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Abstract

:

Lithium, a silver-white alkali metal, with significantly high energy density, has been exploited for making rechargeable lithium-ion batteries (LiBs). They have become one of the main energy storage solutions in modern electric cars (EVs). Cobalt, nickel, and manganese are three other key components of LiBs that power electric vehicles (EVs). Neodymium and dysprosium, two rare earth metals, are used in the permanent magnet-based motors of EVs. The operation of EVs also requires a high amount of electricity for recharging their LiBs. Thus, the CO2 emission is reduced during the operation of an EV if the recharged electricity is generated from non-carbon sources such as hydroelectricity, solar energy, and nuclear energy. LiBs in EVs have been pushed to the limit because of their limited storage capacity and charge/discharge cycles. Batteries account for a substantial portion of the size and weight of an EV and occupy the entire chassis. Thus, future LiBs must be smaller and more powerful with extended driving ranges and short charging times. The extended range and longevity of LiBs are feasible with advances in solid-state electrolytes and robust electrode materials. Attention must also be focused on the high-cost, energy, and time-demand steps of LiB manufacturing to reduce cost and turnover time. Solid strategies are required to promote the deployment of spent LiBs for power storage, solar energy, power grids, and other stationary usages. Recycling spent LiBs will alleviate the demand for virgin lithium and 2.6 × 1011 tons of lithium in seawater is a definite asset. Nonetheless, it remains unknown whether advances in battery production technology and recycling will substantially reduce the demand for lithium and other metals beyond 2050. Technical challenges in LiB manufacturing and lithium recycling must be overcome to sustain the deployment of EVs for reducing CO2 emissions. However, potential environmental problems associated with the production and operation of EVs deserve further studies while promoting their global deployment. Moreover, the combined repurposing and remanufacturing of spent LiBs also increases the environmental benefits of EVs. EVs will be equipped with more powerful computers and reliable software to monitor and optimize the operation of LiBs.
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1. Introduction


Electric vehicles (EVs) have been advocated as game changers to tackle climate change and greenhouse gas CO2 emissions. EVs do not emit tailpipe CO2, nitrogen oxides (NOx), CO, SO2, etc. and the elimination of such gases is critical in the urban environment. EVs only need smaller engines without the cooling unit, gear shift, clutch, etc. compared to internal combustion engine vehicles (ICEVs). So, EVs produce minimal noise and require low maintenance. Some pros and cons of EVs are summarized in Table 1. General information on lithium battery features, system design, and safety, is described in Ref. [1].



The deployment of EVs is anticipated to limit global warming to below 1.5–2 °C, in agreement with the Paris Agreement’s targets to abandon the current fuel-intensive energy system. With this ambitious material-intensive plan, only EVs equipped with massive batteries are allowed to hit the roads. Such batteries are fabricated from lithium and other expensive materials metals. The design of LiBs should address two important safety points: short circuitry and potential battery explosion. Petrol-powered and diesel cars might face extinction as General Motors and Audi of Germany aim to stop selling such cars by 2033–2035. The production of diesel/petrol cars will cease in the UK after 2030 and other automotive multinationals might follow this path. Multinationals are racing to secure the purchase of lithium, a principal “white oil” component in rechargeable batteries.



Like fossil oil, lithium is not renewable, with about 14 million tons on land, compared to 230 million tons in seawater. However, there are some conflicting reports about lithium reserves, which could be up to 22 or even 80 million tons. Lithium is dissolved in brine, whereas rock and clay also have it as solid minerals. Lithium is the least dense metal, which can store voluminous energy to its weight, a critical parameter for developing powerful batteries. The rush for lithium might trigger some environmental issues in industrial production and the operation of massive EVs. The lithium content in seawater is fairly dilute, 0.1–0.2 ppm (mg/L), i.e., its isolation from seawater is not economically viable with current technology. Based on the increasing manufacturing of EVs, lithium from proven reserves will run out in 2080, a scenario similar to crude oil [5]. Lithium must be mined, isolated, and purified for making car batteries, and this is an energy-consuming step toward the fabrication of EVs.



For the global deployment of EVs, three important points must be addressed: (i) the manufacturing process with carbon footprint; (ii) the operation of EVs with electricity charge; and (iii) the reuse, recycling, or disposal of batteries. Such information is critical to assess the sustainability and environmental impact of EVs. This paper will address the technical challenges and performance of EVs concerning global warming and CO2 reduction. The paper also discusses the feasible recycling of spent LiBs and the extraction of lithium from seawater. There is a paradox between “clean” EVs versus “dirty” mining of lithium and other metals with CO2 footprints. Another important factor is whether the electricity required for the operation of EVs can be generated from carbon-free sources. This paper focuses on EVs, which are propelled by only electric power; therefore, other types of EVs such as plug-in hybrid EVs (PHEVs) [6,7], hybrid EVs [8], fuel cell EVs [9], and extended-range EVs [10] are excluded in this review.




2. Scope of the Review


This review focuses on the operation of EVs concerning the reduction of CO2 emissions as it is highly dependent on the electricity generated during their production and use stage. The review also highlights some technical challenges and social concerns regarding the extraction of lithium and other metals. The recycling aspect of lithium batteries is also discussed together with the development of solid-state electrolytes and batteries without lithium. Scopus, Google Scholar, Research Gate, and Web of Science were used to search for pertinent papers related to the fabrication of lithium batteries and their limitation. The filter for document type was set to “Article” and “Review”. Reference lists were then examined to broaden the selection of highly cited older literature and include them in the reference list. A similar methodology was adopted to look at the mining of lithium, cobalt, other metals, etc. Some features of spent batteries, natural resources for lithium, other metals, and rare earth metals were searched from “open-access” sources and different websites. The search was conducted with the following keywords: electric vehicles; lithium battery; lithium mining/extraction; recovery of spent lithium batteries; batteries with cobalt; nickel, and manganese; rare earth metals, life cycle analysis; lithium-cobalt, nickel reserves, etc. Information on a specific EV is cited from its official website.



This review updates the global perspectives on EVs powered by LiBs, lithium mining, reuse and recycling of spent batteries, repurposing of batteries, and future advances in battery manufacturing. The content of this paper will be useful to researchers and scholars in various disciplines in comprehending the current status of the manufacturing and operation of EVs. The review also helps policymakers familiarize themselves with technical challenges and social concerns in planning their policies during the transition period of decarbonization.




3. General Aspects of EVs


There are some pertinent surveys related to the production of EVs and their sales, efficiency/capacity of EVs, charging methods, battery diagnosis, environmental impacts, etc. Detailed information on these subjects is available in the literature and will not be repeated here due to space limitations (Table 2).



At first glance, EVs equipped with batteries run on electricity; therefore, they produce no CO2 emissions as encountered with internal combustion engine vehicles (ICEVs). As cars often last over 5 years, LiBs must be designed to function for several years. Ideally, an EV must have a minimum range of over 300 miles with a minimal charging time, of 30 min or less. Among various types of batteries, lithium-ion batteries (LiBs) appear to meet such requirements, albeit further improvements to reduce the production cost and extend their lifetime are urgently needed. In brief, car batteries are fabricated from specialty materials such as lithium and metals and must be recharged with electricity. Thus, energy is needed to generate electricity for recharging batteries during their lifetime operation. For CO2 reduction, the benefits of EVs are timid if electricity is generated from coal or other carbon-based materials. Conversely, the benefits of EVs are more substantial as several countries decarbonize electricity generation to meet their climate targets. As an example, the electricity sector in Norway relies predominantly on hydroelectricity, wind, and thermal energy. It only has one coal-fired power station, known as Longyearbyen Heat and Power Plant. The Norwegian government is now working on a new energy plan for Longyearbyen with the usage of natural gas, bio pellets, or other renewable resources [25]. In contrast, coal, oil, and solid biomass are the main sources of energy needed, over 80% in India [26]. The electricity sector in China is more diversified; however, about 52% of electricity is still generated by coal and 4.5% from natural gas [27]. In the USA, 80% of the nation’s electricity generated in 2020 stemmed from natural gas, nuclear energy, and coal versus 20% from renewable sources and geothermal [28]. In several countries, the electricity sector advocates renewable energy resources such as solar, wind, and hydropower to support the emerging electricity demands from EVs. The life cycle assessment (TCA) has been often conducted for internal combustion vehicles fueled by diesel and petrol, plug-in hybrid vehicles, and EVs with future electricity energy. As an example, EVs are an optimal choice with the least environmental impact in Hong Kong [29]. The use of clean energy electricity decreases the environmental impact and mitigates climate change globally [30]. In Norway with an electricity mix in 2030, the choice of EVs is optimal with the least environmental impact among 10 selected countries including the USA, the UK, Germany, China, and Canada.



Lithium, cobalt, and nickel are three important metals for the fabrication of advanced LiBs, whereas neodymium, samarium, and dysprosium, three rare-earth” metals are needed in electric drive motors. Carbon fiber and other lightweight materials are often used in the structure of EVs. Like fossil oil, lithium is not renewable, and its extraction or mining is also harmful to the planet. Its removal can result in soil degradation, water shortages, impair ecosystem functions, and might cause global warming. The mining of cobalt in DR Congo is widespread with human rights abuses, including the use of labor from 40,000 children. The operation also lacks proper safety precautions, resulting in frequent accidents [31]. In this context, the reuse of LiBs from EVs is advocated for low-performance operations such as energy storage for solar energy and power grids. As spent LiBs are utilized for a second life, this practice will give time for the development of LiBs recycling technology, batteries without lithium, and the set-up of improved power grids with increasing capacities to accommodate the electricity demand from the operation of EVs. In particular, material flow analysis for spent LiBs in the USA and China is discussed by Shafique et al. [32].




4. Lithium Sources, Other Metals, and Production


4.1. Lithium Reserves


Among three popular rechargeable batteries, lead acid batteries (LABs) are the cheapest and fully developed with 97% recyclability [33]. Nickel metal hydride batteries are more expensive than LABs but provide higher output and better performance [34]. LiBs are lighter than lead acid and nickel batteries and their most expensive cost can be compensated by extra performance and running range. LiBs are more power denser than LABs, to fulfill a vehicle’s performance with considerably less weight and last longer; 10 years vs. 4 years. A review of working principles, cell structures, and safety issues of LiBs is available elsewhere with 182 relevant references [35].



There are three main sources of lithium: salt-flat brines, geothermal brines, and mineral ores, mainly spodumene (Table 3).



Salt-flat brines are up to 75% of reserves, located in South America, (Chile, Argentina, and Bolivia—together referred to as the “Lithium Triangle) [43], whereas 17% are in hard rock as mineral deposits, mainly in Australia [44]. Most energy used for the extraction or mining of lithium is based on CO2-emitting fossil fuels. The mining operation of lithium, metals (cobalt and nickel), and rare earth metals is labor-intensive and requires chemicals and an enormous amount of water. Lithium brine recovery is very time-consuming, several months to a few years and only a few companies can produce high-quality, high-purity lithium [45]. Salar brines, up to 2000–6000 ppm (mg/L) (0.2–0.6%) of lithium, are subject to solar evaporation until significant water has been removed, corresponding to about 6% of lithium [46]. Besides Li, brines also consist of boron, sodium, magnesium, and potassium. In some cases, water is removed by reverse osmosis (RO) to accelerate the evaporation process. The brine is then subject to selective precipitation steps to remove contaminants or unwanted materials including boron, depending on the purity required for lithium products [47,48,49]. The collected brine is then treated with various reagents to form Li2CO3, LiOH, LiCl, LiBr, or (CH3)3CLi.



The evaporative method is only economical by solar energy; thus, it depends on geographical locations where the brine composition can be drastically different. Endogenous Mg2+ ions often co-precipitate as Mg carbonate along with Li carbonate. Evaporative technology also causes severe water loss, which is more problematic for locations with scarce water. The recovery of lithium from lithium-bearing ores, e.g., spodumene, involves crushing, roasting, and acid leaching. Similar to any mining or extraction operation, the affected sites would suffer from soil damage, air contamination, water pollution, and water depletion [50]. The production of lithium through evaporation ponds needs 500,000 gallons of water for every metric ton of lithium [51]. Undoubtedly, the extraction of lithium might impair biodiversity, ecosystem functions, and soil properties, resulting in global warming and water shortages. In this context, the Jadar lithium mine in Serbia, perhaps one of the biggest in the world, is always subject to environmental and social concerns.




4.2. Other Precious Metals


Besides lithium, other metals are also used for the production of EV batteries and their amounts might differ on the battery type and vehicle. There are some estimated amounts of lithium and other materials to build 20 million cars a year: 127, 302 tons of lithium (6.35 kg/car), 68, 315 tons of cobalt (3.41 kg/car), and 750, 410 tons of nickel (37.5 kg/car) [52]. Cobalt is now USD 56,000-per-ton level [53], well below its peak of USD 82,000 and it is mainly mined in DRC (the Democratic Republic of the Congo) to supply 70% of the global production, followed by Russia. The mining of this expensive metal has been linked to birth defects in DRC [54]. Nickel is much cheaper, USD 24,000 per ton, compared to cobalt. Manganese only trades around 4.5 U.S. dollars per ton. According to the IEA’s (International Energy Programme) Net Zero by 2050 roadmap, 2 billion EVs and battery-related vehicles are needed globally to meet the target. The total cobalt reserve in China is only 80,000 tons; therefore, China has a strong motivation to avoid the use of this metal in LiB (lithium batteries). In principle, cobalt can be replaced by other metals from cathodes without compromising the performance of lithium batteries [55]. Indeed, half of Tesla’s new cars use cobalt-free ion phosphate (LFP) batteries. Without both cobalt and nickel, LFP batteries are cheaper and safer, but have less energy density, resulting in less efficient and shorter range. Nonetheless, the batteries are improved and used in lower-end and shorter-range vehicles [56]. Note that the reserves for lithium, cobalt, nickel, and even manganese in the USA are negligible. Therefore, the manufacture of EVs relies on such imported metals, a similar scenario in Europe. Australia might be a friendly supplier of such metals to both the USA and Europe in the short term. Perhaps this is the reason why Tesla, an American company, is ramping up production at its factories in Texas (USA) and Shanghai (China). Considering that 3.42 kg cobalt is required for making an EV [52], the global reserve of this metal is 7.1 m tons (Table 4), which is sufficient for making 2 billion EVs.




4.3. Suppliers of Lithium and Lithium Reserves


Proven land reserves of lithium with 14 million tons are located in four countries: Chile, Australia, Argentina, and China [61]. The global lithium reserve might be higher, 80 million tons (80 billion kg), according to the US Geological Survey in 2019 [62]; however, only a few locations are considered economically viable (Table 5). For the cost-effective recovery of lithium, the level of lithium must be above some threshold concentrations. Another important factor is the presence of magnesium (Mg) together with lithium in salar (a salt-encrusted depression) or salt lake brines because the removal of Mg is necessary for battery-grade lithium [63]. In this context, lithium from the Dead Sea in Israel is not a viable source. In contrast, the lithium level in Zabuye, China is very high together with an extremely low Mg/Li ratio, which favors its profitable recovery. The Zabuye Salt Lake has lithium carbonate reserves of about 1.84 M tons [64]. The lake got its name from a natural mineral form of zabuyelite, lithium carbonate (Li2CO3). The level of magnesium is negligible in comparison to that of lithium, a unique case. Of note is the Salton Sea’s lithium capacity, which is about 32 million metric tons, almost the reserves of the world’s largest combined deposits in Bolivia and Chile [65].



In terms of production, 55% of global lithium production comes from Australia, followed by Chile (23%), China (10%), and Argentina (8%). In 2021, Australia has been the world leader in lithium production, with an estimate of 55 × 103 tons, followed by Chile (26 × 103 tons), and China with 14 × 103 tons. Therefore, the production of EVs in Europe is heavily dependent on imported lithium. Undoubtedly, the European Commission (EC) wants to create a lithium industry and significantly reduce its dependence on third-party countries. Europe in the near term does not have sufficient access to sources of lithium to make the batteries and factories to make them. In 2021, China produced 79% of all lithium-ion batteries for the global market and its price is extremely volatile, 6000 USD/ton in 2000 and 78,032 USD/ton in 2022 [66]. A significant amount of lithium is likely produced by other countries over the next decade to reach over 2.7 M tons of LCE (lithium carbonate equivalent) by 2030. After South America (mainly Bolivia, Chile, and Argentina), the most lithium producer is Australia, followed closely by China. If each EV requires only 6.35 kg [52], the total estimated reserve of 14 million tons is sufficient for making 1.47 billion EVs. Eventually, the recycling of spent lithium batteries will play an important role as addressed later.





5. Types of Lithium Batteries and Their Characteristics


5.1. Types of Batteries


As rechargeable batteries, LiBs consist of a cathode (layered lithium-rich material), an anode (usually graphite), and an electrolyte. Different types of LiBs have been developed for deployment in EVs and portable electronic devices [67], as summarized in Table 6.



The cathode is most commonly a lithiated metal oxide, consisting of three types: LixCoO2, LiMn2O4, LiFePO4, and Li2FeSiO4. One of the most common anodes is lithiated graphite LixC6, comprising graphene sheets intercalated with lithium. New materials, including silicon and other elemental blends, are under investigation. All electrolytes are based on lithium-containing materials that allow for the easy diffusion of lithium with LiPF6 or similar lithium salt and ethylene carbonate as a solvent. Solid states and polymers are under investigation, but they are rarely used due to the low diffusivity of lithium. The electrochemical cell of lithium batteries is described as follows:


At anode: LixC6 ⇋ xLi+ + C6 +xe−



(1)






At cathode: Li1−x XXO2 + xLi+ + xe− ⇋ Li XXO2



(2)






Overall equation: LixC6 + Li1−x XXO2 ⇋ Li XXO2 + C6



(3)







During discharge, lithium is oxidized by the lithium-graphite anode; C6Li → 6C (graphite) + Li+ + e−. Released lithium ions flow to and are incorporated in the cobalt cathode, resulting in the reduction of Co4+ to Co3+. During recharging, the lithium ions leave the lithium cobalt oxide cathode and migrate back to the anode. They are then reduced back to neutral lithium and reincorporated into the graphite network to complete a cycle (Figure 1). At the time of this writing, a new 90 kWh unit costs over USD 20,000. The capacity of batteries increases continuously and EVs equipped with 100 kWh batteries are available with Tesla Model S [68]. A typical Li-ion battery consists of a cathode, an anode, a separator, a copper current collector, an aluminum current collector, an electrolyte solution, and other binders.




5.2. Battery Life


An EV battery will lose about 2.3 percent of its initial range per year, according to Geotab [69]. In terms of mileage, the battery pack in the Tesla Model S loses about 5% of its capacity over the first 50,000 miles on the road. Manufacturers are mandated to cover their batteries with at least 8 years or 100,000 miles of warranty, whichever comes first [70]. Generally, the average electric car battery life is approximately 10 years before a replacement is required. For the best performance of LIBs, they should not be discharged fully or recharged more often. The capacity of Li- and Ni-based batteries loses about 20% after 300 and 500 full discharge/charge cycles [71]. A battery cycle refers to a single full recharge of a completely exhausted battery or two full recharges of a battery with 50% capacity. After each cycle, mobile Li-ions are reduced as they are trapped by newly formed compounds in the electrolyte. The battery’s lifetime is also affected by high temperatures due to the electrolyte breakdown. The electrode structure is also damaged through structural disordering during the flow of Li-ions in and out of the electrodes. Consequently, the electrode accepts fewer Li-ions into its structure, resulting in low capacity. The additive introduction into the electrolyte is one remedy, whereas the structural reinforcement of electrode materials can be achieved by cationic doping. Ongoing LiB research is essential to equip EVs with longer battery lifetimes, comparable to the longevity of their fossil-fueled competitors. Detailed information on electrode degradation in lithium batteries is discussed elsewhere [72].




5.3. Extra Energy and CO2 Released for Making EVs


EVs are equipped with a pack of LiBs, consisting of a mixture of metals that needs to be extracted and refined. Such operations heavily depend on carbon-based energy, which emits greenhouse gases, mainly CO2. The amount of CO2 emitted in production, known as CO2 footprint, is associated with electricity use. Producing a 75-kW.h battery at Tesla’s battery factory in Nevada, USA releases 4500 kg (4.5 tons) of CO2 [73], compared to 7500 kg (7.5 tons) if the battery is made in Asia. As a guideline, a petrol or diesel car will release ~7 to 10 tons of CO2. Roughly, the same energy must make one EV plus the energy associated with mining and making lithium batteries. In terms of operation, about 2.3 kg of CO2 are released by a petrol car for each liter of gasoline consumption. An electric car with a range of 300 miles between charges must be equipped with a battery of at least 60 kWh. About 150 kg of CO2 is released per 1 kiloWatt hour (kWh) of battery capacity. About 9 tons (9000 kg) of CO2 will be emitted to make the battery; thus, 16–19 tons of CO2 are released for making an EV. Unlike petrol-powered cars, EVs do not release CO2 during running; however, their batteries require recharging and the generation source for electricity plays an important role. EVs are only as green as their power sources, as demonstrated by the life cycle analysis (LCA) for one EV and its petrol equivalent counterpart in British Columbia, Canada [74]. In brief, the deployment of the EV for 150,000 km would reduce the emission of CO2 from ~393 gCO2/km to ~203 gCO2/km. A breakdown of CO2 emissions associated with five major categories is shown in Table 7. About 87% of the electricity in B.C. is produced from hydroelectric sources and 5% from biomass, and 4% from wind energy [75]. A slightly better scenario is observed for operating EVs in Norway, compared to the most efficient petrol cars [76] (Figure 2). Such a result is expected as hydro accounts for ~92 percent of electricity output in the Nordic country and 6.4 percent from wind power [77]. A similar scenario is also observed in France, where nuclear power makes up the largest portion of electricity generation, at ~78% [78]. The reduction of CO2 with EVs in Germany is somewhat disappointing as their deployment offers no reduction of the release of this greenhouse gas. In 2020, Germany generated electricity from wind (27%), nuclear (12%), natural gas (12%), solar (10%), biomass (9.3%), hydroelectricity but 24% from coal [79].



The LCA is also conducted to compare the release of CO2 for ICEV (internal combustion engine vehicles) versus BEV (battery vehicles) in Europe, the USA, China, and India. The reduction of CO2 in Europe is about 3.5-folds, compared with 2.5-fold in the USA. The situation in China is less promising and only a modest result is observed for India (Figure 3). HEVs (hybrid electric vehicles) only reduce life cycle emissions by about 20%, and PHEVs (plug-in hybrid EVs) are a little better in Europe (25–27% lower than gasoline), a little worse in China (6–12% lower than gasoline), and adequate in the US (42–46% lower than gasoline). Therefore, the development focuses on BEV (battery electric vehicle). In terms of CO2 reduction, an EV in Europe is 66–69% lower than an ICEV, compared to 60–68% over its lifetime in the US. In China and India, the magnitude is only 37–45% and 19–34%, respectively [80].





6. Technical Challenges and Social Aspects


6.1. Recycling of Spent LiBs


A representative car battery in Nissan Leaf with 50 kWh (normal range: 40–60 kWh with 350 V lithium-ion) will lose about 20% of its original capacity after ten years of service [81]. Spent batteries are often reused for stationary energy storage or boats. For recycling, spent batteries are shredded into a powdered mixture, liquefied in a smelter (pyrometallurgy), or subject to acid (hydrometallurgy), followed by precipitation. Considerable efforts must be made for the economical recycling of spent batteries, e.g., the elimination of the shredding stage. Cathode materials can be separated using ultrasound sonication as cavitation at the electrode interface to break the adhesive bond rapidly to delaminate the electrode within seconds [82]. However, the transportation of heavy EV batteries and storage batteries to a recycling center is also costly. In Australia, only 2–3% of spent LiBs were collected and sent offshore for recycling in 2019, compared to <5% in the European Union and the US [83]. Low recycling rates stem from several factors such as technical constraints, logistic issues, economic barriers, and regulatory gaps. Some technical challenges for recycling LiBs are summarized in Table 8.



The explosive sales of EVs can be attributed to their lower cost and extended ranges with tolerable charging times. Most of the governments of developed countries offer a lubricative financial incentive for the purchase of EVs to promote sustainable and environmentally friendly mobility [84] (Table 9).



The recycling of spent LiBs will reduce the life cycle costs and recover other expensive metals besides lithium. Spent LiBs should be recycled because lithium and other metals account for over 50% of a battery’s cost and they are not renewable. Cobalt, nickel, and other metals are toxic and contaminate soil and groundwater if they are simply going into landfills. Environmental concern is also extended to lithium fluoride salts (LiPF6), commonly used in a battery’s electrolyte. A typical LiB has the following components [83]: 31% of cathode materials (Li-Co cobalt oxide, Li-Ni, Co-Al oxide, etc.), 22% of anode materials (main graphite), 17% of a copper current collector, 15% of an electrolyte solution, 8% of an aluminum current collector, 5% of carbon black binder, and 3% of a plastic separator. Of important relevance is the estimation of the energy consumed and air emissions generated when recovering LiMn2O4, aluminum, and copper by three different processes: hydrometallurgical, intermediate physical, and direct physical recycling [85]. Energy and greenhouse gas emissions are about 75 MJ/kg battery and 5.1 kg CO2/kg battery, whereas battery assembly is only attributed to 6% of the total required energy.




6.2. Dark Sides of Lithium Mining and Extraction


Except for the mining of lithium in Australia, countries with abundant minerals suffer from political and economic instability. As an example, war-torn Afghanistan has vast natural resources of lithium, cobalt, rare-earth minerals, and lithium in hard rock. Another pitiful case is the mining of cobalt in DR Congo, the poorest and most unstable country. China has lithium, vast rare-earth minerals, and coal, whereas Russia possesses significant nickel, manganese, iron, and other strategic metals and minerals. The United States, Russia, and China might also have 29.79 million tons of recoverable lithium [86]. A recently revised number of total lithium reserves from brine and hard rock is up to 54.1 million tons: hard rock lithium resources (12.8–30.7 million tons) and brine field (21.3–65.3 million tons) [87]. US President Joe Biden invoked the Defense Production Act—a 1950 law that boosts domestic production of the rare metals and materials used in EVs (nytimes.com (accessed on 31 Mrach 2022)). Recycling EV materials will be critical for reducing the demands of lithium and other strategic materials, which are also required for other applications.



Waste generated from mining cobalt, other metals, and rare earth metals can pollute the environment, food, and water besides their adverse effect on crop yields and human health. Community loses communal land, farmland, and homes and local people often cross international borders into Zambia to buy food. A legal case has been launched against Apple, Google, Dell, Microsoft, and Tesla as children were killed or critically injured while mining for cobalt in DR Congo. Like other heavy metals, cobalt is toxic, and it must be handled cautiously [87]. The mining and extraction of cobalt have been linked to power corruption, environmental destruction, and child labor. Working environments are hostile and unsafe [88], resulting in several fatalities and injuries from tunnel collapses. There is also a pending legal suit in Portugal against a subsidiary of London-based mining company Savannah Resources for alleged “improper appropriation” of land. This biggest lithium producer in Europe soon produces higher-grade lithium from reserves of 60,000 tons, sufficient for making 5–7.5 million LiBs for EVs [89].



The mining of lithium in less developed countries also has several environmental impacts. In South America, lithium extraction from salt brines contaminates the local water basins and local people might be exposed to contaminated water. All mining areas must be completely emptied to eliminate obstructions; therefore, trees are cut down and all other life forms are wiped out. The operation also uses heavy machinery and vehicles that consume enormous energy and produce toxic gases, including CO2. The energy required for lithium or extraction is based on CO2-emitting fossil fuels for economic reasons and availability. With hard rock mining, 15 tons of CO2 are emitted per ton of lithium, associated with massive mining wastes. About 500,000 gallons of water are needed to yield one ton of lithium [90]. A severe lack of water might diminish farming activities in lithium mining areas, which are located in dry, hot, and mountainous regions. Such mining and extraction activities are not sustainable, and they are not allowed in countries with high standards of environmental regulation. Thus, advanced, cheap mining methods to extract lithium from seawater should be explored. The current lithium extraction method pumps up brine from the underground pool and allows the sun to evaporate about 95% of the water in the evaporation pool. It is of uttermost importance to reduce water usage together with geothermal energy with zero-emission. Several companies have worked in this direction with numerous patented technologies [91]. The plant in Germany’s Rhine Valley (Vulcan Energy Resources) produces sufficient lithium for 400 million EVs. Nonetheless, the cost of lithium carbonate recovered from salt ponds is 30–50% less than that of hard rock mining [92,93].



Another important source of lithium is geothermal fluids [94,95,96]; however, only 35 samples over 2000 geothermal wells have concentrations greater than 20 ppm (mg/L) [94,95] with an estimated amount of 2 M tons [97]. Among different processes, the most promising approach is the adsorption of lithium using inorganic sorbents, organic resins, solvents, and polymers. Chemical precipitation and membrane-dependent processes are also two viable procedures [63]. In brief, the recovery of lithium from geothermal brines is technically feasible but further developments are still needed to evaluate their cost and environmental sustainability. In addition, significant improvements are needed to improve sorbent stability and suppress interfering species (alkali metals, rare earth metals, metalloids, etc.). Membranes can be designed to retain lithium selectively based on size exclusion, membrane surface charge, or other physicochemical properties [98]. Of interest is the use of nanofiltration for the separation of lithium from Mg2+ and other divalent cations [99,100,101,102,103,104,105]. A commercial membrane (Desal-5 DL 2540C membrane, GE Osmonics) can exclusively retain 61–67% of the Mg2+ in the presence of Li+ [101,102]. The membrane surface charge can be modified to impart separation selectivity [98,100]. Commercial nanofiltration membranes can separate divalent cations from lithium; thus, their potential use to process geothermal brines is highly anticipated.





7. Trends and Future Possibilities


7.1. Advances in Battery Technology


The lifetime of LiBs is always the most critical factor for the performance of EVs. Manufacturing also adds to batteries’ eco-footprint, as the production of LIBs is processed at 800 to 1000 °C, which is only cost-effective by burning fossil fuels or coal. Back in 2019, Tesla announced that the company was ready to install million-mile batteries in its cars. The battery capacity deserves a brief comment here considering the first Audi duo EV introduced in 1983 had a capacity of 8 kW.h. Thus far, several EVs have a capacity of 100 kW.h such as Tesla Model S, Volvo 40 series, Ford Mustang Mach-E (99 kW.h), and even up to 200 kWh for Tesla Roadster [106]. The degradation of EV batteries depends on many factors but generally loses its capacity over time. Fast charging, e.g., with Tesla Superchargers or other 480-volt fast chargers also causes battery degradation due to more heat generation. X-ray scans have been performed to examine lithium-ion prototype pouch battery cells, subjected to 1500 cycles, which is the equivalent of 120,000 miles. The scan revealed cracking and mechanical degradation with excess electrolyte sucking up into the electrode assembly cracks, resulting in capacity loss [107]. Electrolyte decomposition of lithium-ion batteries due to thermal stress is another important factor [108]. Such results are not expected as LiBs can be charged in an environment up to 113° F (45 °C) and discharged in temperatures as high as 140° F or 60 °C [109]. EVs equipped with LiBs can run in cold climates with temperatures down to −20 °C.



As industry and political leaders move toward decarbonization and eventually reverse human-caused global warming, the transport sector is mandated to favor EVs over petrol vehicles. Unfortunately, information related to the implementation of EVs is insufficient, and a subject for further investigation. According to the International Energy Agency (IEA), at least 1 million tons of lithium, equivalent to all lithium reserves in China, are needed to make 125 million EVs by 2030 worldwide [110]. There is an impetus to make a green battery to replace LiB. Salt-based batteries developed by the University of Nottingham are recyclable. The number of charge–discharge cycles is higher using sulfide electrodes without battery degradation. Meanwhile, efforts should focus on LiB with an extended lifetime. As an example, long-lasting batteries are feasible if molybdenum and sulfur are added to make them. Silicon anodes can hold 10 times higher charge, compared to current graphite anodes and the perfecting design of silicon-based anodes is well underway. A solid-state battery with a solid electrolyte should be explored as it is smaller and stores more energy. However, they are expensive and difficult to mass manufacture. Nonetheless, solid electrolytes are inflammable and nontoxic, significantly improving the safety of EVs. NEI offers Lithium Tin Phosphorus Sulfide (Li10SnP2S12)—and oxide, phosphate, and polymer-based electrolyte material compositions [111]. Generally, solid electrolytes are not very chemically stable while in contact with highly reactive lithium metal, resulting in their degradation over time. A solid-state battery is often cracked and short circuit due to the formation of dendrites, which leak from the anode to the electrolyte. Solid-state batteries are still very expensive and suffer from a higher failure rate after repeated charging.



Ceramic-electrolyte cells of Volkswagen and its partner QuantumScape are claimed to be safer, lighter, and charge faster with a respectable driving range of 500 miles [112]. Of importance is the design of an anode made of lithium metal, instead of conventional graphite [113]. The fabrication is based on “mixed ionic-electronic conductors” and “electron and Li-ion insulators”, which are chemically stable in contact with lithium metal. The replacement of lithium-metal anodes with a thin layer of silver-carbon provides a higher capacity with long-lasting features and makes the battery safer. These new solid-state battery packs will last over 500 miles with 1000 recharges, corresponding to a total mileage of at least 500,000 miles. Solid-state battery packs are 50% smaller than LiBs. Solid-state technology is still under investigation and development, but the super-performance of lithium-metal batteries is considered a big reward. During charging, some energy is dissipated as heat or thermal loss because the battery components resist electricity transmission. The internal resistance is more pronounced on high power charges [114]. Thus, batteries must be designed to support quick charging and higher temperatures. Perhaps, the long charging time because of this resistance is one of the most important drawbacks of current EVs.



Although several electrode materials and electrolytes have been attempted, lithium-ion batteries still exhibit the highest energy density of 200–735 (Wh/L) and specific power of 350–3000 (W/kg) with an operating temperature of −20 to 60 °C. The second best in this category is Li-MH (nickel-metal-hydride) of 100–300 (Wh/L) and 250–1000 (W/kg); however, its operating temperature is 0–50 °C. Other types of batteries such as Ni-Cd, Zn-Br2, Na-NiCl, and Na-S, have significantly lower energy densities and specific powers and they cannot function at temperatures below freezing. In this aspect, Pb-PbO2 has an operating temperature of −20 to 45 °C, however, its specific energy storage is ~ 30–40 Whg−1, compared to other batteries as discussed later. Thus, the application of Pb-PbO23 batteries is limited in advanced systems such as EVs [115]. In terms of electrode materials, of notice is the use of graphene, which has been used extensively in electrochemistry [116]. Graphene is barely heated, so it withstands fast charges with insignificant power losses. A graphene battery is claimed to have a driving range of 800 km and 5 min of charging with high-power plugging [117].



Aluminum-air batteries are recyclable with the highest specific energy (1300–8000 W.h/kg) and produce electricity from the oxygen–aluminum reaction (4Al + 3O2 + 6H2O → 4Al(OH)3 +2.71 V). With potassium hydroxide as the electrode, a potential difference of 1.2 V is created by these reactions. The battery offers mileage up to 1600 km [118] and its price is decreasing significantly from the current level of 300 EUR/kWh [119]. Lithium-air requires a constant supply of oxygen, which reacts with lithium, yielding specific energy of 12 kWh/kg [120]. Lithium is oxidized at the anode (Anode: Li  ⇋  Li+ + 1e−), whereas oxygen is reduced at the cathode to induce a current flow (Li+ + 1e− + O2  ⇋  LiO2). The Li2O2 has ~40.1 MJ/kg = 11.14 kWh/kg of lithium, which is very close to that of gasoline, ~46.8 MJ/kg. Sodium-air (Na2O2) batteries can improve the autonomy of EVs equipped with LiBs at least thirteen times [121]. The use of sodium (ionic charge of 1+ and ionic diameter of 1.98 Å) is appealing because it is the sixth most abundant and inexpensive element. A detailed description of the sodium-air is available elsewhere [122]. Magnesium-ion (Mg-Ion) with 6.2 kWh/L [123] has been investigated by the Advanced Research Projects Agency Energy (ARPAE), Toyota, and NASA (The National Aeronautics and Space Administration, USA) [124,125].



Many EVs are equipped with permanent magnet-based motors, typically made with neodymium and dysprosium. China is the key producer of rare-earth metals worldwide and has absolute control of such materials. As expected, most Chinese vehicle models utilize permanent magnet motors. For the West, there are always problems with such foreign sources and supply chain security. Another environmental concern is the contamination of rare earth metals with radioactive materials, e.g., thorium. Separating the materials requires toxic compounds like sulfate, ammonia, and hydrochloric acid. Processing 1 ton of rare earth metals can produce up to 2000 tons of toxic wastes [126]. Renault’s Zoe replaces magnets with copper windings and Bentley also develops rotors with no magnets or copper. BMW’s new 5th generation drivetrain has no rare earth metals and Audi has also opted for an aluminum rotor induction motor for the e-tron. The fabrication of anodes for LiBs from alloy materials, transition metals, silicon-based compounds, and carbon-based compounds has been addressed by Nzereogu et al. [127]. Similarly, a review of LIB applications in electric vehicles is available elsewhere [128].



The charging modes are excluded in this review but deserve a brief note here as they are different from continent to continent. North America and Japan use the SAE-J1772 standard for electric connectors [129]), whereas Europe and China have the IEC-62196 standard [130] for EV charging. China also promotes the GB/T-20234, 3-2015, which offers both AC and DC charging modes [131]. Tesla’s DC superchargers have a maximum power of 145 kWh but are currently limited to 120 kWh [132], comparable to a Mode 3 fast charging. The emerging topic of wireless charges has been addressed by several authors [133,134,135]. Several authors [136,137] also discuss the use of solar photovoltaic modules for EV charging, including economic and environmental impacts as solar energy can contribute to a significant quantity of energy demand. Table 10 provides a comparison of the performance of different car batteries, which might be useful to potential EV buyers.



Both the lifetime of cycles and specific energy are quoted as the highest values reported. Further information on the technical analysis of different batteries is available elsewhere [142,143]. Of notice is the development of LiFePO4F as a promising material for lithium batteries [144,145].




7.2. Research in Battery Manufacturing Technology


As discussed earlier, active studies on LiBs have focused on electrode materials, robust electrolytes, cobalt-free batteries, or even the replacement of lithium with other materials. There is insignificant progress in the manufacturing technology of LiBs albeit it contributes about 25% of the cost of LiBs [146]. The current manufacturing process has over 12 steps, which are time-consuming and costly [147]. Solvent-free manufacturing has emerged as an effective method to replace conventional solvent coating and drying, two lengthy key steps in electrode fabrication. Research must also focus on the design of thick electrodes, large cells, compact modules, and other manufacturing innovations to build a higher-energy battery system with minimal volume and weight. Other two major concerns are the risks of shorting and fire caused by flammable organic electrolytes inside the LiB pack. With improved manufacturing technology, new battery materials with lower costs are anticipated; however, it is still challenging to fulfill the US Department of Energy’s ultimate target of 80 USD/kWh [148].




7.3. Second-Life Applications of Spent LiBs


A typical EV LiB pack should last about 200,000–250,000 km [149]; however, this mileage might be compromised by increasingly adopted fast charging at >50 kW [150]. When the pack loses 15–20% of its original capacity, the car’s performance is affected in terms of acceleration, recharging, and driving range [151]. From an economic viewpoint, spent batteries can directly be used for stationary applications as lower current density from the battery pack is not a deciding factor. Battery modules with similar capacity and life can be re-assembled for stationary usage [152], such as utility-scale grids, solar energy, building, telecommunication tower storage, area, etc. Of importance are stadium events with high electricity demand, ranging from 200 kW to over 3000 kW [153]. EVs have been promoted as a model of sustainability and CO2 reduction during their operation; however, essential materials and processes used in their manufacturing, electricity for recharge, and subsequent component recycling are attributed to the circles of sustainability. In this context, EVs can be recharged by electricity generated by solar and wind power and stored in spent LiBs. In the long term, financial incentives might be needed to advocate the deployment of second-life EV batteries for public, residential, commercial, and industrial activities and buildings. China ended the purchase of lead-acid batteries in 2018 and has deployed in second-life LiBs for about 2 million telecom tower base stations (54 GWh battery storage demand). About 75% of spent EV batteries should last for several years and they will be sent to recycling to recover all the valued components [154], so there is sufficient time for developing economical technology for battery recycling. The recycling of spent LiBs by different processes with a focus on hydrometallurgy was reviewed by Lv et al. [155], consisting of 100 cited papers. A review of the LCA of electric vehicles is also available from the literature [156] to cover a broad subject range of manufacturing batteries, recycling efficiency, sustainable resource development, environment, and economy.




7.4. Safety Issues and State-of-Charge (SOC)


The design of LiBs should address two important safety points: short circuitry and potential battery explosion. In a battery pack, multiple cells are connected in series to achieve the target voltage level; thus, short-circuiting can be problematic [157]. LiBs have an organic electrolyte, usually consisting of one or a mixture of organic carbonates together and a Li-ion salt, e.g., LiPF6, as discussed earlier. Battery failure can release a combustible mixture to trigger a thermal runaway event [158,159,160]. Battery failure occurs when LiBs are subject to overcharge, external and internal short-circuit [161], mechanical abuse, and heat exposure. The explosion occurs when three carbonates (dimethyl carbonate, ethyl methyl carbonate, and diethyl carbonate) often used in LiBs are subject to 373 K, and 100 kPa absolute pressure [162]. As the flammable electrolyte is a potential hazard [163], the issue can be circumvented by using solid-state electrolytes as mentioned earlier. LG Chem reported the development of fire-retardant plastic for EV batteries very recently [164] (April 2022). This highly heat-resistant plastic can delay flame propagation for about 7 min, which is critical for the safe evacuation of vehicle occupants. In terms of fire delay, this plastic retardant with dimensional stability is 45 times better than currently used plastics. LiBs exhibit high reactivity to water; thus, fires are hard to extinguish with water.



As the safety of the LiB is still a critical issue, LiBs need to be monitored and managed by the Battery Management Systems (BMS) [165], and accurate battery state-of-charge (SOC) estimated by the BMS is necessary for the power application LiB [166]. Three different approaches have been used to obtain SOC: direct measurement (coulomb counting method and open-circuit voltage, OCV); data-driven estimation; and model-based estimation [167,168]. Although this subject is beyond the scope of this paper, a brief discussion is included here to highlight the important aspects of this issue. In brief, the OCV method can estimate the OVC value [169], the battery must be idled for over 1 h before measurement. Therefore, it is not suitable for SOC estimation in operation and the measurement is also susceptible to temperature and reproductive quality [170,171]. The data-driven estimation method is based on the input-output data with a fuzzy controller, the neural network [172,173], and the support vector machine (SVM) [174]. This approach requires extensive training and vigorous computation [175], which are difficult in online adaptation.



Three models can be used for LiBs [157,176,177,178,179], electrochemical models; equivalent circuit models, and electrochemical impedance models, which are expressed as state equations. Several state observers have been applied to the models separately such as extended Kalman filter, unscented Kalman filter, sliding mode observer, particle filter, and H-infinity observer. Some shortcomings, including calculation errors of the Kalman filter (an optimized autoregressive data processing algorithm), are noted [180]. The Kalman algorithm is based only on white noise, not noise characteristics in practical applications, resulting in estimation errors. Of significance is an improved feedforward-long short-term memory (FF-LSTM) modeling method, which can offer an accurate whole-life-cycle SOC prediction as current, voltage, and temperature variations are taken into account [181].



Lastly, fast charging is an essential stakeholder concern for practical applications of EVs; however, fast charging at high charging currents might cause the degradation of LiBs [182]. A recent review by Al-Saadi et al. [183] of several batteries with different chemistries: lithium nickel manganese cobalt (NMC); lithium iron phosphate (LFP); and lithium titanate oxide (LTO). Several studies investigate the effect of fast charging on the degradation of battery cells [15,16,183,184], but most tests are carried out in static conditions. The value of capacity fade after 1% is noticeably affected by battery capacity (kW.h), whereas the charger power (200–600 kW.h) does not affect LTO and LFP. LTO exhibits the lowest degradation under fast-charging profiles, whereas NMC is mostly degraded. Detailed information on such effects is available from Al-Saadi et al. [183].





8. Conclusions


There will be no future for internal combustion engine vehicles (ICEVs) if the world decides to ban petrol-powered vehicles. The West again wants to promote electric cars at the expense of poor people living near lithium and other metal mines. The strategic deployment of increasing EVs requires an enormous amount of lithium, the main component of LiBs. However, Europe and even the USA have relied on imports from Chile and other countries with high lithium reserves. More recycling of LiBs must be implemented to reduce the requirement for virgin lithium. Improved battery technologies are under investigation to fabricate smaller and more powerful LiBs with extended driving ranges and short charging times. These factors, with affordable cost, will ultimately dictate the future of EVs. Regardless of the advanced and clean technology for mining and extraction of metals, people in mining areas will lose their community and a long-established way of life for the comfort of urban people. Therefore, recycling Li-ion batteries could help to circumvent harmful environmental practices. For the extra needed lithium, the manufacturers of EVs must initiate several mining projects across Europe or the USA. Based on current technology, the Li extraction from concentrated brine costs 30% to 50% less than that from mined ores. The oceans might have up to 2.6 × 1011 tons of lithium from seawater and advanced technology will make its recovery economically feasible. Nonetheless, politicians must consider a holistic approach to the transport sector as an outright ban on internal combustion engine cars might not be realistic. Is it a wise idea to rid of oil dependency for a dependency on lithium and other metals? In addition, lithium batteries are also used in grid-scale storage, polymers, ceramics, metallurgy, pharmaceuticals, and aerospace applications. Together with innovations in battery technology and effective recycling, global lithium utilization becomes more effective and reduces the demand for virgin lithium beyond 2050. It is always problematic to depend on a single supply chain from foreign sources. Therefore, advanced technology is still needed to recycle spent batteries and manufacture compact batteries with high capacities. Such optimally designed EVs are capable of mitigating greenhouse gas emissions and free from fossil energy consumption. Battery Management Systems (BMS) will get better with more powerful computers and software to monitor and manage the operation of LiBs.
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Figure 1. Charge (left) and discharge (right) of a conventional rechargeable battery. Different Li-ion cathodes have been developed (Table 6) but the anode is often based on carbon (graphite or microspheres) because carbon can reversibly absorb and release a large quantity of Li (Li:C) = 1:6 as discussed earlier. 
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Figure 2. Life cycle emission of electric and conventional vehicles in Europe (2015) with a mileage of 150,000 km [Redrawn from Ref. [76], open access]. 
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Figure 3. Life cycle analysis of medium-size gasoline internal combustion engine vehicle (ICEV) versus battery-powered engine vehicle (BEV) [redrawn from Ref. [80], open access]. 
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Table 1. Key advantages and disadvantages of EVs.
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	Advantages
	Disadvantages





	-High reliability with few breakdowns as EVs have simple components
	-Limited driving range: 200–350 km after a single full charge.

-Tesla Model S range: up to 434 km (270 miles) [2]

-Limited recharged points/stations (still in the development stages)



	-No engine explosion, vibration, or fuel corrosion.

-No vibration or engine noise: more comfortable.
	-Lengthy charging time, 4–8 h

-Fast charge, 80% in 30 min

-Supercharge, 50% in 20 min and 80% in 30 min (similar to fast charge).

-Not suitable for cities with a shortage of electricity.

-Home fast recharge is not available for many EV drivers.



	-Low maintenance costs and low operation costs the electricity.

-Government subsidies in many countries.
	-Expensive large battery package. Replacement of lithium batteries is very expensive

-Heavy battery packs, up to 200 kg [3], occupy significant vehicle space.

-Li-ion batteries tend to overheat and can be damaged at high voltages [1].

-Reduction of CO2 emission is only meaningful if electricity is generated from carbon-free sources. Nuclear power emits 12 g of CO2 equivalent per kWh of electricity produced, compared with 12 CO2/kWh from wind offshore, and 11 CO2/kWh from wind onshore [4]. Coal generates 820 g CO2/kWh.

-Technology for the recovery of spent batteries remains to be developed.

-The initial investment for an EV is significantly higher than for a conventional petrol car.

-An EV battery pack can go into thermal runaway, leading to the release of toxic and flammable gases and fires start once the cell’s internal temperature rises above a certain level.
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Table 2. Literature surveys on the production, performance, and other features of EVs.






Table 2. Literature surveys on the production, performance, and other features of EVs.





	Topics
	Ref.





	Creation of EVs from the 19th century to the present
	Yong et al. [11]



	Production of EVs: Economic and environmental impacts
	Richarson [12]



	Charging methods versus the power distribution systems
	Habib [13]



	Incorporation of renewable energy into EVs
	Liu et al. [14]



	Environmental impacts of hybrid EVs and battery EVs (EVs or BEVs).
	Hawkins [15]



	A general vision of EVs: unidirectional charging versus bidirectional energy
	Shuai [16]



	Revised intelligent charging of electric vehicles
	Hu et al. [17]



	Vehicle technology: benefits and challenges
	Tan et al. [18]



	Charging infrastructure of PHEVs and BEVs
	Rahman [19]



	EV: charging and grid integration
	Mahmud [20]



	Autonomous driving versus EV charging and grid integration
	Das et al. [21]



	Data-driven battery health estimation
	Li et al. [22]



	Prediction of lithium-ion batteries aging
	Liu et al. [23]



	Advanced fault diagnosis techniques for battery
	[24]
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Table 3. General characteristics, resources, quantity, and commercial production of lithium.






Table 3. General characteristics, resources, quantity, and commercial production of lithium.










	Lithium Chemistry and Resources
	General Information and Description
	Ref.





	Lithium atom
	Density = 0.53 g/cm3 and an ionic diameter of = 1.58 Å. In solution, lithium is highly soluble as lithium ions (Li+).
	



	Lithium resources
	-Saline subsurface waters (continental brines)

-Hydrothermally altered clays (sedimentary deposits)

-Crystalline hard rock (pegmatites)

-Lithium-bearing minerals are LiPO4 and complex

aluminosilicates.

-Potential lithium-bearing minerals are spodumene (lithium aluminosilicate), lepidolite (K(Li,Al)3(Al,Si,Rb)4O10(F,OH)2), petalite (LiAlSi4O10), and amblygonite ((Li,Na)AlPO4(F,OH)).
	[36,37]



	Lithium quantity
	-World lithium reserves = 21 million tons (MTs).

-World lithium resource = 86 MTs.

-The US lithium resource = 7.9 MTs from continental-geothermal brines, sedimentary deposits, and pegmatites [12].

-Thacker Pass (Humboldt County, Nevada): potentially 22.4 MTs
	[38,39]



	Commercial lithium production
	-Hard rock deposits in Australia and China.

-Brine deposits in Argentina, Chile, and China

-Brine deposits = 50 and 75% of the world’s lithium production

-Brine lithium is produced mainly in South America
	[38,40,41,42]
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Table 4. Global reserves of lithium, cobalt, nickel, and manganese (million tons).
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	Lithium [57]
	Cobalt [58]
	Nickel [59]
	Manganese [60]



	14
	7.1
	95
	1500



	Chile: 8

Australia: 2.7

Argentina: 2

China: 1

Zimbabwe: 0.07

Portugal: 0.08

Brazil: 0.054

USA: 0.035
	DR Congo: 3.5

Australia: 1.4

Indonesia: 0.6

Cuba: 0.5

Philippine: 0.26

Russia: 0.22

Canada: 0.2

Madagascar: 0.1

China: 0.08

USA: 0.069
	Indonesia: 21 Australia: 21

Brazil: 16

Russia: 7.5

Philippines: 4.8

China: 2.8

Canada: 2

USA: 0.34
	South Africa: 200

Ukraine: 140

Brazil: 116

Australia: 91

India: 52

China: 43

Gabon: 22

Ghana: 12

Kazakhstan: 5

Mexico: 5
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Table 5. Lithium and magnesium concentrations in some known reserves.
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Reserve Name

	
Country

	
Li+ (%)

	
Mg2+ (%)

	
Mg/Li ratio






	
Salar de Atacama

	
Chile

	
0.157

	
0.965

	
6.15




	
Maricunga

	
0.092

	
0.74

	
0.84




	
Uyuni

	
Bolivia

	
0.0321

	
0.65

	
20.2




	
Cauchari

	
Argentina

	
0.062

	
0.18

	
2.9




	
Olaroz

	
0.09

	
0.18

	
2




	
Hombre Muerto

	
0.062

	
0.089

	
1.44




	
Rincon

	
0.034

	
0.04

	
1.18




	
Silver Peak

	
USA, Esmeralda, Nevada

	
0.03

	
0.04

	
1.33




	
Salton Sea

	
California, Riverside

	
0.022

	
0.028

	
1.27




	
Smackover

	
South Arkansas

	
0.038

	
0.75

	
19.7




	
Clayton Valley

	
Nevada

	
0.0163

	
0.019

	
1.17




	
East Taijinar

	
China

	
0.085

	
2.99

	
35.2




	
West Taijinar

	
0.021

	
1.28

	
64




	
Yiliping

	
0.022

	
2

	
91




	
Zabuye

	
0.97

	
0.001

	
0.001




	
Dead Sea

	
Israel

	
0.002

	
3.4

	
1700
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Table 6. Type of electrodes (cathodes) and their characteristics.
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	Electrode-Structure
	General Remarks and Characteristics





	LCO-lithium cobalt oxide (LiCO2)
	-Still widely used in portable electronics with high energy density and cycle life with good reliability.



	LMO (LiMn2O4)-lithium manganese oxide; spinel
	-MnO2 is non-toxic and earth-abundant, low cost, and has ecological appeal.



	NMC-nickel manganese cobalt layered/spinel

(LiNiMnCoC2)
	-Most widely used for transportation applications with high specific energy and extra performances concerning specific power, lifetime, and safety. A typical NMC cathode powder is referred to as a 1-1-1 blend (1/3 Ni, 1/3 Mn, and 1/3 Co)

-Newly developed NMC 811 has only 10% Co, 80% Ni, and 10% Mn

-Its deployment is highly expected in upcoming EVs.



	LiNiO2-layered
	-Cheaper with higher energy density but less stable, compared to LiCoO2



	LFP-olivine

(LiFePO4, lithium iron phosphate)

(Li2FePO4F-olivine)
	-Stable but is less dense energy than Ni-based counterparts.

-Ideal for stationary applications with low cost and high safety.

-A promising electrode material, tavorite-structured lithium-metal-fluorophosphate.



	NCA, lithium nickel cobalt aluminum oxide
	-Based on Ni, Co, and Al as the cathode material, e.g., LiNi0.8Co0.15 Al0.05 O2, i.e., good energy density with minimal Co. Commercial EVs and most Tesla vehicles are powered with NCA.



	C-LiFePO4
	-Coated with carbon with 4% Li, 32% Fe, 20% PO4, 0.3% manganese, a trace of lead, and 1.5% carbon. Tesla indicated a switch to LFP-type batteries after incorporating mostly NCA types in the past.



	LTO-Lithium titanate-oxide (Li4Ti5O12)
	-Considerably lower energy density than most other lithium batteries—Fast-charging capability and long cycle life.
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Table 7. A comparison of CO2 emissions from the manufacturing and operation of an EV versus a petrol car.
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	CO2 Emission (g/km)
	Mitsubishi-iMiEV
	Ford Focus





	Raw material production
	163.7
	100.9



	Manufacturing
	34.1
	37.3



	Transportation
	2.6
	1.4



	Operation
	2.2
	253



	Decommissioning
	0.194
	0.012



	Total
	202.8
	392.6
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Table 8. Technical challenges for recycling lithium-ion batteries.
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	-

	
Battery recycling has to compete with different types of batteries, e.g., Li-air or LiBs without cobalt as this metal contributes an important economic factor.




	-

	
Battery chemistry also complicates recycling: LiBs are also formulated with cobalt, lithium nickel, manganese, aluminum, iron, phosphate, or other materials.




	-

	
Battery structures are also complicated with different sizes and shapes. In general, their design is not intended for disassembly.




	-

	
Cathodes also contain carbon black, aluminum-foil, and polymeric compounds, e.g., poly(vinylidene fluoride) (PVDF).




	-

	
Graphite anodes also have PVDF and copper foil.




	-

	
Separators are thin, porous plastic films




	-

	
The LiPF6 electrolyte is dissolved in (CH2O)2CO and OC(OCH3)2, which are packed firmly in an aluminum or plastic case.
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Table 9. Countries and financial incentives for the purchase of EVs.
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	Country
	Financial Packages





	Belgium
	EUR 4000 (purchase) and EUR 74 (for road tax instead of EUR 1900)



	France
	EUR 4000–6000



	Germany
	EUR 4000



	The UK
	GBP 4500 without circulation taxes if the car’s value is <GBP 40,000



	Spain
	EUR 1300–5500



	USA
	USD 2500 (purchase) and 417 USD/kWh from 4 kWh to a maximum of USD 7500



	Quebec, Canada
	Up to CAD 7000, depending on the model
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Table 10. Technical data analysis of different batteries for EVs.
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	Type of Batteries
	Maximal Lifetime [cycles]
	Maximum Specific [W.h/kg]
	Specific Power [W/kg]
	Power Range [MW]





	Li-ion
	10,000 [138]
	100–265 [139]
	150–3000 [140]
	0–100 [140]



	Ni-Cd
	2500 [138,141]
	45–80 [141]
	150–300 [141]
	0–40 [141]



	Lead acid
	~2500 [138]
	~50 [138]
	75–300 [140]
	0–40 [140]
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