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Abstract

:

The development of batteries used in electric vehicles towards sustainable development poses challenges to designers and manufacturers. Although there has been research on the analysis of the environmental impact of batteries during their life cycle (LCA), there is still a lack of comparative analyses focusing on the first phase, i.e., the extraction and processing of materials. Therefore, the purpose of this research was to perform a detailed comparative analysis of popular electric vehicle batteries. The research method was based on the analysis of environmental burdens regarding the ecological footprint of the extraction and processing of materials in the life cycle of batteries for electric vehicles. Popular batteries were analyzed: lithium-ion (Li-Ion), lithium iron phosphate (LiFePO4), and three-component lithium nickel cobalt manganese (NCM). The ecological footprint criteria were carbon dioxide emissions, land use (including modernization and land development) and nuclear energy emissions. This research was based on data from the GREET model and data from the Ecoinvent database in the OpenLCA programme. The results of the analysis showed that considering the environmental loads for the ecological footprint, the most advantageous from the environmental point of view in the extraction and processing of materials turned out to be a lithium iron phosphate battery. At the same time, key environmental loads occurring in the first phase of the LCA of these batteries were identified, e.g., the production of electricity using hard coal, the production of quicklime, the enrichment of phosphate rocks (wet), the production of phosphoric acid, and the uranium mine operation process. To reduce these environmental burdens, improvement actions are proposed, resulting from a synthesized review of the literature. The results of the analysis may be useful in the design stages of new batteries for electric vehicles and may constitute the basis for undertaking pro-environmental improvement actions toward the sustainable development of batteries already present on the market.
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1. Introduction


The transport sector, mainly including passenger vehicles, is considered the main source of total greenhouse gas emissions internationally [1]. Switching to electric vehicles is considered a key aspect of reducing greenhouse gases [2]. Hence, the lithium-ion batteries (LIBs) used in electric vehicles have been key subjects of research in recent years. Although batteries for electric vehicles have many advantages, they still have a significant negative impact on the natural environment [3]. A detailed understanding of the environmental impact of lithium-ion batteries at each phase of their life cycle is essential to achieving sustainability of not only the batteries, but also vehicles powered by them [4]. Analysis of the main environmental loads of batteries and other accompanying products refers to the dynamics of enterprise development, for example, Industry 4.0 [5,6,7,8]. Additionally, it is necessary to improve these products to achieve the expected quality [9,10], while ensuring their environmentally friendly impact [11].



The literature review shows that many studies have been conducted on the life-cycle assessment of various types of lithium-ion batteries used in the automotive industry. For example, lithium–iron phosphate batteries with different solvents used for cell production have been analyzed [12]. Marques et al. [3] compared the performance of lithium manganese oxide batteries with lithium iron phosphate batteries, including assessing their life cycle, considering global warming, acidification, and eutrophication. The research conducted by the authors of studies [13,14,15,16] addressed the environmental impact of lithium-ion batteries, e.g., lithium iron phosphate and lithium nickel cobalt, during their production, use, or recycling phases, showing a significant carbon footprint in these phases. Furthermore, Chen et al. [16] investigated the potential to reduce carbon dioxide emissions in a life cycle assessment of lithium-ion batteries. Yang et al. [17] conducted predictive analyses of the production of lithium-ion batteries until 2030, taking into account possible changes in their power, energy life, and charging efficiency. Nordelöf et al. [18] modeled the end-of-life stage in the life cycle of lithium-ion batteries. In turn, Cerdas et al. [19] studied various processes within the life cycle phases of lithium-ion batteries, considering the impact of aspects such as the quality of the recovered material and the consumption of energy and materials. Similarly, Yang et al. [20] studied the environmental impact as part of battery recycling in view of economic viability and also provided an inventory of the battery life cycle. Chorida et al. [21] analyzed the environmental burden resulting from increased use of steel in battery production in terms of the life cycle. In addition, Yoo et al. [22] analyzed battery metal recycling with lithium recovery for used lithium-ion batteries, and greenhouse gas emissions during the battery life cycle were evaluated. Another type of analysis was carried out, for example, by Miranda et al. [23] as part of the application of particle swarm optimization of a neural network to assess the state of charge of a battery. Then, Bhinge et al. [24] evaluated the life cycle of a lithium-ion battery with a large amount of data in the event of product quality deterioration. In turn, Picatoste et al. [25] assessed the environmental impact of batteries, focusing on a closed-loop system and the battery life cycle, analyzing industrial challenges and also beneficial design practices for lithium-ion batteries used in the automotive industry. It is important to mention that, according to recent results, China’s electric vehicle policy has been a notable success. As the number of electric vehicles in this country continues to grow, China is building more charging stations, improving the brand of the vehicles offered, and increasing their commercial sales [26]. However, the increase in the use of battery vehicles also comes with potential pitfalls, and the main one is excessive battery waste. Statistics showed that more than 200,000 tons of waste from lithium-ion batteries were created in 2020, and their number is constantly growing. This waste has a particularly significant impact on the environment, which is why China and other countries have begun to pay attention to how this waste is managed. However, it remains a pressing issue [27]. In addition, the depletion of lithium is a problem that significantly hampers efforts to reduce carbon dioxide emissions [28].



Within the literature review, a small number of studies were observed that included comparative analyses of various lithium-ion batteries, considering the environmental burden on the ecological footprint [26] arising during the extraction and processing of these battery materials during their lifetime. Therefore, the aim of this investigation was to perform an in-depth comparative analysis of electric vehicle batteries, which were analyzed in terms of environmental loads, including ecological footprint criteria from the extraction and processing of battery materials throughout their life cycle (LCA).



The originality of this research is based on the identification of the main environmental burdens regarding the ecological footprint (considering carbon dioxide emissions, land use, and nuclear emissions) in the first phase of LCA for popular lithium-ion, lithium iron phosphate, and lithium nickel cobalt-manganese batteries. The results of this analysis were supplemented with proposals for improvement actions to reduce the main environmental burdens, which may be useful to enterprises producing these types of batteries as part of their sustainable development.




2. Materials and Methods


This research included a comparative analysis of the environmental burdens arising from the extraction and processing of materials during the life cycle of batteries for electric passenger vehicles. Life cycle assessment (LCA) is one of the most common methodologies for assessing environmental impacts [27], providing an assessment of inputs and outputs and interpretation of the results of the assessment of the environmental impact of a product or process throughout its life cycle [28]. The basic life cycle approach is cradle to grave, which includes material extraction and processing, production, use, and end of life [29]. The LCA methodology is based on the ISO 14040 standard [30] according to which it proceeds according to four interactive stages: (i) defining the purpose and scope of the research, (ii) inventory, (iii) environmental impact assessment, and (iv) interpretation [31]. The use of LCA can support making more pro-ecological decisions throughout the life cycle, and it can also be a source of knowledge for selected phases of the cycle, including adapting the type of analysis to the desired criteria of environmental burdens [32,33]. Therefore, the present research method included defining the research object, the functional unit, the system boundary, and the research scope, as detailed later in this paper.



	
Subject of study






The subjects of this research were batteries for electric passenger vehicles, which were selected in terms of their popularity due to the cathode material [34]: lithium ion (Li-Ion) [35,36], lithium iron phosphate (LiFePO4) [37], and ternary lithium nickel cobalt manganese (NCM) [38]. It is important to analyze the burdens associated with them, especially since their use is expected to increase in the coming years, even to a level of 65,000 tons on the global market by 2025 for, e.g., LiFePO4 batteries [39].



A feature that characterizes vehicle batteries is their chemical composition, which generates battery performance but also contributes to the demand and method of selecting materials [40,41]. Lithium-ion batteries occupy a significant share of battery technologies, mainly due to their high efficiency provided through the right combination of high energy and power density [42]. The lithium used in them has the highest cell potential, which is due to having the lowest reduction potential among other elements [43]. Additionally, lithium is one of the lighter elements and has one of the smallest ionic radii considering all individually charged ions. It has a high gravimetric capacity but also a high volumetric capacity and a high power density [44]. The main limitation of these batteries is their relatively long charging time, caused by the diffusion in solid electrodes [45]. A lithium-ion battery contains compounds of lithium manganese oxide and lithium cobalt oxide. These batteries come in different varieties, such as the next lithium iron phosphate battery selected for analysis (LiFePO4, LFP), which contained much lighter iron compounds and was produced from lithium iron phosphate cathode materials [37]. Compared with traditional lithium-ion batteries, they have higher charging and discharging efficiency, including a longer cyclic life and a more stable thermal and chemical structure [46]. They have a high level of safety, good thermal and cyclic stability, and relatively low material cost [39]. In turn, lithium nickel cobalt manganese (NCM) batteries are gaining popularity due to their large capacity, energy density, and good stability. They are lighter than previous batteries and efficient, considering the range of travel [34]. The nickel content in NCM batteries contributes to a significant reduction in problems related to their sustainability and costs due to the lower cobalt content [47].



The main elements of the selected batteries for passenger electric vehicles are the battery modules, which consist of battery cells. In turn, these cells contain, among other elements, an anode, cathode, separator, and electrode [48]. Taking these elements as the main ones, material data concerning the analyzed batteries were developed. Data were prepared based on a literature review, e.g., [35,49,50], the GREET v1.3.0.13991 model [51], and data from the Ecoinvent 3.10 database of OpenLCA 2.0.0. [52]. The materials selected for verification and the amount of their use per kilogram are presented in Table 1, Table 2 and Table 3.



Subsequently, as part of the preparation of data for analysis, the functional unit and system boundaries were defined.



Due to limited lithium resources, many countries have started using other types of batteries. For example, a lithium–sulfur battery (Li-S) with a high theoretical specific capacity and specific energy density can increase efficiency five-fold compared with traditional lithium-ion batteries [53]. Although lithium–sulfur batteries are of great interest and are considered one of the most promising new-generation batteries with high energy density, they are still far from satisfactory due to shortcomings in their practical application [54]. Among other things, these batteries are characterized by a high rate of charging and discharging, including low cycle stability [53].



There have also been studies with sodium ion batteries, which are considered cheaper alternatives and less susceptible to resource and supply risks [55]. Sodium ion batteries are a promising, relatively inexpensive, and environmentally friendly solution in terms of energy storage for sustainable development [56]. However, these batteries have low efficiency compared with the available electrode materials, so materials based on carbon, metals, and oxide alloys are still being sought [57].



Another type of battery is the sodium–sulfur battery, which is considered one of the most effective energy storage systems [58]. This type of battery is considered an effective replacement for lithium-ion batteries, mainly because it has a larger capacity, is more environmentally friendly, and is characterized by lower production costs [59]. Currently, the sodium–sulfur battery is perceived as one of the strongest solutions to stabilize the grid, supporting the efficiency and usability of renewable energy technologies. Furthermore, from a practical point of view, it is characterized by a long discharge time and a service life that reaches up to 15 years [60].



Although lithium-ion batteries are still considered the most desirable, and their satisfactory performance and low price in many cases means that the demand for these technologies will constantly increase and will reach even 2–3.5 TWh by 2030 [61], so a sodium–sulfur battery seems to be advantageous and promising. Therefore, it is possible to say that lithium–ion batteries will continue to be popular, but the development of technology and research in this area may result in their replacement in many cases with more environmentally friendly and efficient types of batteries.



There are also hydrogen fuel cells that outperform lithium-ion batteries in terms of energy storage density and therefore have a longer range. Additionally, they are lighter, more compact, and have favourable potential for reducing emissions. Hence, these attributes may suggest that they are more favourable in environmental terms [62]. However, unfortunately, they are characterized by high production costs, low hydrogen energy density, limited safety, and limited access to refuelling infrastructure, including the complexity of hydrogen storage and transport. However, technological development and political activities indicate that in the future they may become important from the point of view of sustainable transport development [63].



	
Functional unit






A functional unit is a quantitative description of the functions of a product, and is the basis for carrying out calculations involving environmental loads. The use of a functional unit ensures quantitative measurement of environmental burdens and comparability of results [64]. The functional unit can be freely adapted to the product. Based on other studies, for example [35,50], it was assumed that the functional unit for the analyzed batteries was 1 kg of material per 1000 kWh of energy stored in these batteries [49]. Furthermore, following the authors of a previous study [50], it was assumed that the average weight of batteries used in electric vehicles was approximately 300 kg. All data covering the materials of the tested batteries were converted according to this functional unit.



	
System boundary






A system boundary is a set of criteria that define the unit processes, inputs, outputs, and environmental loads to be analyzed [65]. The unit process consists of separate phases (stages) of the life cycle [64]. In certain cases, the system boundaries in LCA may also refer to a specific geographical area, time range, or data related to the product or process [66,67]. The conducted research determined the boundaries of the system, including the analysis of environmental loads in the first phase of LCA, i.e., the extraction and acquisition of materials for batteries for passenger vehicles, that is, lithium-ion, lithium iron phosphate and three-component nickel–cobalt–manganese oxide, as presented in Figure 1.



The scope of this research was reduced to the analysis of environmental burdens in relation to the ecological footprint, which is one of the key environmental burdens [69]. Ecological footprint is used to measure the level of natural resources consumed and waste generated, among other things, as a result of human activity [26]. It is the main indicator for assessing human impact on ecosystems and the biosphere [69]; therefore, reducing it is a leading challenge, including improving the quality of the climate [70]. The literature review presented in [71] confirms that this is an important problem, and climate change has been the most common scope in studies conducted so far that cover the environmental impact of batteries for electric vehicles. The ecological footprint analysis included carbon dioxide (CO2) emissions, land occupation (considered as land development and modernisation), and nuclear energy consumption [26]. Due to the fact that the categories covered a large number of environmental burdens, the scope of this research was limited to the main burdens in each ecological footprint category. The main loads were considered to be those that had the highest emissions (environmental impact) among all those verified. As part of the analysis, a conversion unit was selected for the ecological footprint criteria, which was a square meter of impact per year of a given impact (m2a).




3. Results and Discussion


The ecological footprint analysis in the LCA phase with respect to the extraction and processing of lithium-ion, lithium iron phosphate, and lithium nickel cobalt manganese battery materials was carried out using the OpenLCA 2.0.0 programme with the Ecoinvent 3.10 database. The analysis was carried out in four main stages: (i) analysis of environmental burdens regarding carbon dioxide emissions, (ii) analysis of environmental burdens regarding land occupation (development and modernization), (iii) analysis of environmental burdens regarding nuclear energy, and (iv) analysis of the ecological footprint and proposals for improvement actions.



3.1. Analysis of Environmental Loads Regarding Carbon Dioxide Emissions


The main environmental burdens in relation to CO2 emissions generated in the extraction and processing phases of materials selected for the lithium-ion battery testing were analysed. The results of the environmental loads are presented in Table 4.



The highest CO2 emissions during the extraction and processing of lithium-ion battery materials arise during the production of electricity and hard coal [72] (17,701.09 m2a). Subsequently, the largest amount of CO2 emissions was observed in the case of quicklime production (pieces, bulk) [73] (11,641.10 m2a). Much smaller amounts of CO2 emissions are generated during the heat production process in an industrial hard coal furnace [74] or the operation of a hard coal mine [75] (average 1627.62 m2a). The cogeneration of heat and energy using natural gas in a conventional power plant is relatively similar in these terms to the production of electricity with natural gas in a conventional power plant (average 810.83 m2a).



In the case of a lithium iron phosphate battery, the highest CO2 emissions from the extraction and processing phase arise during the production of quicklime [73] (7759.28 m2a). A much smaller amount of CO2 is emitted during heat production in an industrial furnace fuelled with hard coal [76] or during the cogeneration of heat and energy through natural gas in a conventional power plant (average 2541.31 m2a). The smaller emissions refer to the production of pig iron (762.96 m2a), sweet gas burnt in a gas turbine, heat production (natural gas in an industrial furnace), the operation of a hard coal mine [75], and the production of electricity through sintering (average 538.26 m2a).



Analysing NCM battery materials, the highest CO2 emissions occur during the production of electricity with hard coal [76] (high-voltage electricity) (4111.20 m2a). Relatively slightly smaller emissions are generated during cogeneration of heat and electricity using natural gas (conventional) (3491.48 m2a). Subsequent results refers to the production of electricity with hard coal [75], the production of heat in an industrial hard coal furnace [74] with a capacity of 1–10 MW, and the production of quicklime, in pieces, in bulk [73] (average 2155.18 m2a). Lower CO2 emissions were observed in the case of quicklime production in bulk, lithium chloride production, electricity production via brown coal, sweet gas burnt in a gas turbine for heat production, or natural gas in an industrial furnace >100 kW (average 819.30 m2a).



The total amount of CO2 emissions generated in the extraction and processing phases of the selected battery materials, as well as the amount of CO2 emissions resulting from the two largest environmental loads, were then compared. The results are shown in Figure 2.



When comparing the total environmental burden of CO2 emissions in the extraction and processing phases of the materials for the analyzed batteries, it was observed that the largest negative environmental impact was has associated with the lithium-ion battery. This was characterized by approximately 49% higher CO2 emissions compared with the NCM battery and approximately 54% higher CO2 emissions compared with the LiFePO4 battery. It has been adequately demonstrated that lower CO2 emissions occur during the extraction and processing phases of materials in the life cycle of LiFePO4 batteries, which are approximately 20% lower compared with NCM batteries.



Analysing the two main environmental loads that occur during the extraction and processing phase of materials for the different battery types, it was shown that the highest amount of CO2 emissions was associated with the production of hard coal, as also confirmed in [77,78]. Next were the emissions generated during the production of quicklime (in pieces, in bulk)—in the case of li-ion and NCM batteries, also confirmed by previous research [33,79]—as well as cogeneration of heat and electricity via conventional natural gas in the case of LiFePO4 batteries [80]. Taking into account the main loads for the tested batteries in relation to all environmental loads identified for them, it was observed that for lithium-ion batteries, they generated approximately 83% of the total emissions, for LiFePO4 batteries, approximately 65% of the total emissions, and for NCM batteries, about 42% of the total emissions.




3.2. Analysis of Environmental Loads Regarding Land Occupation (Development and Modernization)


As part of the ecological footprint, another criterion was analysed: land occupation (considered as the development and modernisation of the area). The analysis included battery materials selected for testing in the extraction and processing phases of their life cycles. The results are presented in Table 5.



Significant environmental loads have been observed in the phases of extraction and processing of lithium-ion battery materials that arise during the construction of roads (233.86 m2a), as confirmed previously [81], the operation of a hard coal mine (206.24 m2a), and the enrichment of phosphate rocks [82] (113.98 m2a). Subsequently, a relatively similar amount of environmental loads was found to pertain to the processing of lithium brine, the construction of railway tracks, the enrichment of phosphate rocks (dry) [83], and the treatment of sulfide residues off-site (average 33.50 m2a). The smallest emissions relate to the production of process-specific loads, the production of palm fruit bunches, and the construction of waste landfill (average 12.79 m2a).



In the case of lithium iron phosphate batteries, the environmental burden of land occupation/modernization in the extraction and processing of materials is mainly from the production of phosphoric acid [84], the treatment of non-sulfide waste, and coniferous forestry (pine) (average 315.89 m2a), followed by the treatment of non-sulfide waste, broadleaf forestry (birch), and road construction [85], as well as broadleaf forestry (beech) (average 130.65 m2a). Lower environmental burdens include processes related to land development for coniferous forests (mixed species, boreal forests), phosphate rock enrichment [83], coal mining and hard coal processing, processing of non-sulfide overburden, lithium brine processes, and railway track construction (average 67.58 m2a).



However, for the NCM battery, in the phase of extraction and processing of materials, environmental loads from the occupation/modernization of the area relate to coniferous forestry, spruce, pine, and birch (196.91 m2a), deciduous forest (beech), and the exploitation of hard coal mining and hard coal production (average 99.90 m2a). Minor environmental loads include coniferous forest (mixed species, boreal forest), lithium brine processing, construction of landfill, coniferous forestry (mixed species), process-specific loads, residual material, and construction of railway tracks (average 32.59 m2a) [86].



The total amount of environmental burden related to land occupation (including its modernization) generated in the phases of extraction and processing of selected battery materials was compared. The total amount of environmental load and the amount of load resulting from the three largest environmental loads were determined (Figure 3).



The largest total environmental burden, including the occupation (development and modernization) of the area, was created in the extraction and processing of LiFePO4 battery materials (1875.73 m2a). Compared with other batteries, this figure was 68% more than for NCM batteries and 41% more than for li-ion batteries.



The main environmental loads for the occupation/development (including modernization) of the land for each battery were road construction [86], hard coal mining operations, phosphate rock beneficiation (wet) [87], phosphoric acid production [88], softwood forestry (spruce, pine), and hardwood forestry (birch). Similar main loads occurred for LiFePO4 and NCM batteries and concerned softwood forestry—pine and spruce. Their relative amounts were also similar; that is, for LiFePO4, these constituted approximately 50% of the total load, while for NCM, they constituted approximately 53% of the total load. However, for lithium, the main loads accounted for as much as 76% of the total load. Therefore, the main loads for lithium-ion batteries generate a more significant amount of load than the other types.




3.3. Environmental Loads Analysis for Nuclear Energy


Emissions related to nuclear energy consumption were analyzed in the extraction and processing phases of lithium ion, LiFePO4, and NCM battery materials. The results are presented in Table 6.



The environmental loads related to nuclear energy for the analyzed batteries are of a similar type. For each battery, they include the exploitation of an underground uranium mine [89], and for lithium-ion and lithium iron phosphate batteries they also involve the exploitation of an open-pit uranium mine, as also confirmed in [90]. In turn, lithium iron phosphate batteries are also characterized by loads from uranium production in cake and leaching on site. Considering nuclear energy, this load is the largest in the case of lithium-ion batteries [91] (6804.50 m2a), 34% for NCM batteries (4501.71 m2a), and 64% for LiFePO4 batteries (2444.33 m2a). Considering the nuclear energy resulting from the exploitation of uranium mines in an open-pit manner [92], much larger amounts of emissions arise in the phases of extraction and processing of lithium-ion battery materials than those for lithium iron phosphate batteries (64% less). When comparing the production of uranium in cakes (site leaching), 40% differences in nuclear energy emissions were observed between the LiFePO4 battery and the NCM battery.



Subsequently, total nuclear emissions during the extraction and processing phases of battery materials were compared. The comparison is shown in Figure 4.



The highest total amount of emissions from nuclear energy emissions was observed to arise during the extraction and processing of lithium-ion battery materials (9019.91 m2a). A smaller and relatively comparable amount of this type of emissions occurs in the cases of lithium iron phosphate batteries (5049.44 m2a) and lithium nickel cobalt manganese batteries (6061.29 m2a). To reduce the emissions associated with nuclear energy, it is necessary to introduce improvement activities during the process of operating underground uranium mines, because they generate the largest emissions [93].




3.4. Ecological Footprint Analysis and Proposals for Improvement Actions


The results obtained from the detailed analysis of environmental loads were summarized in terms of the total ecological footprint created during the extraction and processing of battery materials. Summary results of environmental loads are presented in Table 7.



In terms of the total environmental burden including the ecological footprint criteria, the highest amount of emissions arises during the extraction and processing of traditional lithium-ion battery materials. Virtually half of the emissions from the ecological footprint are generated during the extraction and processing of lithium nickel cobalt manganese battery materials [4]. The situation is relatively similar in the case of lithium iron phosphate batteries [17].



Carbon dioxide (CO2) emissions generate the greatest environmental burden during the extraction and processing of the lithium-ion battery materials under investigation. Next, it is nuclear energy, then land occupation (including development and modernization). Summarizing the analyses, it was found that the highest amount of CO2 emissions relate to the following processes:




	
production of electricity from hard coal [77,78];



	
production of quicklime (in pieces, in bulk) [33,79];



	
cogeneration of heat and electricity, natural gas, conventional gas [80].








In the case of occupation/development/modernization of land, the greatest environmental burdens include, for example:




	
road construction [86];



	
hard coal mine operation;



	
phosphate rock beneficiation (wet) [87];



	
phosphoric acid production [88];



	
softwood forestry (spruce, pine) and hardwood forestry (birch).








In turn, in the case of nuclear energy emissions, the greatest environmental burdens relate primarily to the process of underground uranium mine exploitation [93].



In order to reduce the ecological footprint in the extraction and processing phases of materials for lithium-ion, lithium iron phosphate, and lithium nickel cobalt manganese batteries, it is necessary to take action for improvement. These activities should first cover the main environmental burdens. Examples of research with proposals for actions for improvement to reduce the ecological footprint of batteries are presented in Table 8.



The results of the comparative analysis of lithium-ion batteries and the activities subsequently proposed for improvement may be the basis for actions taken by manufacturing companies to optimize the extraction and processing of materials in the life cycles of the tested batteries.



The results of the analysis focus on the extraction and processing of materials, but it should also be taken into account that the production and use of lithium batteries may cause some environmental pollution. To improve environmental protection, it would be good, first of all, to increase the efficiency of battery recycling from the point of commercial use [94], in which the recycling of battery materials, e.g., through regeneration, is one of the cheapest and cleanest approaches [95]. Lithium-ion batteries contain many metals whose recovery and disposal will not only help reduce environmental pollution but will also effectively help slow down the loss of resources and increase the social and economic benefits of metals, their recovery, and disposal [96]. It is also important, for example, to increase protection against overcharging in the case of high-capacity and high-power batteries [97], to popularize pre-heating techniques, mainly in relation to low-temperature charging that causes the deposition of lithium, which after entering the separator may even cause an explosion [98], and to develop improved thermal stability and low humidity [99,100,101,102].



To avoid subsequent harm to society caused by lithium batteries, it is necessary to introduce a well-thought-out process for obtaining and extracting the materials used in them, mainly lithium, which is being depleted in significant quantities. It is also important to develop an effective production process that favors the use of these batteries, e.g., reducing the risk of explosion and the formation of dangerous gases and fumes. Another important aspect is the use of an effective recycling process for batteries that, when produced in excessive quantities, pose a risk.





4. Conclusions


Reducing the negative impact of electric vehicle batteries remains a challenge. As part of their sustainable development, it is important to find the sources of the main environmental burdens in the individual phases of the life cycles of these batteries. Therefore, the aim of this investigation was to perform an in-depth comparative analysis of electric vehicle batteries. The subjects of the research were popular batteries, i.e., lithium-ion, lithium iron phosphate, and lithium nickel cobalt manganese. They were analyzed in terms of environmental burdens, including ecological footprint criteria, i.e., carbon dioxide (CO2) emissions, land use, and nuclear energy emissions. The analyses were based on data from the GREET model and data from the Ecoinvent database in the OpenLCA program. During the analysis, the main environmental burdens were identified, i.e., hard coal, production of quicklime, cogeneration of heat and electricity (natural gas, conventional), road construction, hard coal mine operations, phosphate rock beneficiation (wet), phosphoric acid production, softwood forestry (spruce, pine), hardwood forestry (birch), and underground uranium mine exploitation. As a result, it was shown that in the adopted scope of this research, the most advantageous battery was the lithium iron phosphate. This battery was characterized by the smallest amount of environmental burden resulting from the ecological footprint in the phases of extracting and processing the materials used in it. However, the least advantageous was the lithium-ion battery. Additionally, to minimize the main environmental burdens, activities for improvement are proposed, resulting from a synthesized review of the literature.



A certain limitation of the conducted research is its focus on the first phases of the life cycle, i.e., the extraction and processing of materials. Additionally, the research results may have been different if the study had taken into account specific aspects, e.g., the location of material extraction. Within the adopted scope of this research, the results constitute a basic view of the basic activities and processes in the extraction and processing of lithium-ion materials and their variants.



Therefore, future research will aim to extend this research to subsequent phases of the life cycles of selected batteries, including other types. It is also planned to expand the analysis to include economic aspects, including qualitative ones, which will include customers’ and other interested parties’ satisfaction with the use of the batteries as well as vehicles powered by them.



The results obtained from the analysis can constitute the basis for taking actions aimed at reducing negative environmental impacts arising in the phases of extraction and processing of battery materials for electric vehicles. At the same time, they can be used by manufacturing companies and also by companies dealing with the extraction and processing of materials as part of their efforts to achieve sustainable development.
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Figure 1. Boundary of the LCA system for passenger vehicle batteries. Own study based on [68]. 
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Figure 2. Comparison of CO2 emissions of Li-ion, LiFePO4, and NCM batteries generated during the extraction and processing phases of materials included in their life cycle. 
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Figure 3. Comparison of the environmental loads of land occupation in the extraction and processing of Li-ion, LiFePO4, and NCM battery materials. 
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Figure 4. Comparison of the total environmental burden resulting from nuclear energy emissions during the extraction and processing of Li-ion, LiFePO4, and NCM battery materials. 
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Table 1. Main materials of lithium-ion (li-ion) battery.
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	Material
	Quantity (kg)





	Steel
	14.74



	Aluminum
	386.17



	Copper wire
	182.08



	Synthetic graphite
	421.38



	PVDF—poly(vinylidene fluoride)
	24.78



	LiPF6
	39.33



	Ethylene carbonate
	109.79



	Dimethyl carbonate
	109.79



	Polyethylene terephthalate (PET)
	4.45



	Glass fiber
	6.96



	Polypropylene
	17.57



	High-density polyethylene
	4.62



	Lithium iron phosphate
	792.87



	N-Methyl-2-pyrrolidone
	5.55










 





Table 2. Main materials of lithium iron phosphate battery (LiFePO4).






Table 2. Main materials of lithium iron phosphate battery (LiFePO4).





	Material
	Quantility (kg)





	LiFePO4
	914.35



	Acetylene black
	183.26



	Aluminum
	3.86



	Acetylene black
	183.26



	Mesocarbon microbeads (MCMB)
	914.35



	Copper
	13.50



	Ethylene carbonate (EC)
	54.01



	Ethyl methyl carbonate (EMC)
	135.03



	LiPF6 (lithium hexafluorophosphate)
	293.21



	Polyethylene membrane (PE)
	1.35



	Steel
	297.82










 





Table 3. Main materials of lithium nickel cobalt manganese battery (NCM).






Table 3. Main materials of lithium nickel cobalt manganese battery (NCM).





	Material
	Quantility (kg)





	Nickel
	430.60



	Cobalt
	53.80



	Manganese
	53.80



	Lithium
	126.30



	Graphite
	440.40



	Carbon
	36.90



	Polyvinylidene fluoride
	76.30



	Copper
	345.90



	Aluminum
	736.10



	Lithium hexafluorophosphate
	55.00



	Ethylene carbonate
	153.50



	Dimethyl carbonate
	153.50



	Polypropylene
	35.40



	Polyethylene
	7.40



	Polyethylene terephthalate
	6.50



	Heat-insulating material (fiber)
	15.20



	Steel
	19.20



	Coolant (glycol)
	138.90










 





Table 4. Environmental loads related to CO2 emissions generated during the extraction and processing phase of lithium-ion, lithium iron phosphate, and NCM battery materials.






Table 4. Environmental loads related to CO2 emissions generated during the extraction and processing phase of lithium-ion, lithium iron phosphate, and NCM battery materials.





	
Battery Type

	
Environmental Load

	
Amount






	
Li-ion

	
Electricity production, hard coal

	
17,701.09




	
Quicklime production (in pieces, loose)

	
11,641.10




	
Heat production in a hard coal industrial furnace 1–10 MW

	
1779.65




	
Hard coal mine operation

	
1475.59




	
Electricity production, lignite

	
1028.54




	
Heat and power co-generation, natural gas, conventional power plant

	
829.31




	
Electricity production, natural gas, conventional power plant

	
792.35




	
LiFePO4

	
Quicklime production (in pieces, loose)

	
7759.28




	
Heat production in a hard coal industrial furnace 1–10 MW

	
2741.02




	
Heat and power co-generation, natural gas, conventional power plant

	
2341.59




	
Pig iron production

	
762.96




	
Sweet gas, burned in a gas turbine

	
581.55




	
Heat production, natural gas, industrial furnace > 100 kW

	
547.76




	
Hard coal mine operation

	
546.15




	
Electricity production, hard coal

	
540.61




	
Coking

	
475.25




	
NCM

	
Electricity production, hard coal, electricity high voltage

	
4111.20




	
Heat and power co-generation, natural gas, conventional

	
3491.48




	
Electricity production, hard coal

	
2403.22




	
Heat production in a hard coal industrial furnace 1–10 MW

	
2087.12




	
Quicklime production, in pieces, loose

	
1975.21




	
Lithium chloride production

	
1161.66




	
Electricity production, lignite

	
925.55




	
Treatment of used cable

	
846.96




	
Sweet gas, burned in a gas turbine

	
583.47




	
Heat production, natural gas, industrial furnace > 100 kW

	
578.86











 





Table 5. Environmental loads related to land use in the extraction and processing of lithium-ion, lithium iron phosphate, and NCM battery materials.
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Battery Type

	
Environmental Load

	
Amount






	
li-ion

	
Road construction

	
233.86




	
Hard coal mine operation

	
206.24




	
Phosphate rock beneficiation, wet

	
113.98




	
Lithium brine inspissation

	
37.70




	
Railway track construction

	
33.11




	
Phosphate rock beneficiation, dry

	
32.11




	
Treatment of sulfidic tailing, off-site

	
31.06




	
Process-specific burdens production

	
13.31




	
Palm fruit bunch production

	
12.85




	
Residual material landfill construction

	
12.21




	
LiFePO4

	
Phosphoric acid production

	
394.75




	
Softwood forestry, spruce

	
287.44




	
Softwood forestry, pine

	
265.49




	
Treatment of non-sulfidic tailing

	
153.59




	
Hardwood forestry, birch

	
146.76




	
Road construction

	
112.30




	
Hardwood forestry, beech

	
109.94




	
Softwood forestry, mixed species, boreal forest

	
93.23




	
Phosphate rock beneficiation

	
86.65




	
Hard coal mine operation and hard coal preparation

	
83.77




	
Treatment of non-sulfidic overburden

	
82.03




	
Lithium brine inspissation

	
33.85




	
Railway track construction

	
25.94




	
NCM

	
Softwood forestry, spruce

	
230.39




	
Softwood forestry, pine

	
211.63




	
Hardwood forestry, birch

	
148.70




	
Road construction

	
116.64




	
Hardwood forestry, beech

	
108.99




	
Hard coal mine operation and hard coal production

	
90.81




	
Softwood forestry, mixed species, boreal forest

	
44.32




	
Lithium brine inspissation

	
41.88




	
Residual material landfill construction

	
31.40




	
Softwood forestry, mixed species

	
29.40




	
Process-specific burdens, residual material landfill

	
26.58




	
Railway track construction

	
21.93











 





Table 6. Environmental loads of nuclear energy emissions from the extraction and processing of lithium-ion, lithium iron phosphate, and NCM battery materials.
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Battery Type

	
Environmental Load

	
Amount






	
li-ion

	
Uranium mine operation, underground

	
6804.50




	
Uranium mine operation, open cast

	
2215.42




	
Uranium mine operation, underground

	
2444.33




	
Uranium production, in yellowcake, in situ leaching

	
1809.28




	
Uranium mine operation, open cast

	
795.83




	
NCM

	
Uranium mine operation, underground

	
4501.71




	
Uranium production, in yellowcake, in situ leaching

	
1559.58











 





Table 7. Comparison of the amount of ecological footprint created during the extraction and processing of lithium-ion, lithium iron phosphate, and NCM battery materials.
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	Ecological Footprint Criteria
	Li-Ion
	LiFePO4
	NCM





	CO2
	35,247.64
	16,296.17
	18,164.72



	Land occupation
	726.44
	1875.73
	1102.68



	Nuclear
	9019.91
	5049.44
	6061.29



	Total environmental load
	44,993.99
	23,221.35
	25,328.70










 





Table 8. Examples of research proposing actions for improvements actions to reduce the ecological footprint of the extraction and processing of battery materials.
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Issue

	
Description

	
Reference






	
Electricity production, hard coal

	
Evaluation of the eco-efficiency of the use of battery technology in the production of electricity from coal

	
[72]




	
Carbon footprint reduction opportunities for electric vehicles and water vehicles

	
[90]




	
Possibilities of technology for storing electricity generated in coal-fired power plants

	
[75]




	
Proposals for optimizing electricity consumption during production, including achieving high production capacity and an electricity mix with low CO2 emission intensity

	
[76]




	
Quicklime production (in pieces, loose)

	
Possible ways of improving the quality of quicklime, including reducing its negative environmental impact

	
[73]




	
Resource depletion assessment for NCM batteries

	
[33]




	
Heat production, hard coal

	
Proposition of a procedure for preoxidation in the gas/liquid phase as part of the inoculation of oxygen cross-links in bituminous coal

	
[74]




	
Research involving uncontrolled exothermic reactions as part of the safe design of a battery system with testing on various heating systems

	
[89]




	
Road construction

	
The possibility of reducing environmental burdens related to the need to build roads was analyzed, e.g., using nickel slag as a raw material in cement production

	
[81]




	
Possibility of using graphite waste to produce concrete and cement

	
[85]




	
Possibility of using graphite waste for cement production

	
[86]




	
Phosphate rock (wet)

	
Possibilities of the wet process method used to enrich phosphate rocks (wet), in which the phosphate concentrate was dissolved in sulfuric acid

	
[82]




	
Possibility of using silicon powder to increase fluorine recovery during the concentration of phosphoric acid using the wet method

	
[87]




	
Phosphoric acid production

	
Advantages of aqueous processing of lithium-ion batteries via adjusting the pH of phosphoric acid dispersion

	
[88]




	
Advantages of the reduction process of dissolving mixed oxide and cobalt, which is used in used batteries, via phosphoric acid

	
[84]




	
Benefits of adding phosphoric acid to the electrolyte to improve battery performance, demonstrating that it reduced the decline in positive electrode capacity observed during long cyclic operation when charging at a low initial rate

	
[83]




	
Uranium mine operation

	
Analysis of land use change caused by primary resource extraction activities as part of the material demand for lithium-ion batteries

	
[91]




	
Presentation of the latest developments in the uranium extraction process in terms of adsorption materials and technologies applicable to seawater

	
[93]




	
Research on the operation and efficiency of batteries in terms of energy storage and effects due to gamma rays

	
[92]
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