vehicles are calculated and compared in different Chinese energy production mix scenarios (2010 and 2014). As a result, the ICEV revealed 34.9 tCO2eq/vehicle with the 2010 electricity mix, and 29.7 tCO2eq/vehicle with the 2014; as instead regards the BEV, 42.5 tCO2eq/vehicle (i.e., +21.7%) were evaluated with the 2010 electricity mix, and 31.4 tCO2eq/vehicle (i.e., +5.72%) with the 2014. In [4] a comparative LCA of European medium-sized passenger vehicles (“VW Passat class”) was carried out, adopting Switzerland as a vehicle usage scenario, and taking into consideration different drive technologies and fuel supply chains, representing both the present and the modern future (2030) state of development. As a result, the CNG-fueled ICEV, the diesel hybrids, and the BEV charged employing the average European electricity mix, proved to generate the lowest life cycle greenhouse gas emissions, in the order of 210 g CO2eq/km, while the highest levels (300 g CO2eq/km) were calculated for the gasoline-fueled ICEV. In [5], the environmental impacts of a vehicle with an internal combustion engine (diesel, petrol, and CNG) is compared to a battery electric vehicle, considering the battery of the electric vehicle produced using the electricity from the Chinese, the European, and a 100% photovoltaic energy mix. In [6], a comparison based on real consumption data of two cars (Nissan Leaf BEV and Mercedes A-170 ICEV) on the New European Driving Cycle (UNECE 2005) is presented. In this study, great attention was paid to vehicle life cycle including both the high-voltage battery and the rest of the car components, based on well-detailed inventories and model parameters. All of these studies highlight how the vehicle production processes, traveled distance, and energy mix may substantially influence the real environmental impact of an electric vehicle during its entire life cycle [7]. According to these considerations, the authors of the present paper followed a life cycle approach to perform a fair comparative evaluation of the real environmental impact connected to the use of three different kinds of vehicle (i.e., ICEV, HEV, and BEV) derived from the 2019 market, considering different driving distances and different energy mixes, thus contributing to delimit the effective pollutant behavior of each kind of vehicle, even changing the conditions of use. With the aim to faithfully represent the current conditions of production, use, and disposal, the analysis was performed employing the most up-to-date data present in the scientific literature (before the pandemic). Unlike other articles in the scientific literature, this work does not analyze only take into account greenhouse gas emissions, but also properly takes into consideration the terrestrial acidification, the particulate matter formation, and the deployment of mineral and fossil resources, thus highlighting, from several points of view, the real advantages, disadvantages, and limitations of modern car propulsion technologies.




2. Method and System Details


Life Cycle Assessment (LCA) is an analytical and systematic methodology that evaluates the environmental footprint of a product or service, along its entire life cycle (“from cradle to gate”) [8]; hence, starting from the phases of extraction of the necessary raw materials, the analysis involves the production and distribution phases, the use and the final disposal. At the end of the calculation, the environmental impact of a product is quantified according to various environmental impact indicators. Worldwide, the LCA methodology is regulated by ISO standards 14040 [9,10] and is structured into the following phases:




	
Goal and scope definition



	
Life cycle inventory (LCI)



	
Life cycle impact assessment (LCIA)



	
Interpretation of results









3. Goal and Scope Definition


As already mentioned, the goal of this study is to compare, from a life cycle perspective, the ecological consequences related to the use of three vehicles characterized by different propulsion technologies, i.e., a gasoline ICEV, a gasoline HEV, and a BEV. Given the difficulty to analyze, in a single paper, all the different kinds of vehicles (from mini cars to SUV, nine different passenger cars categories may be identified, corresponding to the Euro car segments from A to J) the authors decided to focus on the most diffused kind of passenger cars in Europe, i.e., small-medium cars (corresponding to the B-C segments) which account for over half of total EU car sales [11]. Starting from raw materials supplying and processing, considering vehicle production and assembly, and arriving at the use and final disposal phase, the overall environmental impact of each vehicle was assessed employing GREET 2020.NET (Greenhouse gases, Regulated Emissions, and Energy use in Transportation), a widely adopted open-source suite for life cycle analysis developed by Argonne National Laboratory [12,13]; for the environmental impact assessment, the ReCiPe 2016 methodology was followed [14,15], taking into considerations five different environmental impact categories, each one represented by means of a proper characterization factor:




	(1)

	
Climate change: mainly due to the increase in greenhouse gases (GHG) in the atmosphere, it is accounted for by the global warming potential (GWP) which expresses the equivalent mass of CO2 emitted to obtain a product or a service.




	(2)

	
Fine particulate matter formation: focusing on human population intake of PM2.5, the change in ambient concentration of PM2.5 after the emission of primary PM2.5 or precursors (e.g., NH3, NOX, SO2) is evaluated by means of the Particulate Matter Formation Potentials (PMFP), expressed in terms of the equivalent mass of PM2.5 [14,15].




	(3)

	
Terrestrial acidification: soil acidity variation due to acid deposition is taken into account by means of the Terrestrial Acidification Potentials (TAP) which expresses the amount of acidifying emissions (e.g., NOX, NH3, and SO2) introduced in the atmosphere in terms of the equivalent mass of SO2 [14,15].




	(4)

	
Mineral resource scarcity: although minerals are available in almost infinite amounts in the world, the real availability of a mineral resource primarily depends on the grade, i.e., the concentration of the mineral within an ore. The primary extraction of a mineral resource leads to an overall decrease in the concentration of that resource in ores worldwide. The lower is the grade of a mineral, the larger will be the amount of ore mined to extract the same amount of resource in the future, which obviously will imply larger land use, higher energy consumption, and waste production: this is the environmental impact related to the mineral resource depletion. The Surplus Ore Potential (SOP), expressed as the equivalent mass of copper, indicates the average extra amount of ore produced in the future caused by the extraction of a mineral resource considering all future production of that mineral resource [14,15,16].




	(5)

	
Fossil resource scarcity: with the same significance and approach followed for mineral resources, depletion of fossil energy resources is expressed in terms of the equivalent mass of oil using the Fossil Fuel Potential (FFP), which is calculated as the ratio between the higher heating value of the fossil resource and the higher heating value of crude oil [14,15].









Table 1 resumes the environmental impact categories considered, together with the characterization factors and the unit adopted [15], to quantify the contribution to each category.



With the aim to give the obtained results a greater generality and applicability, the environmental impact comparison was carried out considering three fictitious vehicles (a gasoline ICEV, a gasoline HEV, and a BEV) representative of real market products, whose performance and characteristics, as shown further on, were determined on the basis of real vehicles available on the 2019 market. The functional unit [10] of this study is hence the distance traveled by each vehicle during its entire life. For the life cycle impact evaluation, the following assumptions were also made by the authors:




	(6)

	
The three vehicles compared were assumed to be produced in Germany in 2019: the reason for this assumption is that, as reported by ACEA [17], Germany is the European state with the largest production of passenger cars (4.66 million units in 2019, i.e., 30% of EU production) followed by Spain (2.18 million units in 2019, 14% of EU production).




	(7)

	
The lithium-ion batteries of both the hybrid and the electric vehicles were assumed to be manufactured in China, which is the largest producer in the world: considering, for example, lithium-ion bases batteries for electric vehicles, in 2017 about 70% of the world production (145 out of 206 GWh) came from China [18].




	(8)

	
A reference lifetime distance of 150,000 km traveled in Europe was assumed for each of the three vehicles considered: this was established considering that in the European Union, a passenger car travels an average distance of 12,529 km each year, and has an average useful life of 11.5 years [19]—it results in an average distance traveled by a passenger car during the lifetime of 144,085 km, rounded by the authors to 150,000 km.









According to the assumptions made, hence, the German electricity mix was considered for all the vehicle production phases, excluding the lithium-ion batteries, whose production was instead considered under the Chinese electricity mix. In contrast, in regards to the use phase, each vehicle was supposed to travel all over Europe for the whole lifetime distance. As a result of this assumption, the European gasoline production and distribution chains were assumed for the calculation of the impact related to the fuel employed in combustion engine vehicles, and the average European electricity mix was considered to account for the impact related to the electric energy used by the BEV.



As can be noted, in their evaluation, the authors followed the approach to represent the “most probable situation” making reference to the most diffused case; as a result, the assumptions made delimited the target of this study to the passenger cars belonging to the small-medium category, produced and assembled in Germany, endowed of Li-ion batteries produced in China, and fueled (or recharged) all over Europe.



Moreover, as will be shown further, with the aim to weigh the role of both electricity mix and traveled distance, a scenario analysis was also performed, adding to the comparative analysis two more lifetime mileages and taking into account the two extreme situations currently present in Europe, that is the Norwegian electricity mix, characterized by an almost null carbon footprint, and the Polish electricity mix, still dominated by the recourse to fossil sources. These cases have allowed extending the limits of the analysis, embracing all the European real possible scenarios.




4. Life Cycle Inventory


As already mentioned, the life cycle environmental impact comparison was carried out considering three fictitious vehicles representative of real market products; to this purpose, for each propulsion technology considered (i.e., ICEV, HEV, and BEV), the authors defined the characteristics of a plausible reference vehicle on the basis of the information available on five different vehicles belonging to the B-C segments and available in the 2019 European car market. With regards, for example, to the traditional ICEV, Table 2 reports the technical data provided by the manufacturer of the five commercial vehicles (ICEV1 to ICEV5)—as shown, the last column, reports the technical specification of the representative ICEV used in the comparative environmental impact analysis. The assumptions made and the calculation performed to obtain the data of the reference ICEV are described in detail in Appendix A. Following a similar approach, the reference HEV and BEV were defined on the basis of the technical data available on five commercial products for each kind of propulsion; as a result, Table 3 and Table 4 report the specification of the real vehicles considered and of the reference vehicles adopted for the comparison.



The evaluation performed to determine the main characteristics of the reference HEV and BEV are also reported in Appendix A. The average composition of each electricity mix considered in this study [20] is instead reported in Table 5, according to the assumption made in the Goal and Scope section.




5. Life Cycle Impact Assessment


5.1. Production Stage


As already mentioned in the Goal and Scope section, the environmental impact related to the production phase of each standard vehicle was estimated using the GREET 2020.Net suite. Being this software developed in the United States of America, the processes related to materials production (e.g., steel production) and to mining (e.g., iron extraction) are referred to as the default geographical context of the USA. With the aim to adapt the GREET model evaluation to the assumption made (i.e., the vehicles were supposed to be produced in Germany), the authors replaced the built-in electricity mix of the USA with the electricity mix of Germany (Table 5). It was also assumed an equal demand of thermal energy and materials during the vehicle production phases, which in actual fact corresponds to assume the same industrial technological level between Germany and the USA. It is worth mentioning, however, that the assumption on the geographical localization of the vehicles production phases in Germany did not regard rare materials produced only in few parts of the planet. In these cases, in effect, the source is considered the same for all the production companies all over the world.



According to the GREET model, the mass of each vehicle is divided into three categories [21]:




	
Components



	
Fluids



	
Battery








For the “Vehicle components” category, in turn, the GREET software estimates the percentage mass distributions reported in Table 6 for each kind of vehicle considered; as will be shown, these mass distributions will be necessary to evaluate the environmental impact associated with the production of the components of each vehicle considered. Moreover, the “Vehicle Assembly” function of the GREET model takes into account the assembly, welding, and painting processes necessary for each vehicle. In this phase, the energy necessary for the end-of-life disposal of the vehicle (battery excluded) is also considered and evaluated. The emissions related to the production of each individual component will be hence summed to the emissions caused by the assembly of the vehicle, thus allowing estimating the overall emissions connected to the production of the entire vehicle (battery excluded).



5.1.1. Battery Production


This paragraph refers to the production of the batteries employed in fully electric and hybrid vehicles, while the production of lead-acid batteries usually adopted in ICEV is already accounted for in the vehicle production phase. BEVs and HEVs are mainly equipped with lithium-ion batteries [22] of various types, depending on the different compositions of cathode materials; at present, the most diffused cathode chemistries for lithium-ion batteries are [22,23]:




	
LCO—Lithium Cobalt Oxide (LiCoO2)



	
LMO—Lithium Manganese Oxide (LiMn2O4)



	
NMC—Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO2)



	
LFP—Lithium Iron Phosphate (LiFePO4)



	
NCA—Lithium Nickel Cobalt Aluminum Oxide (LiNiCoAlO2)








In connection with the reported cathode materials, graphite is the most commonly used anode material [22,24,25]. Lithium-ion polymer batteries (often referred to as LIPO) employ a polymer-based composite material as electrolyte and are produced with all the different cathode chemistries already listed. With the aim to represent the most probable situation, the authors focused on NMC batteries, which currently constitutes the most diffused technology among the electric vehicles registered in the United States, Europe, and Japan [26] due to its high energy density and long cycle life, as is confirmed by the data reported in Table 4; NMC batteries are increasingly used compared to LFP technology, and continued growth is expected in years to come. In the present paper, hence, the GREET model was used to estimate the environmental impact associated with the production of the batteries of each BEV and HEV considered, with reference to the production technologies and to updated data collected by manufacturers of lithium-ion batteries for the automotive sector in China [27,28]; as already explained in the Goal and scope section, the China electricity mix was introduced in the GREET model for the evaluations of the impact related to Li-ion battery production, which is substantially carried out in two separate steps. In the first, the bill of materials (BOM) necessary for the battery realization is compiled based on the battery type and weight, and the environmental impact associated to the amount of each element of the bill is computed; in the second step, instead, all the manufacturing processes necessary for the battery assembly are considered and their environmental impact evaluated on the basis of the battery type and capacity.




5.1.2. Vehicle Production Results


This paragraph describes the procedures and calculations carried out to estimate the environmental impact due to the production of each vehicle. The masses of the three reference vehicles compared in this work are indicated in Table 2, Table 3 and Table 4. The values reported, however, refer to the complete vehicle kerb masses [29], including hence the necessary fluids for vehicle operation (e.g., lubricants, coolant, washer fluid, fuel, etc.) and the batteries. The empty mass of each vehicle (i.e., related to vehicle components only) was hence determined subtracting the masses of fluids and batteries:


   m  empty   =  m  kerb   −  (   ∑   m  fluids   +  m  battery      )   



(1)







The masses of the different fluids [21] are reported in Table 7 for each reference vehicle considered; in regards to the batteries, a mass of 16.3 kg was adopted for the ICEV traditional 12V lead-acid model [21], while for the reference HEV and BEV, as already reported in Table 3 and Table 4, the evaluation carried out in Appendix A led to 26.9 and 374 kg, respectively.



Applying the percentage mass distributions reported in Table 6 to each vehicle’s empty mass allowed for determining the mass of each vehicle component, i.e., body, powertrain, transmission, chassis, motor/generator, and controller/inverter. The mass of each vehicle component was then introduced as input to the GREET model, which returned the related polluting emissions and resources used. The influence of each vehicle component on each environmental impact category was hence evaluated applying the ReCiPe characterization factors of Table 1. As a final result, Table 8, Table 9 and Table 10 report the environmental impact related to the production of each component (including fluids and batteries) of the reference ICEV, HEV, and BEV respectively. As can also be observed, the last column reports the energy consumption (expressed in MJ) related to the component—this information has been added with the aim to highlight the energy impact of every single component, which, therefore, affects some of the impact categories considered.





5.2. Use Stage


The environmental impact related to the use phase of the vehicles is, as a general rule, composed of two different contributions. The first is related to the energy source employed by the vehicle, whose production is characterized by a certain environmental impact; the second contribution, instead, accounts for the exhaust emissions produced by the vehicle during on-road operation.



5.2.1. Energy Consumption


Regarding the first contribution, both reference ICEV and HEV use as the energy source the fuel introduced in the internal combustion engine (i.e., gasoline in the cases here considered), while the BEV employs electric energy previously produced by means of different primary energy sources, as for example natural gas, coal, hydro, wind, solar energy, etc. As declared in the Goal and scope section, in this comparative LCA analysis, a lifetime traveling distance of 150,000 km was assumed for each reference vehicle, entirely run in Europe; for this reason, when evaluating the impact related to the fuel consumed by both ICEVs and HEVs, the European fuel production and distribution chain was properly considered through the use of Ecoinvent V3, a widely employed life cycle inventory database [30,31], in place of the GREET model. The reason for this change is that, as already explained, the processes related to materials production comprised in the GREET model refer to the geographical context of the USA. Moreover, even if in accordance with the European Parliament regulation 2009/30/EC, European gasoline can contain up to 10% of ethanol, on average it results in 5% of ethanol present in the gasoline distributed in the European Union [32]. For this reason, the environmental impact related to gasoline production (including manufacturing and transportation) was computed assuming gasoline with 5% of ethanol from biomass, referred to as BE5: Table 11 shows the pollutant emission and the resources use associated with the production of a single kg of BE5. For each of the two reference ICEV and HEV, the total mass of fuel consumed by the vehicle during its entire life mfuel was deduced on the basis of the WLTP fuel consumption F (reported in Table 2 and Table 3), of the total driving distance Dtot (150,000 km), and of the fuel density ρfuel (0.752 kg/L for the BE5 [33]):


   m  f u e l   =  F  [ L / k m ]   ⋅  D  t o t      [ k m ]   ⋅  ρ  f u e l   [ k g / L ]    



(2)




to which correspond the energy required for vehicle traction:


   E  t r a c   =  m  f u e l   ⋅ L H V  



(3)




being LHV the fuel Lower Heating Value (41.7 MJ/kg for the BE5 [33]). Indicating with x the generic impact category, the characterization factor Ix,source connected to the production of the total mass of fuel employed by the ICEV or by the HEV was obtained as:


   I  x , s o u r c e   =  ϕ x  ⋅  m  f u e l    



(4)




being ϕx the specific impact factor referred to the production of 1 kg of gasoline, reported in Table 11. As can be noted, in the last row, the energy required for the production of 1 kg of BE5 is reported: this is the source of production energy and is responsible for the related GWP. In addition, the electric energy used by the BEV was supposed to be entirely produced in Europe, and hence, when computing the environmental impact related to the use of the reference electric vehicle, the mean European electricity mix reported in the third column of Table 5 was assumed.



The total traction energy required by the BEV during its entire life Etrac,BEV was deduced on the basis of WLTP energy consumption F, reported in the last row of Table 4, and of the total driving distance Dtot:


   E  t r a c , B E V      [ k W h ]   =  F  [ k W h / k m ]   ⋅  D  t o t      [ k m ]    



(5)







Adopting the same symbol x to denote the generic impact category, hence, the characterization factor Ix,source connected to the production of the total amount of electric energy Etrac,BEV consumed by the BEV was obtained as:


   I  x , s o u r c e   =  φ x  ⋅  E  t r a c , B E V    



(6)




where the specific impact factor φx referred to each impact category x and associated to the production of 1 kWh of electric energy is reported in Table 12 and was evaluated by means of the GREET model employing the mean EU-28 electricity mix (already presented in Table 5).



As shown, the last row of Table 12 reports the source production energy, i.e., the energy input required for the production of 1 kWh of electric energy. The resulting environmental impact and resource deployment associated with the energy consumed in the use phase of each reference vehicle, during its entire life, is reported in Table 13.




5.2.2. On-Road Emissions


Being the BEV free from on-road emissions, its road environmental impact was coherently considered null. As instead concerns the other two reference vehicles (ICEV and HEV), the authors evaluated the impact related to the emissions of CO2 produced during the use phase, as well as the impact associated with the other relevant emissions produced (e.g., CO, PM, NOx, etc.). For the evaluation of the carbon dioxide emissions due to the fuel combustion, coherently with the BE5 gasoline assumed (i.e., 95% petrol and 5% bio-ethanol), the authors considered only the carbon participation of petrol, being null the carbon cycle of the bio-ethanol—it resulted in a carbon mass fraction of 82% (instead of the 86.5% usually adopted for petrol) [33], according to which the amount of CO2 emitted by the combustion of each liter of BE5 is:


   f  C  O 2    =  ρ  F U E L   ⋅ 0.82 ⋅ 1000 ⋅   44   12   = 2261  [     g  C  O 2       L  F U E L      ]   



(7)




being 12 and 44 the molecular masses of carbon and carbon dioxide, respectively. As a result, the CO2 emission factor (g/km) related to both reference ICEV and HEV was evaluated on the basis of the WLTP fuel consumptions F (already shown in Table 2 and Table 3):


   e  C  O 2  [ g / k m ]   =  f  C  O 2  [ g / L ]   ⋅  F  [ L / k m ]    



(8)




and is reported in the 4th row of Table 14. As instead regards the impact related to other relevant exhaust emissions produced by both the ICEV and the HEV, the authors referred to the emission inventory data of the European Environment Agency [34] which contains average values of the emission factor (i.e., grams of pollutant per kilometer of distance traveled) related to different kinds of vehicles (passenger cars, light commercial trucks, heavy-duty vehicles including buses, mopeds, and motorcycles), belonging to different categories (mini, small medium, large, executive, etc.), using different fuels (diesel, petrol, LPG, and CNG), and recorded on several different standard tests (starting from pre-ECE, up to Euro 6 d-temp); for the reference ICEV, the authors considered the emission factor reported for a small petrol passenger car, Euro 6 d-temp, while the reference HEV was considered as a small petrol Hybrid passenger car, Euro 6, thus obtaining the values shown in Table 14.



On the basis of the emission factors and of the total driving distance, the authors could establish the total mass of each pollutant emitted during the life cycle of both the reference ICEV and HEV, which, according to the ReCiPe 2016 methodology described in [14,15], allowed evaluation of the characterization factor for each impact category considered, as reported in Table 15. Summing the contribution of the energy source production to the contribution derived from the exhaust emissions, the total environmental impact and resource deployment related to the use phase of each reference vehicle is reported in Table 16 for the entire vehicle’s life.





5.3. End-of-Life


The disposal and recycling phases of all the components of the ICEV are already taken into consideration in the “vehicle assembly phase” of the GREET model. Moreover, the disposal and recycling of most of the components of both HEV and BEV are included in the GREET “vehicle assembly phase”, remaining out of this evaluation only the batteries, due to the existence of different processes for the disposal of the several different kinds of batteries available. On account of this, the disposal phase of the batteries of both HEV and BEV was expressly carried out by the authors.



Electric Vehicle Battery Disposal


The battery disposal and recycling process was modeled through the environmental impact indicators provided for lithium-ion batteries in the scientific literature [7]. To account for the different battery capacities (i.e., different amounts of materials and hence different environmental impact), a mass-based proportionality was assumed thus adapting the literature available data to the batteries considered in this study. Each battery cell was assumed to be recycled through a pyrometallurgical process, which is commonly used in Europe for vehicle battery recycling [24]. The pyrometallurgical process, however, does not allow the recovery of materials such as graphite, plastic materials, aluminum, lithium, and manganese; in particular, the last three elements are retained in the slag produced during the process [25]. The metal alloy and slag obtained from the pyrometallurgical process, which represent about 55% of the initial battery mass, are hence further refined through the hydrometallurgical process, to recover the metal sulphates, which can be used again to produce the cathode of lithium-ion batteries [35]. The resulting impact indicators related to the disposal of the batteries of both reference HEV and BEV are shown in Table 17.



Finally, summing the three contributions (production phase, use phase, and disposal phase), the life cycle environmental impact, and resource deployment for each reference vehicle considered was obtained—these results will be discussed in the following section.






6. Results of the LCA Analysis and Discussion


This section deals with the results obtained from the life cycle environmental impact assessment carried out for each of the three vehicles considered.



6.1. Global Warming Effect


Being the most significant indicator related to climate changes and to its causes, GWP is one of the most diffused environmental impact indicators among the various life cycle impact assessments. shows the GWP generated by the three reference vehicles during each phase of their life.



As can be observed, the total amount of equivalent CO2 emitted during a vehicle’s life is reported on the top of each bar, while the percentage with respect to the ICEV case is also reported on the top of HEV and BEV bars. The values reported inside the bar refer instead to the single phase (production or use phases, negligible values are not reported). The results of the GWP analysis show that, at the end of its life, traditional vehicles with gasoline-fueled internal combustion engines are responsible for an average specific CO2 equivalent emission of 187 g/km, which is about 40% higher than the “on-road” CO2 emission related to the fuel consumption (i.e., 133.5 g/km in Table 15), due to vehicle production impact. The HEV is characterized by a lower impact (−14.1%) with respect to the ICEV, with an overall average specific CO2eq emission of 160 g/km, which is +52% higher than the on-road emission of 105.7 g/km (Table 15) mainly due to the impact of the production phase. Finally, the BEV revealed a CO2 equivalent emission of 109.6 g/km, which represents about 58.6% of the traditional ICEV, and confirms the relevant role played by the vehicle production phase, as well as by the energy source production processes, in determining the real overall environmental impact of a passenger car [3,4,5]. The graph in Figure 1 also shows that the production of the traditional vehicle is the less impacting among the three production phases, thanks to processes and manufacturing technologies optimized and refined over a long time; BEV and HEV, instead, share the burden of the lithium-ion battery production, which, in the case of the electric vehicle, implies 4215 kg of CO2eq (indicated as BP in Figure 1) causing +112% higher CO2 emissions with respect to the ICEV production phase. The diagram in Figure 1 also shows that the use phase represents the major source of greenhouse gas emissions for both the reference ICEV (85.5% of total CO2eq) and the reference HEV (78.8% of total CO2eq), while for the BEV the production phase involves the major part of the total CO2 emissions (52.3% of total CO2eq), coming from the battery production process the most relevant contribution.



The comparison carried out until now is referred to a lifetime distance traveled of 150,000 km and confirms the BEV to be the less impactful solution among the three alternatives considered with a −41.4% cut with respect to the ICEV and −31.8% with respect to HEV. However, to understand the effect of the vehicle lifetime mileage (or usage time) on overall greenhouse gas emissions, the authors evaluated the GWP impact factor as a function of the distance traveled, as shown in Figure 2. Besides confirming the higher starting impact (i.e., for a null distance traveled) of both HEV and BEV, the diagram in Figure 2 also shows that the reference ICEV reveals to be the less greenhouse gas emitting vehicle up to a mileage of 32,500 km (i.e., roughly the first 2.6 years of vehicle usage, if the already mentioned average European lifetime distance traveled of 12,529 km is considered), and remains cleaner than the BEV up to 41,250 km (i.e., up to 3.3 years of vehicle usage), while the advantage of the HEV on the BEV extends to 46,250 km (i.e., a vehicle usage period of 3.7 years).




6.2. Terrestrial Acidification


Anthropogenic terrestrial acidification is primarily caused by atmospheric deposition of acidity, mainly through acid rain originated by the emissions into the atmosphere of substances such as nitrogen oxides (NOX), ammonia (NH3), and sulphur dioxide (SO2). The evaluation carried out in terms of Terrestrial Acidification Potentials (TAP) for the whole life cycle of the three reference vehicles is shown in Figure 3. The first notable result is that the production phase of the BEV causes a very high level of terrestrial acidification giving an overall final result of 661 mg/km which exceeds +78% of the impact related to the reference ICEV (372 mg/km). This is principally referring to the production of the Lithium-ion battery (60.3 kg of SO2eq, as indicated in Figure 3, i.e., 73% of the total impact generated in the production phase), which causes huge emissions of sulphur and nitrogen oxides (SOX and NOX) for the extraction and refining of nickel, copper, and aluminum, for cell production and synthetic graphite processes [26]. Moreover, a further contribution to the high acidification impact related to the battery production processes is provided by the Chinese electricity mix, which is dominated by coal-fired plants (66% of total electric energy produced, as resumed in Table 5), and hence characterized by high levels of SOX emissions. For the same reason, the overall impact of the HEV (386 mg/km) also results in slightly higher than ICEV (+4%), due to the production of the small Lithium-ion battery. In regards to the ICEV, most of the terrestrial acidification is caused by the exhaust emissions produced during the use phase (68.3% of total), while for the HEV and for the BEV the main impact is related to the production phase, which accounts for the 50.8% and for the 83.3% of the total, respectively.




6.3. Particulate Matter Formation


The results obtained for this environmental impact category are shown in the diagram of Figure 4. Apart from the unit of measurement, a close resemblance between Figure 3 and Figure 4 can also be noted, i.e., almost identical relations exist between the bars of each diagram. This is easily explained since the main substances involved in the formation of secondary PM2.5 (i.e., SO2, NH3, and NOX) are also responsible for the terrestrial acidification—the battery production process, hence, also has a high impact in terms of particulate matter formation, due to both the extraction and refining of the materials used for NMC powders and to the phenomenon caused by the outdoor storage of copper-cobalt minerals in Congo [36]. Considering as reference the impact generated by the reference ICEV, the impact of BEV was substantially stronger (+75%), while HEV remains were slightly higher (+6%). Moreover, the distribution within the results of the different phases was similar to the terrestrial acidification, being 67.4% of the portion of the particulate impact caused by the use phase of the ICEV, while the production phase of both HEV and BEV still represents the most impacting phase with 51.0% and 82.7% of the total emissions produced, respectively.




6.4. Mineral Resource Deployment


Due to the extensive use of rare materials such as lithium, nickel, cobalt, and copper [14,24] required for the production of lithium-ion batteries, the mineral resource deployment (reported in Figure 5) related to the BEV results abundantly higher than the impact caused by the ICEV (about four times), while HEV revealed “only” a + 54% increment. As expected, apart from the reference vehicle considered, almost the entire impact is generated during the production phase. The contribution due to electric vehicle battery production is indicated as BP in the graph of Figure 5 and amounts to 72% of the total surplus ore potential related to the battery electric vehicle.




6.5. Fossil Resource Deployment


Regarding the deployment of fossil fuel sources, the results obtained in this evaluation are reported in Figure 6. Several observations can be made and are worthy of note: firstly, as expected, the highest overall fossil source consumption is generated by the ICEV (i.e., 57.8 g/km), followed by the HEV (48.4 g/km, i.e., 84.1% with respect to the ICEV) and by the BEV, which, even if “fully electric” vehicle, implies a fossil fuel consumption of 26.6 g/km (i.e., 46% with respect to the ICEV); moreover, both ICEV and HEV cause most of their fossil fuel consumption during the use phase of the vehicle (87.8% and 82.7% of the total respectively), being their main energy source for traction a fossil-derived fuel, while, when the BEV is concerned, the most of fossil resource consumption takes place in the production phase (52.6%), mainly due to the high consumption of electricity energy required for battery production, and to the fossil source domination in the Chinese electricity mix. It can also be observed that the fossil resource consumption generated in the use phase by the BEV (1801 kg Oil eq.) constitutes 23.6% of the consumption caused by the ICEV in the same phase (7610 kg Oil eq). This result, however, depends on the particular electricity mix considered for the supply of the BEV, and, as shown further on, may substantially change from one country to another.





7. Scenario Analysis


The results of the analysis carried out to this point are obviously related to the reference scenario adopted which is characterized by several assumptions. Some of these assumptions may have a general validity (i.e., vehicles produced in Germany may be distributed and used all over Europe, the impact related to petrol production is almost the same in Europe and the USA, most of the lithium-ion batteries used worldwide come from China) while other may easily change and produce considerable variations in the results obtained, such as the lifetime mileage and the country where the vehicles are supposed to be employed. The total distance traveled during a vehicle’s lifetime obviously influences the amount of both energy resource consumed and pollutant emitted, while the country where the vehicle is used has a strict correlation with the electricity mix (i.e., the composition of primary energy resources employed to generate electric energy) and hence with the impact related to the electric energy consumed. With the aim to highlight the importance of these two variables (the most susceptible of variations) on the lifecycle environmental impact of the three reference vehicles considered, a scenario analysis was performed. In regards to the lifetime mileage of each vehicle, two different cases were added to the evaluation, considering a ±30% deviation from the average European lifetime distance traveled, i.e., 105,000 and 195,000 km. Concerning the second variable, two particular countries were considered for the vehicles traveling, characterized by substantially different electricity mixes: Norway, where 97.5% of electric energy is produced by means of renewable sources (mainly hydroelectric, as shown in Table 5), and hence with a near-zero carbon footprint, and, on the other hand, Poland, where 84% of electric energy is produced by fossil sources (above all coal, as shown Table 5). The introduction of these two countries has the meaning to observe how different electricity mixes may influence the environmental impact related to the use of the battery electric vehicles, compared to the gasoline-fueled ICEV and HEV. It is worth repeating that, regarding petrol production, no substantial differences could be traced on the technologies and processes adopted among the different European countries, as, therefore, confirmed by both the database consulted (i.e., GREET and Ecoinvent v.3). For this reason, the impact and resources deployment related to gasoline production in Norway and in Poland was considered equal to the average European assumed in the previous section. In addition, the other production steps were considered unchanged, i.e., the vehicles were assumed to be produced in Germany and the lithium-ion batteries employed in the HEV and in the BEV were supposed to be produced in China. Moreover, since lithium-ion batteries have a limited duration, their replacement was also taken into consideration. Due to a lack of literature references dealing with the longevity of electric vehicle batteries in real conditions of use, all life cycle analyses usually consider the duration of a battery equal to the manufacturer’s warranty [7]. Since the batteries of most of the electric vehicles considered for the characterization of the reference BEV (as reported in Table 4) are guaranteed for 160,000 km, therefore, when exceeding this traveling distance (i.e., only in the scenarios with a lifetime distance traveled of 195,000 km), a battery replacement was introduced in the calculation. Moreover, with the purpose to suppress any difference related to the three lifetime mileages considered and make the results of all scenarios comparable, for each impact category, the authors evaluated the specific factor dividing each characterization factor by the lifetime distance traveled, obtaining hence the impact per km of traveled distance.




8. Results of the Scenario Analysis and Discussion


The results obtained from this scenario analysis, in regards to the specific global warming potential (expressed as gCO2eq/km), are summarized in the graph of Figure 7. Specific global warming potential (gCO2eq/km) related to the three reference vehicles in the scenario analysis. As can be observed, three series of histograms are reported, one for each lifetime mileage considered; each series of histograms, in turn, represents the lifecycle impact evaluated for the ICEV, the HEV, the BEV employed in Norway (BEV-NOR), the BEV employed in Poland (BEV-POL), and the BEV employed using the average European electricity mix (BEV-EU28). As already shown in the previous graphs of this paper, the impacts related to the production and to the use phases are reported inside the colored bar (negligible values are not reported), while the percentage ratio with respect to the ICEV case is reported on the top of both HEV and BEV bars. Starting from the reference ICEV, Figure 7 shows that, the increase in the lifetime distance traveled causes a light specific impact reduction due to the reduction in the specific impact related to the production phase of the vehicle; quite a similar situation occurs for the HEV, which is characterized by a slightly higher impact in the production phase (on account of the lithium-ion battery production) and lower greenhouse gas emissions in the use phase, thanks to the higher vehicle efficiency. It can also be observed that, independent from the lifetime mileage, its global warming impact remains between 85.5% and 88.5% of the impact caused by the ICEV. The specific global warming caused by the BEV, as expected, is instead strongly dependent on the electricity mix adopted by the country where the vehicle is employed, and on the lifetime mileage; more specifically, the specific emissions of CO2eq of the BEV range between 33% and 44% with respect to the ICEV when the vehicle is operated in Norway. In this case, the environmental impact is almost entirely due to the production phase of the vehicle, being negligible the carbon footprint of the Norwegian electricity mix. It is also worth pointing out that in the third scenario (i.e., 195,000 km) the battery replacement required at 160,000 km causes a sharp increment of the specific impact related to the production phase. The advantage of the BEV on the ICEV, in terms of greenhouse gas emissions, however, reduces if the average European electricity mix is considered (with percentage ratio from 58.6% to 68.1%) and reveals null if the electric vehicle is operated in Poland. In this case, the high carbon footprint of the electricity mix causes the greenhouse gas emissions of the BEV to become even higher than the emissions of the ICEV, with a percentage ratio between 108% to 117%, depending on the lifecycle mileage of the vehicle.



Concerning the second impact category, i.e., the specific terrestrial acidification (expressed as mgSO2eq/km), the results obtained from the scenario analysis, reported in Figure 8, confirm the dominant role of the lithium-ion battery production, which causes the HEV and the BEV to have higher environmental impacts than ICEV, apart from the vehicle mileage and the country of utilization; more specifically, the HEV slightly exceeds the ICEV, with percentage ratios between 104% and 112%, while the BEV, whose battery pack has a substantially higher capacity, reveals a percentage ratio in the range of 150−216% in the case of the Norwegian electricity mix, moving up to a range of 246−319% in the case of the Polish electricity mix.



It is worth pointing out that, due to the battery replacement at 160,000 km, the BEV gives the worst results in the longer mileage scenario.



As already observed in the previous section, the scenario analysis confirms that the specific environmental impact due to primary and secondary particulate matter has a trend quite similar to the terrestrial acidification (as shown in Figure 9), being involved the same chemical species. The BEV is confirmed to be the most impacting vehicle, principally due to the battery production processes and resources, with percentage ratios between 147% and 210% (with respect to ICEV) if used in Norway, and between 240% and 311% if the vehicle is instead operated in Poland. The HEV confirms a slightly higher impact with respect to the ICEV, with a percentage ratio between 106% and 114%.



Moving on to the impact on resources, the results obtained by the scenario analysis with regard to the mineral resource deployment are reported in Figure 10 in terms of mg Cu-eq/km. As already highlighted in the previous section, the production of lithium-ion batteries involves a wide use of uncommon metals such as copper, nickel, and cobalt, which, therefore, explains the very high impact of BEV with respect to both ICEV and HEV, apart from the scenario adopted. The percentage ratio ranges from 408% to 422% in the best cases (i.e., for a lifetime distance traveled of 150,000 km) and moves to values higher than 600% for the longer traveled distance due to the battery replacement. The lower capacity of the hybrid electric vehicle battery involves a lower deployment of mineral resources, which results in a lower impact, with a percentage ratio in the range 154−171%.



Finally, the results regarding the deployment of fossil fuel resources are reported in Figure 11 in terms of consumption of oil per km of distance traveled (gOil-eq/km). As evidenced, the highest impacts are caused by the ICEV, followed by the HEV, whose percentage ratio remains around 85%, apart from the scenario considered. The recourse to fossil sources of the BEV instead has a strict correlation to the country that utilizes the vehicle, as shown in the graph; with respect to the ICEV, the impact of the BEV remains around 31% in the fossil-free Norway, rising to an average percentage ratio of 51% when the EU-28 electricity mix is considered, and arriving at an average percentage ratio of 71% if the vehicle is employed in Poland. This scenario analysis, hence, reveals quantitatively (also with the help of percentage ratio referred to the traditional internal combustion engine vehicle) the non-explicit recourse to fossil sources of BEV, and how its real impact strictly depends on the fossil source exploitation in the country that utilizes the vehicle. Finally, the specific impact factors obtained by the scenario analysis are reported, for each scenario considered and for each phase evaluated, in Table 18.



According to the results obtained by this scenario analysis, a consideration can be made: if, at the end of its life, an electric vehicle has caused a global warming impact comparable to a traditional petrol or hybrid vehicle (as in the average European and in the Polish case), from an environmental point of view, this could be considered a failure, given that, with respect to a traditional petrol vehicle, an electric vehicle gives rise to roughly two times the acidifying and particulate emissions, and requires the extraction of five times the amount of minerals. This means that, given the current manufacturing and production processes and technologies, promoting the use of lithium-ion-based electric vehicles in geographical areas where the energy mix used to produce electricity still relies on fossil fuels may be counterproductive. In this case, in effect, the substitution of a large part of the existing traditional vehicles with current technology electric vehicles would lead to a change in the worrying environmental impact category, moving from the global warming problem to the other relevant environmental issues such as acidifying and particulate emissions. Since an overall reduction in all the impact categories is instead desirable, it is necessary to promote research towards the development of more efficient and less polluting battery production processes, reducing significantly the recourse to rare minerals and to fossil energy sources.



The scenario analysis revealed great variations in the impacting behavior of the reference BEV, with considerable deviation also from the results obtained in the first analysis based on the EU-28 average electricity mix. On account of this observation, the authors repeated the breakeven analysis already performed in the previous section (see Figure 2), with the aim to evaluate the traveled distance which makes one vehicle more attractive than another from the perspective of global warming potential. The new breakeven analysis was carried out considering both the Norwegian and the Polish electricity mixes, and the results are shown in the two graphs of Figure 12. As can be seen, if the vehicles are operated in Norway, the BEV exhibits an almost constant GWP with varying the lifetime traveled distance, while both ICEV and HEV are characterized by a lower initial impact (production phase), which hence linearly increases with the traveled distance. The result is that both ICEV and HEV reveal a lower global warming impact up to approximately 29,000 km (which means roughly 2.3 years of vehicle usage), and the ICEV remains less impacting than HEV up to 32,500 km (i.e., 2.6 years of vehicle usage). This means that, even in the best possible electricity mix scenario (the Norwegian case is in effect rare to the point of being unique), the global warming caused during BEV production makes both ICEV and HEV more respective of the environment for at least two years of usage.



The results strongly change if the vehicles are supposed to travel in Poland; in this case, as shown on the right graph of Figure 12, the high carbon footprint of the Polish electricity mix causes the BEV to have such a GWP gradient that even the ICEV remains less polluting up to distance in the order of 180,000 km. Moreover, as can also be noted in Figure 12, the intersection between the global warming curves of the ICEV and the BEV is prevented by the sharp increase caused by the battery replacement on the BEV curve. As a result, in this scenario, the lifecycle global warming impacts of both ICEV and HEV result are always lower than the lifecycle impact caused by the BEV.




9. Conclusions


In this paper, the authors performed a comparative evaluation of the life cycle impact of three different vehicles of different technologies, namely an internal combustion engine vehicle (ICEV), a hybrid electric vehicle (HEV), and a battery electric vehicle (BEV). The study was carried out considering three fictitious vehicles representative of existing products, whose performance and characteristics were determined on the basis of real vehicles available on the 2019 market for the B-C segments. The life cycle impact was evaluated by the use of the GREET model following the ReCiPe 2016 methodology and taking into consideration five different impact categories represented by their characterization factors: Global Warming Potential (GWP), Terrestrial Acidification Potential (TAP), Particulate matter formation potential (PMFP), Surplus ore potential (SOP), and Fossil fuel potential (FFP). The impact evaluation was properly performed taking into account all the phases of the vehicle life, from its production to its use, and to the final disposal. To this purpose, some assumptions were made, justified, and corroborated by proper references, which defined the reference scenario adopted for the comparison—the vehicles were supposed to be produced in Germany and used all-over Europe, while the lithium-ion batteries of both the BEV and the HEV were assumed to be produced in China. The assessment of the environmental impact associated with the production of the fuel for the ICEV and for the HEV was carried out by means of the Ecoinvent v3 database. The procedure adopted by the authors is hence a general and “blind” procedure, which, starting from objective data and through some assumptions (clearly stated in the “Goal and scope definition” section), allows evaluating the lifetime environmental impact of a selected kind of vehicle in a properly defined scenario; the same procedure could be hence repeated considering different vehicles, or different energy scenarios, or making different assumptions, for the evaluation of the lifetime environmental impact caused by vehicles according to LCA methodology. With the aim to extend the limit of the first analysis, the authors also performed a scenario analysis by changing the lifetime traveled distance and the country of utilization of the vehicles.



Several conclusions and observations can be drawn on the basis of the results of this study. First of all, the results obtained clearly pointed out the fundamental role played by the production and the disposal phases of vehicles on the evaluation of the real lifetime impact generated by their use. The production phase of the electric vehicle, and specifically the production of its lithium-ion battery, revealed a very critical phase, with a strong impact in terms of terrestrial acidification, particulate matter formation, and mineral resource deployment. As a result, the environmental impact generated in these categories by the BEV resulted abundantly higher than in the ICEV (from +50% to +500%). The main reasons for this high environmental impact can be found in the high energy required for lithium-ion battery production, in the relevant emissions of primary and secondary particulate which characterize the lithium-ion battery production process, in the large recourse to metals such as cobalt, copper, and nickel, and in the coal-dominated electricity mix of the largest lithium-ion battery producer of the world, i.e., China. In contrast, in regard to the global warming effect and the fossil sources deployment, the BEV is confirmed to be the least impacting vehicle, if the electricity used for vehicle propulsion has been generated by an adequate recourse to renewable sources. For example, in the case of the average European electricity mix (34% from renewable sources, 25% from Nuclear), the GWP impact caused by the BEV in its entire life revealed (for a lifetime distance traveled of 150,000 km) 58.6% of the impact produced by the ICEV; assuming instead to employ the vehicles in Norway (where 97% of electric energy is obtained from renewable sources), the GWP impact generated by the BEV reduced to 33% with respect to the ICEV, while when considering the vehicles used in Poland (where 73% of electric energy is obtained from coal-fired power plants), the BEV reveals to be the most impacting vehicle, regardless of the lifetime distance traveled. The results obtained by the analysis carried out highlight how carefully the real overall impact generated by a vehicle during its entire life must be evaluated, and how this impact may be affected by the fossil source exploitation of the country that utilizes the vehicle.



A further observation must be made on the basis of the very different entities of the impact generated by the BEV in the five impact categories considered—the introduction of electric vehicles on the market should be carefully monitored with life cycle analysis tools, avoiding focus on a single environmental impact category that is currently particularly problematic and known (the global warming) at the risk of causing huge impact increments on less considered but equally harmful categories.



The results of the environmental impact comparison also confirmed the hybrid vehicle as an excellent alternative to ICEV, being capable to achieve a good compromise between all the categories of environmental impact—on all the scenarios considered in this study, the HEV revealed GWP and FFP impacts in the order of 85% with respect to an equivalent ICEV, while maintaining acidifying and particulate emissions well below the high levels of the BEV.



In the study presented in this paper, the effect of the variation of the lifetime distance travelled by the three vehicles on their global warming impact was analyzed. The results show that, apart from the country that utilizes the vehicles, the BEV is always the more impacting vehicle in the lower mileage range, due to the high global warming emissions generated during the production phase of the lithium-ion battery; in the same distance range, the HEV, endowed of a smaller battery, shows slightly higher impact than the ICEV. Being the rate of increase in the GWP impact related to both ICEV and HEV was exclusively dependent on their fuel consumption, it was found that the HEV becomes less impacting than the ICEV after 32,500 km, which, according to the average European annual distance traveled by a passenger car, means after about 3 years of utilization of the vehicles. In the case of the BEV, instead, the rate of increase in the GWP impact with the traveled distance depends also on the particular electricity mix of the country where the vehicle is employed; on account of this, it was found that, according to the average European electricity mix, the BEV reveals less impacting than the ICEV after 41,250 km and less impacting than the HEV after 46,250 km (i.e., roughly after 3.5–4 years of utilization of the vehicles); obviously, the low carbon footprint of the Norwegian electricity mix reduces these distances, which become both equal to 29,000 km. On the contrary, in a country with a high carbon footprint such as Poland, the GWP impact of both ICEV and HEV remains always lower than BEV whichever is the lifetime traveled distance (also due to the lithium-ion battery replacement after 160,000 km, which, in turn, causes a sharp and considerable increment of the environmental impact caused by the BEV).
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Abbreviations and Symbols




	BBEV
	Electric vehicle battery capacity



	BE5
	Gasoline with 5% ethanol from biomass



	BEV
	Battery electric vehicle



	BHEV
	Hybrid electric vehicle battery capacity



	BOM
	Bill of material



	CHEV
	Hybrid electric vehicle fuel tank capacity



	CICEV
	Internal combustion engine vehicle fuel tank capacity



	CNG
	Compressed natural gas



	Dtot
	Electric vehicle total driving distance on the WLTP cycle



	eCO2
	CO2 emitted per kilometer on the WLTP cycle [g/km]



	EoL
	End-of-life



	Etrac
	Total traction energy required by ICEV or HEV during its entire life



	Etrac,BEV
	Total traction energy required by the BEV during its entire life



	F[kWh/km]
	Electric vehicle energy consumption per kilometer on the WLTP cycle



	F[l/km]
	Fuel consumption per kilometer on the WLTP cycle



	fCO2
	CO2 emitted by the combustion of a liter of BE5 [g/km]



	FFP
	Fossil fuel potential [kg Oil-eq]



	GHG
	Greenhouse gases



	GWP
	Global warming potential [kg CO2-eq]



	HEV
	Hybrid electric vehicle



	ICEV
	Internal combustion engine vehicle



	Ix,source
	Characterization factor connected to the production of the total mass of fuel employed by the ICEV or by the HEV



	LCA
	Life cycle assessment



	LCI
	Life cycle inventory



	LCIA
	Life cycle impact assessment



	LCO
	Lithium Cobalt Oxide (LiCoO2)



	LFP
	Lithium Iron Phosphate (LiFePO4)



	LHV
	Fuel Lower Heating Value



	LMO
	Lithium Manganese Oxide (LiMn2O4)



	LPG
	Liquefied petroleum gas



	mbattery
	Mass of vehicle battery



	mBEV
	Kerb mass of the battery electric vehicle



	mempty
	Empty mass of each vehicle (i.e., related to vehicle components only)



	mfluids
	Mass of vehicle fluids



	mfuel
	Total mass of fuel consumed by the vehicle during its entire life



	mHEV
	Kerb mass of the hybrid electric vehicle



	mICEV
	Kerb mass of the internal combustion engine vehicle



	mkerb
	Kerb mass of the generic vehicle



	NCA
	Lithium Nickel Cobalt Aluminum Oxide (LiNiCoAlO2)



	NMC
	Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO2)



	P
	Maximum power of the generic vehicle



	PBEV
	Battery electric vehicle maximum power



	PHEV
	Hybrid electric vehicle maximum power



	PICEV
	Internal combustion engine vehicle maximum power



	PMFP
	Particulate Matter Formation Potentials [kg PM2.5-eq]



	RBEV
	WLTP driving range of the battery electric vehicle



	SOP
	Surplus ore potential [kg Cu-eq]



	TAP
	Terrestrial acidification potential [kg SO2-eq]



	UNECE
	New European Driving Cycle



	VHEV
	Hybrid electric vehicle engine displacement



	VICEV
	Internal combustion engine vehicle engine displacement



	W
	Mass of the Li-ion polymer battery



	WLTP
	Worldwide harmonized light vehicles test procedure



	ϕx
	Specific impact factor referred to each impact category x and associated to the production of 1 kg of gasoline



	φx
	Specific impact factor referred to each impact category x and associated to the production of 1 kWh of electric energy



	βB, k
	Ratio between battery capacity and WLTP driving range



	βF, k
	Ratio between WLTP consumption and vehicle mass



	βP, k
	Ratio between vehicle maximum power and vehicle mass



	βW
	Capacity-to-mass ratio of the BEV battery



	θC,i
	Ratio between fuel tank capacity and vehicle mass



	θF,i
	Ratio between vehicle consumption and vehicle mass



	θP,i
	Ratio between engine maximum power and vehicle mass



	θV,i
	Ratio between engine maximum power and engine displacement



	ρfuel
	Fuel density



	ψB, j
	Ratio between battery capacity and fuel tank capacity



	ψC, j
	Ratio between fuel tank capacity and vehicle mass



	ψF, j
	Ratio between vehicle consumption and vehicle mass



	ψP, j
	Ratio between maximum vehicle power and vehicle mass



	ψV, j
	Ratio between engine displacement and vehicle mass



	ψW, j
	Ratio between battery capacity and mass battery








Appendix A


Reference Vehicles Specifications and Characteristics


The main characteristics of the three reference vehicles considered in the environmental impact comparison were determined on the basis of coefficients derived from vehicle fundamental parameters. Starting with the ICEV, the authors evaluated, for each real vehicle considered, the following coefficients:




	(1)

	
   θ  C , i   =    C i     m i       [   L  k g    ]   = ratio between fuel tank capacity and vehicle mass




	(2)

	
   θ  P , i   =    P i     m i       [    k W   k g    ]   . = the ratio between engine maximum power and vehicle mass




	(3)

	
   θ  V , i   =    P i     V i       [    k W  L   ]    = the ratio between engine maximum power and engine displacement




	(4)

	
   θ  F , i   =    F i     m i       [    k m / L   k g    ]    = the ratio between vehicle consumption and vehicle mass









where the subscript i refers to the generic real internal combustion engine vehicle (i ranges from 1 to 5), m represents the vehicle mass, C the fuel tank capacity of the vehicle, P the engine maximum output power, and F the vehicle fuel consumption on the WLTP cycle (i.e., km/L). The sense of the selected coefficients can be explained by simple considerations: for the first coefficient, the authors considered that the higher is the vehicle mass, the larger will be the necessary fuel tank to allow the vehicle a certain operating range; for the second coefficient, it is easy to consider that the higher is the vehicle mass, the higher will be the necessary power output to produce a certain vehicle acceleration or speed; the third coefficient was deduced considering that engine of similar technological development will exhibit similar specific power; the fourth coefficient is based on the simple consideration that higher vehicle mass will cause higher fuel consumption for the same driving cycle; the last coefficient is based on the proportionality between the amount of CO2 emitted and the amount of fuel burned. It is worth mentioning that, to ascertain the significance of the selected coefficients, their dispersion was evaluated in terms of the range of variation: a range of ±11% was found in the worst case, which means that the selected coefficients have a limited variation from one vehicle to another. Focusing hence on the standard representative ICEV, its mass mICEV was simply determined as the average value of the masses of the five vehicles considered, while the other characteristics were determined employing the above coefficients:




	
Vehicle mass =    m  I C E V   =  1 5    ∑  i = 1  5    m i     



	
Fuel tank capacity =    C  I C E V   =  m  I C E V   ⋅  1 5    ∑  i = 1  5    θ  C , i      



	
Maximum output power =    P  I C E V   =  m  I C E V   ⋅  1 5    ∑  i = 1  5    θ  P , i      



	
Consumption =    F  I C E V   =  m  I C E V   ⋅  1 5    ∑  i = 1  5    θ  F , i      



	
Engine displacement =    V  I C E V   =    P  I C E V    /   1 5    ∑  i = 1  5    θ  V , i        








A similar approach was followed for the determination of the standard representative HEV. In this case, the coefficients taken into consideration were:




	(1)

	
   ψ  C , j   =    C j     m j       [   L  k g    ]    = ratio between fuel tank capacity and vehicle mass




	(2)

	
   ψ  P , j   =    P j     m j       [    k W   k g    ]    = ratio between maximum vehicle power and vehicle mass




	(3)

	
   ψ  V , j   =    V j     m j       [   L  k g    ]    = ratio between engine displacement and vehicle mass




	(4)

	
   ψ  B , j   =    B j     C j       [    k W h  L   ]    = ratio between battery capacity and fuel tank capacity




	(5)

	
   ψ  F , j   =    F j     m j       [    k m / L   k g    ]    = ratio between vehicle consumption and vehicle mass




	(6)

	
   ψ  W , j   =    B j     W j       [    k W h   k g    ]    = ratio between battery capacity and battery mass









where the subscript j refers to the generic real hybrid electric vehicle (j ranges from 1 to 5), the parameters m, C, P, V, and F have the same meaning adopted for the ICEV, B represents the battery capacity, which, as represented in the fourth coefficient, was considered proportional to the capacity of the fuel tank, and W the battery mass. According to the selected coefficients, the main characteristics of the standard representative HEV were determined as follows:




	
Vehicle mass =    m  H E V   =  1 5    ∑  j = 1  5    m j     



	
Fuel tank capacity =    C  H E V   =  m  H E V   ⋅  1 5    ∑  j = 1  5    ψ  C , j      



	
Maximum output power =    P  H E V   =  m  H E V   ⋅  1 5    ∑  j = 1  5    ψ  P , j      



	
Consumption =    F  H E V   =  m  H E V   ⋅  1 5    ∑  j = 1  5    ψ  F , j      



	
Engine displacement =    V  H E V   =  m  H E V   ⋅  1 5    ∑  j = 1  5    ψ  V , j      



	
Battery capacity =    B  H E V   =  C  H E V   ⋅  1 5    ∑  j = 1  5    ψ  B , j      








As regards the battery of the std. HEV, it must be pointed out that an Li-ion polymer model was adopted. Since no information was available on the battery of the vehicle HEV3, the only available capacity-to-mass ratio of the battery of vehicle HEV5 was adopted for the coefficient ψW, hence:


   ψ W  ≡  ψ  W , 5   =    B 5     W 5    =   1.56   33   = 0.473  [    k W h   k g    ]   








According to this coefficient, the mass of the Li-ion polymer battery of the standard HEV was evaluated as:


   W  H E V   =    B  H E V    /   ψ W     











Concerning the standard representative BEV, the coefficients taken into consideration were:




	(1)

	
   β  P , k   =    P k     m k       [    k W   k g    ]    = ratio between vehicle maximum power and vehicle mass =




	(2)

	
   β  F , k   =    F k     m k       [    k W h   k m ⋅ k g    ]    = the ratio between WLTP consumption and vehicle mass




	(3)

	
   β  B , k   =    B k     R k       [    k W h   k m    ]    = the ratio between battery capacity and WLTP driving range




	(4)

	
   β  W , k   =    B k     W k       [    k W h   k g    ]    = ratio between battery capacity and battery mass









where the subscript k refers to the generic real battery electric vehicle (k ranges from 1 to 5), the parameters m, B, P, F, and W have the same meaning of previous vehicles, while R represents the WLTP driving range of the vehicle, which, as reported by the third coefficient, was assumed to be related to the capacity of the battery. As in the previous cases, the mass of the standard representative BEV was evaluated as the average value among the 5 commercial vehicles:


  Vehicle   mass =  m  B E V   =  1 5    ∑  k = 1  5    m k     











Moreover, considering that the std. BEV should also have an average operating range with respect to the five commercial vehicles, its WLTP driving range was evaluated as average value:


  Driving   range   ( WLTP ) =  R  B E V   =  1 5    ∑  k = 1  5    R k     











According to the selected coefficients, the other main characteristics of the standard representative BEV were determined as follows:




	
Maximum output power =    P  B E V   =  m  B E V   ⋅  1 5    ∑  k = 1  5    β  P , k      



	
Battery capacity =    B  B E V   =  R  B E V   ⋅  1 5    ∑  k = 1  5    β  B , k      



	
Consumption =    F  B E V   =  m  B E V   ⋅  1 5    ∑  k = 1  5    β  F , k      








As reported in Table 4, an Li-ion NMC622 battery was adopted for the std. BEV, hence its mass was deduced on the basis of the only available capacity-to-mass ratio of the vehicle BEV5 battery:


    β W  ≡  β  W , 5   =    B 5     W 5    =   38.3   340   = 0.112  [    k W h   k g    ]      ⇒   Battery   mass =  W  B E V   =  B  B E V   /  β W    
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Figure 1. Global warming potential related to the entire lifecycle of the three reference vehicles (BP = Battery Production). 
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Figure 2. Global warming potential comparison as a function of the lifetime distance traveled. 
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Figure 3. Terrestrial acidification caused during the entire lifecycle of the three reference vehicles (BP = Battery Production). 
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Figure 4. Particulate matter formation related to the entire lifecycle of the three reference vehicles (BP = Battery Production). 
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Figure 5. Mineral resource depletion related to the entire lifecycle of the three reference vehicles (BP = Battery Production). 
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Figure 6. Fossil fuel depletion related to the entire lifecycle of the three reference vehicles (BP = Battery Production). 
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Figure 7. Specific global warming potential (gCO2eq/km) related to the three reference vehicles in the scenario analysis. 
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Figure 8. Specific terrestrial acidification potential (mgSO2eq/km) related to the three reference vehicles in the scenario analysis. 
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Figure 9. Specific particulate matter formation potential (mgPM2.5eq/km) related to the three reference vehicles in the six different scenarios. 
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Figure 10. Specific surplus ore potential (mgCu-eq/km) related to the three reference vehicles in the six different scenarios. 
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Figure 11. Specific fossil fuel potential (gOil-eq/km) related to the three reference vehicles in the six different scenarios. 
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Figure 12. Global warming impacts comparison as function of the lifetime traveled distance, with reference to the Norwegian (left) and to the Polish (right) electricity mix. 
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Table 1. Impact categories and characterization factors employed for the LCIA.
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	Impact Category
	Characterization Factor
	Unit





	Climate change
	Global Warming Potential (GWP)
	kg CO2-eq



	Terrestrial acidification
	Terrestrial Acidification Potential (TAP)
	kg SO2-eq



	Fine particulate matter formation
	Particulate matter formation potential (PMFP)
	kg PM2.5-eq



	Mineral resource scarcity
	Surplus ore potential (SOP)
	kg Cu-eq



	Fossil resource scarcity
	Fossil fuel potential (FFP)
	kg Oil-eq
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Table 2. Technical data of the gasoline internal combustion engine vehicles.
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Gasoline Internal Combustion Engine Vehicle (ICEV)






	
Vehicle ref. code

	
ICEV1

	
ICEV2

	
ICEV3

	
ICEV4

	
ICEV5

	
Reference

ICEV




	
Make and model

	
Volkswagen Polo 1.0 TSI 115 CV

	
Peugeot 208 PureTech 130 Stop and Start

	
Opel Corsa 1.2 130 CV

	
Renault Clio TCe 130 CV

	
Citroen C3 PureTech 83 Stop and Start Van Live




	
Tank capacity [L]

	
45

	
44

	
44

	
42

	
45

	
44




	
Vehicle mass [kg]

	
1190

	
1233

	
1233

	
1323

	
1165

	
1228.8




	
Displacement [cm3]

	
999

	
1199

	
1199

	
1333

	
1199

	
1176.6




	
Max power [kW]

	
85

	
96

	
96

	
96

	
81

	
90.6




	
Standard emission

	
Euro 6d temp

	
Euro 6d temp

	
Euro 6d temp

	
Euro 6d temp

	
Euro 6d temp

	
Euro 6d temp




	
WLTP consumption [km/L]

	
17.2

	
17.4

	
16.7

	
15.9

	
17.2

	
16.93











[image: Table] 





Table 3. Technical data of the gasoline hybrid electric vehicles.
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Gasoline Hybrid Electric Vehicle (HEV)






	
Vehicle ref. code

	
HEV1

	
HEV2

	
HEV3

	
HEV4

	
HEV5

	
Reference

HEV




	
Make and model

	
Renault Clio Hybrid E-Tech 140 CV

	
Toyota Corolla 1.8 Hybrid Touring Sport

	
Hyundai Ioniq FL Hybrid 1.6

	
Toyota Prius 1.8 AWD

	
Kia Niro 1.6 GDI




	
Tank capacity [L]

	
39

	
43

	
45

	
43

	
45

	
43.0




	
Vehicle mass [kg]

	
1398

	
1430

	
1436

	
1440

	
1490

	
1439




	
Displacement [cm3]

	
1618

	
1798

	
1580

	
1798

	
1580

	
1676




	
Max power [kW]

	
103

	
90

	
104

	
90

	
104

	
98.2




	
Standard emission

	
Euro 6d

	
Euro 6d

	
Euro 6d

	
Euro 6d

	
Euro 6d

	
Euro 6d




	
WLTP consumption [km/L]

	
19.6

	
23.0

	
20.8

	
22.7

	
20.8

	
21.4




	
Battery capacity [kWh]

	
1.2

	
0.75

	
1.56

	
1.3

	
1.56

	
1.27




	
Battery technology

	
Li-ion

	
Li-ion

	
Li-ion polymer

	
NiMH

	
Li-ion

polymer

	
NMC




	
Battery mass [kg]

	
38

	
//

	
//

	
//

	
33

	
26.9
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Table 4. Technical data of the battery electric vehicles.
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Battery Electric Vehicle (BEV)






	
Vehicle ref. code

	
BEV1

	
BEV2

	
BEV3

	
BEV4

	
BEV5

	
Reference

BEV




	
Make and model

	
Peugeot e-208

	
Renault Zoe R110 2019

	
Volkswagen e-Golf 2019

	
Nissan Leaf S 2019

	
Hyundai Ioniq EV 2019




	
Vehicle mass [kg]

	
1500

	
1500

	
1615

	
1558

	
1575

	
1550




	
Max power [kW]

	
100

	
80

	
100

	
110

	
100

	
97.9




	
Battery capacity [kWh]

	
50

	
45.61

	
35.8

	
40

	
38.3

	
42.1




	
Battery warranty [km]

	
160,000 (70%)

	
160,000 (66%)

	
160,000

	
160,000

	
200,000

	
160,000




	
Battery technology

	
//

	
NMC 712

	
NMC

	
NMC

	
NMC 622

	
NMC 622




	
Battery mass [kg]

	
//

	
305

	
318

	
303

	
340

	
374




	
WLTP Driving range [km]

	
340

	
300

	
232

	
270

	
311

	
291




	
WLTP Consumption [kWh/km]

	
0.164

	
0.178

	
0.176

	
0.171

	
0.138

	
0.166
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Table 5. Composition of the electricity mixes considered in the LCA [20].
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	China

(2018)
	EU-28

(2019)
	Germany

(2019)
	Norway

(2019)
	Poland

(2019)





	Coal
	66.4%
	15.4%
	30.0%
	0.121%
	73.72%



	Oil
	0.153%
	1.64%
	0.822%
	0.013%
	1.09%



	Natural gas
	3.28%
	21.9%
	15.3%
	1.732%
	9.18%



	Nuclear
	4.09%
	25.3%
	12.1%
	0%
	0%



	Hydro
	17.1%
	10.9%
	4.24%
	93.4%
	1.63%



	Wind
	5.07%
	13.3%
	20.4%
	4.1%
	9.20%



	Solar PV
	2.45%
	4.07%
	7.69%
	0.010%
	0.44%



	Biofuels
	1.26%
	5.27%
	7.22%
	0.03%
	4.30%



	Waste
	0.187%
	1.60%
	2.03%
	0.31%
	0.38%



	Geothermal
	0.002%
	0.206%
	0.0317%
	0%
	0%



	Solar thermal
	0.004%
	0.178%
	
	0%
	0%



	Tide
	0.0002%
	0.0152%
	
	0%
	0%



	Other sources
	
	0.141%
	0.168%
	0.244%
	0.05%
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Table 6. Percentage mass distribution for each kind of passenger car [21].
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	Component
	ICEV
	HEV
	BEV





	Body
	44.1%
	45.3%
	53.5%



	Powertrain
	25.7%
	17.0%
	1.70%



	Transmission
	6.30%
	7.20%
	3.30%



	Chassis
	23.9%
	24.5%
	28.9%



	Traction motor
	0
	2.10%
	6.70%



	Generator
	0
	2.10%
	0



	Controller/Inverter
	0
	1.80%
	5.90%
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Table 7. Fluids masses for each kind of vehicle.
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	ICEV
	HEV
	BEV





	Engine lubricant [kg]
	4.1
	4.1
	0.0



	Power steering fluid [kg]
	0.0
	0.0
	0.0



	Brake fluid [kg]
	0.91
	0.91
	0.91



	Transmission fluid [kg]
	10.9
	0.91
	0.91



	Powertrain coolant [kg]
	10.4
	10.4
	7.2



	Windshield wiper fluid [kg]
	2.7
	2.7
	2.7



	Adhesives [kg]
	13.6
	13.6
	13.6
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Table 8. Environmental impact and resource deployment related to the reference ICEV components production.
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	GWP

[kg CO2 eq]
	TAP

[kg SO2 eq]
	PMFP

[kg PM2.5 eq]
	SOP

[kg Cu eq]
	FFP

[kg Oil eq]
	Energy

Consumption [MJ]





	Body
	1303.0
	7.1
	2.2
	17.7
	334.2
	20,890.3



	Powertrain
	659.1
	3.9
	1.3
	24.7
	191.2
	12,435.9



	Transmission
	163.3
	0.6
	0.2
	5.4
	46.1
	3081.5



	Chassis
	666.1
	3.3
	1.1
	10.1
	133.5
	9339.3



	Assembly
	1127.5
	1.8
	0.6
	0.0
	300.4
	20,413.5



	Oil
	13.4
	0.1
	0.0
	0.0
	4.0
	219.8



	Brake fluid
	3.0
	0.0
	0.0
	0.0
	0.9
	48.8



	Transmission fluid
	35.8
	0.2
	0.1
	0.0
	10.7
	586.1



	Coolant
	18.0
	0.1
	0.0
	0.0
	4.1
	205.9



	Adhesives
	48.8
	0.3
	0.1
	0.0
	23.3
	1190.8



	Windshield wiper fluid
	4.9
	0.0
	0.0
	0.0
	0.9
	41.7



	Battery
	11.7
	0.2
	0.1
	5.1
	4.1
	251.6
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Table 9. Environmental impact and resource deployment related to the reference HEV components production.






Table 9. Environmental impact and resource deployment related to the reference HEV components production.














	
	GWP

[kg CO2 eq]
	TAP

[kg SO2 eq]
	PMFP

[kg PM2.5 eq]
	SOP

[kg Cu eq]
	FFP

[kg Oil eq]
	Energy Consumption [MJ]





	Body
	1574.7
	8.5
	2.70
	18.8
	403.9
	25,246.1



	Powertrain
	523.0
	3.0
	0.97
	16.6
	142.5
	9373.7



	Transmission
	317.3
	3.9
	1.20
	20.1
	61.7
	5155.5



	Chassis
	803.3
	3.9
	1.32
	10.5
	161.0
	11,263.5



	Traction Motor
	74.1
	1.4
	0.41
	9.8
	16.3
	1188.9



	Generator
	74.1
	1.4
	0.41
	9.8
	16.3
	1188.9



	Controller/Inverter
	63.4
	0.5
	0.16
	3.9
	20.5
	1263.2



	Assembly
	1320.2
	2.1
	0.70
	0.0
	351.8
	23,902.1



	Oil
	13.4
	0.1
	0.03
	0.0
	4.0
	219.8



	Brake fluid
	3.0
	0.0
	0.01
	0.0
	0.9
	48.8



	Transmission. Fluid
	3.0
	0.0
	0.01
	0.0
	0.9
	48.8



	Coolant
	18.0
	0.1
	0.02
	0.0
	4.1
	205.9



	Adhesives
	48.8
	0.3
	0.07
	0.0
	23.3
	1190.8



	Windshield wiper fluid
	4.9
	0.0
	0.00
	0.0
	0.9
	41.7



	Battery BOM
	214.0
	1.6
	0.50
	6.4
	45.0
	2949.6



	Battery assembly
	20.0
	0.0
	0.01
	0.0
	5.7
	289.2
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Table 10. Environmental impact and resource deployment related to the reference BEV components production.
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	GWP

[kg CO2 eq]
	TAP

[kg SO2 eq]
	PMFP

[kg PM2.5 eq]
	SOP

[kg Cu eq]
	FFP

[kg Oil eq]
	Energy

Consumption [MJ]





	Body
	1627.6
	8.8
	2.80
	22.1
	417.4
	26,094.7



	Powertrain
	57.9
	0.8
	0.25
	4.4
	17.3
	1035.7



	Transmission
	127.8
	1.6
	0.48
	8.2
	24.8
	2075.8



	Chassis
	832.4
	4.1
	1.36
	12.7
	166.8
	11,671.7



	Traction Motor
	213.9
	4.0
	1.18
	28.6
	47.1
	3431.6



	Controller/Inverter
	182.5
	1.5
	0.46
	11.1
	59.1
	3637.3



	Assembly
	1421.8
	2.2
	0.75
	0.0
	378.9
	25,742.7



	Brake fluid
	3.0
	0.0
	0.01
	0.0
	0.9
	48.8



	Transmission fluid
	3.0
	0.0
	0.01
	0.0
	0.9
	48.8



	Coolant
	12.5
	0.1
	0.01
	0.0
	2.8
	143.3



	Adhesives
	48.8
	0.3
	0.07
	0.0
	23.3
	1190.8



	Windshield wiper fluid
	4.9
	0.0
	0.00
	0.0
	0.9
	41.7



	Battery BOM
	3008.0
	50.3
	14.92
	180.7
	683.3
	43,210.8



	Battery assembly
	658.5
	0.9
	0.23
	0.0
	187.6
	9519.7
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Table 11. Specific impact factors related to the production of 1 kg of gasoline with 5% ethanol from biomass (BE5) [30]).






Table 11. Specific impact factors related to the production of 1 kg of gasoline with 5% ethanol from biomass (BE5) [30]).





	GWP [kg CO2 eq/kg]
	0.596896



	TAP [kg SO2 eq/kg]
	0.00529478



	PMFP [kg PM2.5 eq/kg]
	0.00169847



	SOP [kg Cu eq/kg]
	0.00157793



	FFP [kg Oil eq/kg]
	1.14230



	Energy consumption [MJ/kg]
	7.0463
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Table 12. Specific impact characterization factors related to the production of 1 kWh of electric energy (EU-28 average electricity—Table 5).






Table 12. Specific impact characterization factors related to the production of 1 kWh of electric energy (EU-28 average electricity—Table 5).





	GWP [kg CO2 eq/kWh]
	0.2994



	TAP [kg SO2 eq/kWh]
	0.0006227



	PMFP [kg PM2.5 eq/kWh]
	0.0001971



	SOP [kg Cu eq/kWh]
	0.0000



	FFP [kg Oil eq/kWh]
	0.07252



	Energy consumption [MJ/kWh]
	6.8368
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Table 13. Environmental impact and resource deployment related to the energy consumed in the use phase of each reference vehicle (whole vehicle life = 150,000 km).
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	ICEV
	HEV
	BEV





	Total fuel consumed [kg]
	6662.4
	5274.9
	0



	Traction energy [kWh]
	77,173
	61,101
	24,841



	Source production energy [kWh]
	13,040
	10,325
	47,176



	GWP [kg CO2eq/kWh]
	3976.7
	3148.6
	7436.5



	TAP [kg SO2eq/kWh]
	35.276
	27.930
	15.469



	PMFP [kg PM2.5eq/kWh]
	11.316
	8.9594
	4.8965



	SOP [kg Cu eq/kWh]
	10.513
	8.3235
	0



	FFP [kg Oil eq/kWh]
	7610.4
	6025.6
	1801.4
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Table 14. Emission factors related to the reference vehicles ICEV and HEV (European Environment Agency [34]).






Table 14. Emission factors related to the reference vehicles ICEV and HEV (European Environment Agency [34]).










	
	ICEV
	HEV





	Type of car
	Petrol Small
	Hybrid Petrol Small



	Technology
	Euro 6 d-temp
	Euro 6



	CO2 [g/km]
	133.5
	105.7



	CO [g/km]
	0.69
	0.042



	NMHC [g/km]
	0.048
	0.001



	NOX [g/km]
	0.056
	0.013



	N2O [g/km]
	0.0013
	0.0002



	NH3 [g/km]
	0.0123
	0.0328



	Pb [g/km]
	1.82 × 10−5
	1.82 × 10−5



	CO2 lube [g/km]
	0.398
	0.398
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Table 15. Environmental impact and resource deployment related to the exhaust emissions of both reference ICEV and HEV produced during the entire life (i.e., 150,000 km).
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	ICEV
	HEV





	GWP [kg CO2 eq]
	20,032
	15,860



	TAP [kg SO2 eq]
	3.024
	0.7020



	PMFP [kg PM2.5 eq]
	0
	0



	SOP [kg Cu eq]
	0.2400
	0.03000



	FFP [kg Oil eq]
	0
	0
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Table 16. Environmental impact and resource deployment related to the use phase of the three reference vehicles on their entire life (i.e., 150,000 km).






Table 16. Environmental impact and resource deployment related to the use phase of the three reference vehicles on their entire life (i.e., 150,000 km).











	
	ICEV
	HEV
	BEV





	GWP [kg CO2 eq]
	24,008
	19,009
	7437



	TAP [kg SO2 eq]
	38.300
	28.632
	15.47



	PMFP [kg PM2.5 eq]
	11.556
	8.9894
	4.896



	SOP [kg Cu eq]
	10.513
	8.3235
	0



	FFP [kg Oil eq]
	7610.4
	6025.6
	1801
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Table 17. Impact characterization factors related to the End of Life (EoL) of the lithium-ion batteries of both reference HEV and BEV.






Table 17. Impact characterization factors related to the End of Life (EoL) of the lithium-ion batteries of both reference HEV and BEV.










	
	HEV
	BEV





	GWP [kg CO2 eq]
	28.46
	396.0



	TAP [kg SO2 eq]
	0.07371
	1.026



	PMFP [kg PM2.5 eq]
	0.02063
	0.2870



	SOP [kg Cu eq]
	0
	0



	FFP [kg Oil eq]
	6.610
	91.97



	Energy consumption [MJ]
	488.2
	6794
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Table 18. Specific impact indicator results of the scenario analysis.






Table 18. Specific impact indicator results of the scenario analysis.





	

	

	
spec. GWP [gCO2eq/km]

	
spec. TAP [mgSO2eq/km]

	
spec. PMFP [mgPM2.5eq/km]

	
spec. SOP [mgCu-eq/km]

	
FFP [gOil-eq/km]




	

	

	
Prod.

	
Use

	
Batt. EoL

	
Prod.

	
Use

	
Batt. EoL

	
Prod.

	
Use

	
Batt. EoL

	
Prod.

	
Use

	
Batt. EoL

	
Prod.

	
Use

	
Batt. EoL






	
EUROPE 105,000 km

	
ICEV

	
38.6

	
160

	
0.00

	
167

	
255

	
0.00

	
53.8

	
77.0

	
0.00

	
600

	
70.1

	
0.00

	
1053

	
50.7

	
0.00




	
HEV

	
48.7

	
127

	
0.271

	
281

	
191

	
0.702

	
88.4

	
59.9

	
0.196

	
999

	
55.5

	
0.00

	
1272

	
40.2

	
0.0629




	
BEV

	
82.0

	
49.6

	
3.77

	
787

	
103

	
9.77

	
237

	
32.6

	
2.73

	
2817

	
94.9

	
0.00

	
2101

	
12.0

	
0.876




	
EUROPE 150,000 km

	
ICEV

	
27.0

	
160

	
0.00

	
117

	
255

	
0.00

	
37.7

	
77.0

	
0.00

	
420

	
70.1

	
0.00

	
1053

	
50.7

	
0.00




	
HEV

	
34.1

	
127

	
0.190

	
197

	
191

	
0.491

	
61.9

	
59.9

	
0.138

	
699

	
55.5

	
0.00

	
1272

	
40.2

	
0.0441




	
BEV

	
57.4

	
49.6

	
2.64

	
551

	
103

	
6.84

	
166

	
32.6

	
1.91

	
1972

	
94.9

	
0.00

	
2101

	
12.0

	
0.613




	
EUROPE 195,000 km

	
ICEV

	
20.8

	
160

	
0.00

	
89.7

	
255

	
0.00

	
29.0

	
77.0

	
0.00

	
323

	
70.1

	
0.00

	
1053

	
50.7

	
0.00




	
HEV

	
27.7

	
127

	
0.292

	
173

	
191

	
0.756

	
54.1

	
59.9

	
0.212

	
617

	
55.5

	
0.00

	
1335

	
40.2

	
0.0678




	
BEV

	
65.8

	
49.6

	
4.06

	
733

	
103

	
10.5

	
219

	
32.6

	
2.94

	
2611

	
94.9

	
0.00

	
3097

	
12.0

	
0.943




	
NORWAY 105,000 km

	
ICEV

	
38.6

	
160

	
0.00

	
167

	
255

	
0.00

	
53.8

	
77.0

	
0.00

	
600

	
70.1

	
0.00

	
1053

	
50.7

	
0.00




	
HEV

	
48.7

	
127

	
0.271

	
281

	
191

	
0.702

	
88.4

	
59.9

	
0.196

	
999

	
55.5

	
0.00

	
1272

	
40.2

	
0.0629




	
BEV

	
82.0

	
1.71

	
3.77

	
787

	
1.48

	
9.77

	
237

	
0.354

	
2.73

	
2817

	
27.2

	
0.00

	
2101

	
0.591

	
0.876




	
NORWAY 150,000 km

	
ICEV

	
27.0

	
160

	
0.00

	
117

	
255

	
0.00

	
37.7

	
77.0

	
0.00

	
420

	
70.1

	
0.00

	
1053

	
50.7

	
0.00




	
HEV

	
34.1

	
127

	
0.190

	
197

	
191

	
0.491

	
61.9

	
59.9

	
0.138

	
699

	
55.5

	
0.00

	
1272

	
40.2

	
0.0441




	
BEV

	
57.4

	
1.71

	
2.64

	
551

	
1.48

	
6.84

	
166

	
0.354

	
1.91

	
1972

	
27.2

	
0.00

	
2101

	
0.591

	
0.613




	
NORWAY 195,000 km

	
ICEV

	
20.8

	
160

	
0.00

	
89.7

	
255

	
0.00

	
29.0

	
77.0

	
0.00

	
323

	
70.1

	
0.00

	
1053

	
50.7

	
0.00




	
HEV

	
27.7

	
127

	
0.292

	
173

	
191

	
0.756

	
54.1

	
59.9

	
0.212

	
617

	
55.5

	
0.00

	
1335

	
40.2

	
0.0678




	
BEV

	
65.8

	
1.71

	
4.06

	
733

	
1.48

	
10.5

	
219

	
0.354

	
2.94

	
2611

	
27.2

	
0.00

	
3097

	
0.591

	
0.943




	
POLAND 105,000 km

	
ICEV

	
38.6

	
160

	
0.00

	
167

	
255

	
0.00

	
53.8

	
77.0

	
0.00

	
600

	
70.1

	
0.00

	
1053

	
50.7

	
0.00




	
HEV

	
48.7

	
127

	
0.271

	
281

	
191

	
0.702

	
88.4

	
59.9

	
0.196

	
999

	
55.5

	
0.00

	
1272

	
40.2

	
0.0629




	
BEV

	
82.0

	
142

	
3.77

	
787

	
357

	
9.77

	
237

	
107

	
2.73

	
2817

	
89.8

	
0.00

	
2101

	
24.2

	
0.876




	
POLAND 150,000 km

	
ICEV

	
27.0

	
160

	
0.00

	
117

	
255

	
0.00

	
37.7

	
77.0

	
0.00

	
420

	
70.1

	
0.00

	
1053

	
50.7

	
0.00




	
HEV

	
34.1

	
127

	
0.190

	
197

	
191

	
0.491

	
61.9

	
59.9

	
0.138

	
699

	
55.5

	
0.00

	
1272

	
40.2

	
0.0441




	
BEV

	
57.4

	
142

	
2.64

	
551

	
357

	
6.84

	
166

	
107

	
1.91

	
1972

	
89.8

	
0.00

	
2101

	
24.2

	
0.613




	
POLAND 195,000 km

	
ICEV

	
20.8

	
160

	
0.00

	
89.7

	
255

	
0.00

	
29.0

	
77.0

	
0.00

	
323

	
70.1

	
0.00

	
1053

	
50.7

	
0.00




	
HEV

	
27.7

	
127

	
0.292

	
173

	
191

	
0.756

	
54.1

	
59.9

	
0.212

	
617

	
55.5

	
0.00

	
1335

	
40.2

	
0.0678




	
BEV

	
65.8

	
142

	
4.06

	
733

	
357

	
10.5

	
219

	
107

	
2.94

	
2611

	
89.8

	
0.00

	
3097

	
24.2

	
0.943
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