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ABSTRACT 

 

LIFE CYCLE AND TECHNO-ECONOMIC ANALYSIS OF END-OF-LIFE 

ELECTRIC VEHICLE BATTERIES IN THE MEDITERRANEAN 

 

Kamma, Chinwe Evangeline 

Master of Science, Sustainable Environment and Energy Systems Program 

Supervisor: Asst. Prof. Dr. Canras Batunlu 

Co-advisor: Assoc. Prof. Dr. Ceren Ince 

August, 2023, 110 pages 

 

 

 
Spent electric vehicle batteries poses a threat to the human, animate and inanimate 

component of the ecosystem. With the growing adoption of electric vehicles, spent 

electric vehicle batteries are bound to increase. Although the environmental impact of 

electric vehicles has been investigated by several studies, however, the majority of 

these studies did not account for the end-of-life of the electric vehicle batteries. More 

so, little or no studies have been conducted on the ecological impacts of spent electric 

vehicle batteries in the Mediterranean region. Thus, this study investigates the 

lifecycle and techno-economic analysis of spent electric vehicle batteries in six 

Mediterranean countries. The ecological footprint and economic performance of two 

identified end-of-life processes were evaluated. The results obtained evinced that 

among the car models assessed, Peugeot cars had the lowest GHG emissions compared 

to other car models evaluated despite having high market shares in some countries. 

Assessing the performance of EoL processes indicates that hydrometallurgy 

performed better than pyrometallurgy. The study also suggests that NMC batteries are 

well suited for hydrometallurgy because of the higher recovery rate in battery 

components. The results of the economic analysis showed that although recycling 

incentives accompany the recycling of LFP batteries, NMC batteries possess higher 
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economic benefits largely due to the recovery of lithium compounds and other 

components of the battery. 

 

 
 

Keywords: lifecycle assessment, techno-economic analysis, electric vehicle battery 

waste, the Mediterranean region 



vi  

 

ÖZ 

 

AKDENİZ'DE ÖMRÜNÜ TAMAMLAYAN ELEKTRİKLİ ARAÇ AKÜLERİNİN 

ÖMÜR DÖNGÜSÜ VE TEKNOEKONOMİK ANALİZİ 

Kamma, Chinwe Evangeline 

Yüksek Lisans, Sürdürülebilir Çevre ve Enerji Sistemleri Programı 

Tez Yöneticisi: Asst. Prof. Dr. Canras Batunlu 

Ortak Tez Yöneticisi: Assoc. Prof. Dr. Ceren Ince 

Ağustoss 2023, 110 sayfa 

 

 
Kullanılmış elektrikli araç pilleri, ekosistemin insan, canlı ve cansız bileşenleri için 

tehdit oluşturmaktadır. Elektrikli araçların giderek daha fazla benimsenmesiyle 

birlikte, kullanılmış elektrikli araç pillerinin artması kaçınılmazdır. Elektrikli araçların 

çevresel etkileri çeşitli araştırmalarla araştırılmış olsa da, bu çalışmaların çoğu 

elektrikli araç pillerinin kullanım ömrünün sonunu hesaba katmamıştır. Dahası, 

Akdeniz bölgesinde kullanılmış elektrikli araç akülerinin ekolojik etkileri konusunda 

çok az çalışma yapılmıştır veya hiç çalışma yapılmamıştır. Bu nedenle, bu çalışma altı 

Akdeniz ülkesinde kullanılmış elektrikli araç akülerinin yaşam döngüsünü ve tekno- 

ekonomik analizini incelemektedir. Belirlenen iki yaşam sonu sürecinin ekolojik ayak 

izi ve ekonomik performansı değerlendirildi. Elde edilen sonuçlar, değerlendirilen 

otomobil modelleri arasında Peugeot otomobillerinin, bazı ülkelerde yüksek pazar 

paylarına sahip olmasına rağmen, değerlendirilen diğer otomobil modellerine kıyasla 

en düşük sera gazı emisyonlarına sahip olduğunu göstermiştir. 

 

EoL işlemlerinin performansını değerlendirmek, hidrometalurjinin pirometalurjiden 

daha iyi performans gösterdiğini gösterir. Çalışma ayrıca, pil bileşenlerinde daha 

yüksek geri kazanım oranı nedeniyle NMC pillerinin hidrometalurji için çok uygun 

olduğunu öne sürüyor. Ekonomik analizin sonuçları, LFP pillerinin geri dönüşümüne 
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geri dönüşüm teşviklerinin eşlik etmesine rağmen, NMC pillerinin büyük ölçüde 

lityum bileşiklerinin ve pilin diğer bileşenlerinin geri kazanılması nedeniyle daha 

yüksek ekonomik faydalara sahip olduğunu göstermiştir. 

 

 

 
Anahtar Kelimeler: yaşam döngüsü değerlendirmesi, tekno-ekonomik analiz, 

elektrikli araç aküsü atığı, Akdeniz bölgesi 
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CHAPTER ONE 
 

INTRODUCTON 

1.1 Background 
 
 

The increasing greenhouse gas emissions in the atmosphere have been linked to 

anthropogenic factors such as road transport [1, 2]. The transport sector contributes 

about 24% of the world’s GHG emissions from its energy use, which is linked 

primarily to fossil fuels [3]. The road transport alone contributes to about 74.5% 

of the sector’s GHG emissions (our world in data). In the European Union (EU), 

road transport contributes about 71.7% to annual GHG emissions [4]. Meanwhile 

in some of the Mediterranean regions such as Portugal, there exist higher Figures 

representing contributions to GHG emissions from the transport sector [7]. 

In recent times, there have been a profound concern about the effect of increased 

level of GHG in the atmosphere. This have led to novel technologies in the 

transport sector such as the development of electric power trains consisting 

rechargeable batteries, to help mitigate the impact of transportation on the 

environment. Studies have shown that electric vehicles (EVs) possess the 

potential of reducing the environmental impact of the transport sector which is 

dominated by internal combustion engine vehicles (ICEVs) [7]. This is attributable 

to the energy efficient EVs that do no generate tailpipe emissions, which is the 

most contributory factor to GHG emissions in the ICEVs [7]. 

EVs have witnessed growth and high market share in developed countries 

such as Europe, China, and the USA [8]. Figure 1.1 shows the number of 

electric cars in stock in the respective countries and regions, with China 

having the highest stock and almost doubling between 2020 and 2021. As 
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can be seen in Figure 1.2, the percentage EV sales share in Europe and China 

have increased tremendously over the years, while in USA it is seen that the 

growth is at a much slower rate compared to China and Europe [8]. This 

implies that the European market for EVs is broadening and will continue in 

this trajectory with the recent reports of IPCC and policies put in place by 

the EU to tackle climate change [7] 
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Figure 1.1: Global outlook of EVs stock between 2010 – 2021 [8] 

 

 

 
 

Several targets and policies have been set concerning the adoption of EVs in the 

Europe and certain countries have meted out measures to enable a smooth ride into 

this adoption, such as financial and nonfinancial incentives including exemption form 

taxes, rebates, and charging infrastructures [9]. In Italy about 1.5 million euros was 

set as financial reward to consumers who purchase EVs without charging and research 

and development incentives, while Spain offered incentives up to 25% vehicle 
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purchase price, charging infrastructures and research and development incentives to 

bolster EVs adoption and transition in the country [9]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2: Global outlook of EVs sale share between 2016 – 2021 [8] 

 

 

 
 

In European mobility market, there has been a tremendous increase in the unit sales 

of battery electric vehicles (BEVs) and plug-in-hybrid electric vehicles (PHEVs), with 

BEVs unit sales overtaking PHEVs unit sales in 2018 [8]. It is projected that in 2027 

BEVs will dominate European market with 69.02% sales share of all BEVs and 

PHEVs unit sales [8]. In 2019 and 2020 some Mediterranean countries such as Italy, 

Portugal, Spain, and Malta registered huge number of EVs in their market with BEVs 

having a predominant share over PHEVs [5, 6]. However, in 2020, it was observed 

that this trend plummeted showing a wide adoption of PHEVs over BEVs in Cyprus 

and Greece [5]. 

Increased EV sales share translates to large quantities of spent batteries across the 

globe. For effective implementation of the use of EVs to mitigate climate change, a 

robust evaluation of the environmental impact of EVs becomes necessary. EVs have 
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raised some sustainability concerns regarding the electricity mix used for charging 

batteries, resources depletion in the production and manufacture of EVs and their 

components, battery chemistries and efficiency, and end-of-life management of spent 

battery cells [5]. Researchers have questioned how green EVs are when they’re being 

charged from fossil fuel electricity sources, thus have used lifecycle methodology to 

access the environmental impact of EVs over its lifetime [5]. Studies have revealed 

that electricity sources used in charging EVs contributes immensely to the overall EVs 

environmental impact in the use phase [10]. Introducing EVs into the transport sector 

have shown promising results in mitigating environmental impacts when compared to 

ICEVs [11, 12, 13]. Integrating the battery component of EVs into LCA studies shows 

contrary results, implying that EVs contribute more to environmental impacts than 

ICEVs attributable to the toxicity of batteries and the production processes [12, 14, 

15]. 

The main focus of this study is on the end-of-life environmental impact of electric 

vehicle batteries (EVBTs) in some Mediterranean countries such as Malta, Portugal, 

Turkey, Greece, Spain and Italy. Although several studies have been conducted on 

EVs in Europe, these regions have seen little or no consideration in LCA studies 

regarding the end-of-life environmental impact of EVBTs. It is therefore paramount 

that a holistic sustainability assessment of EVBTs be performed seeing that EVs are 

gaining momentum and wide adoption in these regions. Hence, this study seeks to 

bridge this gap and will evaluate the EoL environmental impact of spent EVBTs in 

selected Mediterranean regions and will suggest an environmentally friendly method 

of managing the waste batteries. 
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1.2 Research Objectives 
 

In as much as EVs contribute to GHG emissions reduction in the transport sector, it is 

important to understand from the life cycle assessment perspective the environmental 

impact of battery wastes generated from the spent electric vehicle batteries. This 

thesis, therefore, seeks to evaluate the EoL environmental impact of spent EVBTs in 

selected Mediterranean countries. The end-of-life scenarios considered in this study 

are pyrometallurgy and hydrometallurgy. Sourcing data from scholarly databases and 

life cycle inventories, the water consumption, GHG emissions, energy demand of 

spent electric vehicle batteries and ecosystem, health, and resource depletion impacts 

of EoL options of EVBTs in the selected study regions were evaluated. 

1.3 Organisation of the Thesis 
 

This study comprises seven chapters. Chapter one discusses the background to the 

study, research gap identified in the study, and the research aims and objectives. In 

Chapter two a holistic review of the previous knowledge available in literature is 

presented. Chapter three describes in detail the approach utilized in conducting this 

study. Chapter four discusses the GHG emissions and cumulative energy demand of 

EoL of waste EVBTs in the countries studied according to battery chemistries. 

Chapters five evaluates and discusses in detail the lifecycle environmental impact of 

EoL EVBTs in the ecosystem, human health, and resources depletion respectively. 

Chapter six discusses the techno-economic analysis of EoL of spent EVBTs in all the 

countries under study, while chapter seven presents the conclusion of the study. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Emissions from the transport sector 
 

In about three decades ago emissions from the transport sector have seen an increase 

with exception to between 2018 and 2019 where there was a little drop in the emissions 

from the transport sector. In 2019 GHG emissions were 33.5% higher done in 1990 as 

recorded in the 27 member states of the EU. Of the total transport sector emissions in 

the EU road transport accounted for about 71.7% with cars accounting for about 60.6% 

of all the total road emissions [16 – 20]. This information is illustrated in the in the 

Figure below showing the percentage contribution of road transport in the 27 member 

states of the EU from 2019. 
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The share of GHG missions in the EU according to vehicle types is shown in the Figure 

below, this data shows the tank to wheel emissions of these vehicle types in the 27 

member states of the EU. 
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2.1.2 Key Drivers of GHG Emissions in the Transport Sector 
 

Factors that drive GHG emissions in the transport sector have been directly linked to 

tailpipe emissions from internal combustion engine vehicles (ICEVs), less efficient 

vehicles, transport distances and energy consumption of these vehicles. Also, the 

energy consumption from electricity by electric vehicles contributes to GHG 

emissions in the transport sector. The decomposition analysis results from the EEA 

study showed that increased modal shares and carbon intensity of fossil fuels 

contributed to the increase in GHG emissions recorded in the 27 member states of the 

EU between 1990 and 2019 [16]. The study also showed that electrifying passenger 

  0.40%  
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cars at the time did not contribute to GHG emissions reduction in the transport sector. 

Similar studies have corroborated the outcome of this report however there exist 

contradictory studies. Verma et al. (2021) investigated the environmental impact of 

internal combustion engine vehicles and electric vehicles and compared them through 

the lens of life cycle assessment, their study showed that electric vehicles show 

reduced GHG emissions but increased toxicity [21]. Using life cycle assessment 

researchers have shown that electric vehicles show reduced environmental impact in 

GHG emissions because of no tailpipe emissions associated with it [7]. However, 

cradle-to-grave analysis shows contrary results, this could be attributed to the end-of- 

life treatments of the vehicle components especially the battery packs [22]. 

2.2 Production, Use and Decommissioning of Passenger Cars 
 

Production, use and decommissioning are part of the life cycle of vehicles. The 

environmental impact of vehicles varies from one stage to the other. Production 

emissions comprise all the emissions attributed to the manufacture of the vehicle 

components, use emission refers to the that generated from fossil fuel combustion for 

ICEVs and emissions from electricity sources used in charging battery cells of BEVs; 

while decommissioning refers to that attributable to emissions generated because of 

reuse, recycling, and/or disposal of the vehicle components. 

2.2.1 Vehicle Production Emission and Impacts 
 

Production emission of vehicles arises mainly from the materials used in their parts. 

It also embodies the emissions generated from the material extraction, processing, 

transporting, and production processes of the vehicle components including battery 

cells for BEVs. To estimate the production emission of vehicles several models could 

be used based on the top-down approach and bottom-up approach. The top-down 
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approach is specific while the bottom-up approach is more generic, consequently, it is 

preferred when conducting versatile studies. Khan (2021) estimated the material 

composition and energy consumption of vehicle production (ICEV and BEV) using 

the GREET 2.7 model and vehicle manufacturing and assembly (VMA) model as 

shown below [23] 

Table 2.1 percentage composition of vehicle materials [23] 
 
 

Component LW ICEV 

Steel 30.5 

Stainless Steel 1.1 

Cast Iron 4.2 

Wrought Al 6.9 

Cast Al 14.7 

Copper/brass 3.2 

Magnesium 0.4 

Glass 3 

Average Plastics 14 

Rubber 2.6 

CFRP 15.1 

GFRP 2.3 

Platinum 0.0009 

Others 2.2 

 

 

Table 2.2 Energy consumption of vehicle component materials production [23] 
 
 

 
Component 

 MJ/kg material  kWh/kg MJ/kg 

 Coal Natural Gas Petroleum Electricity Total 

Steel 39.85 12.83 3.26 0.85 59.02 

Stainless Steel 39.85 12.81 3.26 0.85 59.02 

Cast Iron 39.85 12.83 3.26 0.85 59.02 

Wrought Al 88.28 28.89 13.86 16.88 191.84 

Cast Al 58.86 22.47 9.85 11.93 134.15 

Copper/brass 3.87 42.22 4.25 0 50.35 
Magnesium 0 116.52 0 77.68 194.21 

Glass 0 16.33 0 0.24 17.21 

Average Plastics 4.88 51.72 24.09 0.27 81.69 

Rubber 0 39.53 0 0 39.53 

CFRP 12.03 93.64 52.22 0.70 160.42 

GFRP 10.62 53.96 17.66 0.62 84.52 

Platinum 0 0 0 0 0 

Others 24.84 41.98 10.97 9.24 87.05 
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Battery production is one of the popularly studied part of an EV, since it serves a huge 

portion of EVs life cycle emission. The emission from battery production varies 

between the battery chemistries and the production techniques employed. Lithium-ion 

batteries have gained momentum in the market and is preferred due its comparative 

advantage over other battery chemistries. When compared to lead-acid and nickel 

metal hydride batteries, Lithium-ion batteries have shown to possess longer service 

life, high power and energy density, and are more environmentally friendly, 

consequently a higher market share [24]. Generally, LFP, NMC, and LMO are the 

common traction batteries across the globe. Many researchers have investigated the 

environmental impact of different types of lithium-ion batteries. According to 

Zackrisson et al (2010) using water as a solvent in the production LFP traction 

batteries is environmentally friendly when compared to N-methyl-2-pyrrolidone, 

NMP [25]. Environmental protection agency (EPA) investigated the GHG emissions 

of LMO and NMC battery cells, according to them, NCM batteries have a higher GHG 

emissions than that of LMO [26]. Many studies have shown that production emissions 

from NMC batteries are higher than LMO batteries [27-30], this is attributable to the 

emissions from the energy consumption of the battery cell and park manufacturing 

[31, 22]. A study in China revealed that for these battery chemistries, LMO has the 

least GHG emissions while NMC and LFP have similar GHG emissions as shown in 

Figure 2.3 [24]. 
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Figure 2.3: GHG emissions of traction batteries in China [24] 

 
It is also worthy of note that the GHG emissions of battery production is location 

specific as they will vary based on the electricity generation mix of the location under 

study. According to Wang (2013), in China, the techniques used in the manufacture 

of BEVs, and the country’s generation mix affected the environmental performance 

of BEVs [32, 33]. As shown in Figure 2.4 below, comparing the production of these 

batteries in the Chinese and American context shows a huge discrepancy which is 

attributed to the energy generation mix of both countries. 
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With the increased adoption of EVs across the globe, battery production increases and 

the resulting impact on the environment. Studies have shown that batteries contribute 

hugely to the energy demand and GHG emissions of EVs thus making EVs emissions 

to be higher than that of ICEVs when they are compared [32]. Considering the 

European technology system, Tagliaferria (2016) investigated the contribution of 

BEVs to environmental impacts, the study showed that the production stage of BEVs 

affected its environmental performance [34]. 

2.2.2 Vehicle Use Emissions and Impacts 

 

The use phase of the vehicle life cycle also referred to as well to wheel (WTW) is one 

of the major contributors to the life cycle environmental impact of vehicles. This is 

mainly because of the fuel combustion in ICEVs and charging infrastructure in BEVs. 

Another contributory factor to this is the average distance travelled by the vehicles. 

Studies have shown that travel distance affects GHG emissions and environmental 
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impact of vehicles. For ICEVs the distance travelled by the cars will determine the 

quantity of fossil fuel combusted and with increasing amount of fuel combusted there 

is a corresponding increase in the amount of GHG emissions released to the 

atmosphere. For BEVs, longer distances or range will demand for high-capacity 

batteries which in turn contributes to the amount of materials used in the battery 

production and the weight of the battery. Heavier batteries have more environmental 

impact than lighter ones and require high charging capacity. Bekel and Pauliuk (2019) 

evaluated the environmental impact of BEVs and compared with fuel cell vehicles 

(FCV), according to the study BEVs with a smaller range showed less impact in the 

GWP, HTPnc, and PMFP indicators considered in the study. However, increasing the 

battery capacity to equate the FCV range yielded contrary results, as the environmental 

impacts of BEVs in 15 of 18 impact indicators studied were higher than that of FCVs 

[35]. Also, the source of electricity for charging BEVs play a pivotal role in the 

contribution of BEVs to GHG emissions and other environmental impacts. Studies 

have been conducted to estimate to emissions and environmental impacts of the use 

phase of passenger cars and compared alternative technologies. According to 

Ehrenberger et al. (2019), a WTW analysis of EVs shows that they emit less GHGs 

than gasoline-fuelled vehicles in all countries studied [36]. Using life cycle 

assessment, De Souza et al., (2018) investigated the environmental impact of different 

fuel options and power train technologies and compared them. The study showed the 

type of fuel consumed by ICEVs and the source of electricity for charging BEVs 

affected significantly the environmental impacts of the vehicles. According to the 

study, electric vehicles had the highest contribution to environmental impact in the 

toxicity indicator when compared to ICEVs, nevertheless, their GHG emissions was 
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observed to be less than that of combustion vehicles [37]. Sternberg & Schaadt (2021) 

argued that introducing renewable energy technologies to the electricity mix used in 

charging EVBTs would lead to a reduced GHG emissions [38]. However, Faria et al 

(2013) presented a contrary opinion stating that use of renewable energy technologies 

does not directly reduce GHG emissions of EVs due to variability of their sources of 

energy [39]. Furthermore, the construction and building of these charging 

infrastructures contribute the life cycle emissions of EVs. Life cycle emissions of the 

chargers and the embodied energy of the infrastructure must be considered when 

evaluating the life cycle environmental impact of EVs. Some studies that investigated 

the environmental impact of EVs gave little credence to this, majority of the studies 

focused on the electricity generation mix, while a few studies pointed out the 

importance of incorporating the charging infrastructure to the life cycle studies of EVs 

[35]. Nansai et al., (2001) investigated the COx, NOx, and SOx emissions of charging 

infrastructures for EVs, the study revealed that the charging infrastructure contributed 

only about 16% to EVs COx emissions and thus suggested that the impact of the 

charging infrastructures was negligible since it did not affect the comparative 

advantage EVs have over gasoline vehicles (GV) [40]. However, Lucas et al., (2012) 

opined the contrary, according to the study, the estimated carbon footprint of gasoline 

vehicles was 0.6–1.5 gCO2eq/km while that of EVs was 3.7–8.5 gCO2eq/km that is 

about 84% and 82% increase in the carbon footprint of EVs when compared to 

gasoline vehicles [41] all things being equal. These discrepancies could be accounted 

for by the type of LCA studies conducted, the functional unit used in the study, impact 

assessment methods, and advancement in the availability of data for LCA studies. 
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2.2.3 Vehicle Decommissioning Emissions and Impacts 
 

Certain GHG emissions and environmental impacts are attributable to the 

decommissioning of vehicles. After the useful life of vehicles, they are withdrawn 

from service and dismantled and the some of the parts are put to secondary use while 

some are shredded and subjected to treatment processes such as recycling [42]. 

2.3 End-of-life of Electric Vehicle Batteries 
 

After the service life of EVs the battery retains about 80% of it functioning capacity 

and therefore can be used as stationary energy storage device [43]. Recycling its 

content also proves useful in the reclaiming of primary components for making new 

batteries, thus reducing the demand for virgin materials. EoL EVBTs possess both 

economic and environmental benefits when properly managed [44]. 

2.3.1 Battery Recycling 
 

EVBTs are made up of several components such as cathode materials, anode materials, 

plastics, electrolytes, and battery management system, of which useful products can 

be recovered from them. As summarized in table 2.3, for LIBs which is the common 

EVBTs [45], there are five popular battery chemistries namely lithium-cobalt oxide 

(LCO), lithium-nickel-aluminium oxide (NCA), lithium-nickel-manganese-cobalt 

(NMC), lithium-iron phosphate (LFP), and lithium-manganese oxide (LMO) [44, 46- 

53] 



16  

 

Table 2.3 Common Li-ion battery chemistry and properties 
 
 

 
Thousands of LIBs are available today for recycling and there’s a projected 

tremendous increase in this, since many countries are adopting EVs to help mitigate 

their carbon footprint. As shown in Figure 2.5, about 97000 tonnes of end-of-life LIBs 

are available for recycling in 2018, and over 65% of them are recycled in china [54], 

with minimal recycling taking place in the EU [44]. LCO is the highest available 

battery chemistry for recycling, this is because it is predominantly used in the 

electronics industry; however, with the increasing market share of EVs, it can be seen 

in that the coming years, LFP, NMC, NCA are becoming increasingly available for 

recycling. 
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Figure 2.5: Tonnes of spent LIBs available for recycling [54] 

 
The process of battery recycling involves several stages of pre-treatment and 

secondary treatment. The pre-treatment begins with discharging and dismantling the 

battery components, after which crushing and screening takes place, then pyrolysis 

and incineration. After the battery pack is pre-treated, the components are then sent 

for secondary treatment process where pyrometallurgy and/or hydrometallurgy is used 

to recover the battery materials. 

2.3.1.1 Hydrometallurgy 
 

Hydrometallurgy is secondary treatment process for lithium-ion batteries. As the name 

refers, water is used to recover valuable materials from the battery components. As 

summarised in Figure 2.6, in hydrometallurgy recycling several processes are 

involved. At first, pulverisation, calcination, and screening are done to remove copper, 

steel scraps, aluminium, and plastics [44, 55]. The remnants undergo leaching process 
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where sulphuric acid is used, or a combination of hydrogen peroxide and sulphuric 

acid is used for effective leaching [56-61] according to the equation below. After 

leaching, solvent extraction takes place and cobalt, nickel and manganese compounds 

are precipitated. With modifications to this process, lithium compounds can also be 

recovered [61]. 

2LiXO2(s) + 3H2SO4 + H2O2(aq) → 2XSO4(aq) + Li2SO4(aq) + 4H2O + O2(g) (1) 

 
Where X represents Manganese (Mn), Cobalt (Co), or Nickel (Ni). 

 
 

 
Figure 2.6: Process diagram of a typical hydrometallurgy process [61, 62] 
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2.3.1.2 Pyrometallurgy 
 

As the name implies, pyrometallurgy uses heat to extract and purify metals or other 

materials [44, 61]. In this process, after pre-treatment, the battery components are 

smelted in a furnace outputting slag and matte. The lithium and aluminium compounds 

go with the slag while the other metallic components end in the matte and is leached, 

after which the extraction and precipitation of the Cobalt, Manganese, and nickel 

compounds take place. To recover the lithium in the slag, the slag is purified and fed 

to a hydrometallurgy process for final refining and recovery of lithium. It is worthy of 

note that lithium can be potentially recovered through pyrometallurgy, however 

researchers suggest that this process may not be economically viable [61]. As shown 

in Figure 2.7, it is a necessary step to treat gas effluents to scrub out the fluoride and 

other obnoxious gaseous substances that are by-products of the smelting process. 

 

 

 
 

Figure 2.7: Process diagram of a typical pyrometallurgy process [44] 
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It worthy of note that hydrometallurgy and pyrometallurgy have their pros and cons. 

While hydrometallurgy consumes less energy compared to pyrometallurgy, its GHG 

emission potential is higher because of the CO2eq emissions generated from other 

sources [23, 44]. More so, preference for recycling technology depends on the battery 

chemistry and the material to be recovered [61]. Generally, because of the need to 

recover many materials from NMC batteries, hydrometallurgy is preferred, while for 

optimum recovery of cobalt compounds from LCO, pyrometallurgy is preferred [61, 

63]. 

It is important to establish that recycling poses both environmental and economic 

benefits. The economic benefits are measured by the reduced demand for virgin 

materials as well as the impact on criticality of these materials at the same time 

promoting independence on other countries. Recycling 500,000 tons of battery in 2019 

will yield over 60% materials recovery leading to materials savings and other benefits 

[61, 64]. Interestingly, the economic and environmental benefits of recycling cannot 

be easily monetized given that these benefits vary over the years due to technological 

advancements of the recycling process, varying materials and energy demands, and 

advancements in battery technology [30, 66, 61, 65, 66]. 

Apart from pyrometallurgy and hydrometallurgy, there are other processes for battery 

recycling such as direct recycling and the use of bacteria in biotechnology. Direct 

recycling is usually used to recover electrode materials without involving any 

chemical process such as leaching and solvent extraction and without changing the 

chemical composition of the battery. According to Baum et al (2022), direct recycling 

poses some economic benefits as the energy and reagent costs are less compared to 

hydrometallurgy and pyrometallurgy, and as such can serve as a better alternative 
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when preference is given to cost efficiency [62]. The limiting factor to use of direct 

recycling is the cost of disassembly and dismantling, this can be reduced by integrating 

artificial intelligence models as suggested by Wegener et al., (2015) [67]. 

As battery recycling is evolving, research and development is on-going to develop 

better processes that will mitigate the environmental end economic burdens of 

pyrometallurgy and hydrometallurgy [61]. 

2.3.2 Landfilling 
 

Solid wastes from battery recycling processes are generally landfilled, although some 

packs of battery end up in the municipal solid waste stream in some countries where 

the collection system is not robust, which in turn leads to landfilling of untreated 

battery wastes. Landfilling of hazardous wastes such as waste electrical and 

electronics components are detrimental to the environment. For instance, in the case 

where a battery pack is landfilled, the toxic chemical from the battery cells forms 

leachates which infiltrates into the ground leading to soil and groundwater 

contamination, and ultimately environmental pollution and health hazards. 

Consequently, in developed countries several protocols and directives for battery 

waste handling are set up to oversee the collection and transport of battery waste to 

recycling plants. In the 2006/66/EC Battery Directives, LIBs are classified as 

industrial batteries and accumulators, and thus provides a directive on the handling 

and transport of LIBs in the EU [44]. As seen in Figure 2.8, under this directive the 

battery producer or vehicle manufacturer is under an obligation to retrieve spent 

batteries from consumers for recycling. This is referred to as extended producer 

responsibility (EPR) and is supervised by government or private entities. According 
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to the directive, in 2016 about 45% of spent batteries were collected across Europe 

when compared to the market share of batteries from years 2013 to 2016. 

 

 

 

Figure 2.8: Directive on the battery waste handling in the EU [44] 

 
2.4 An outlook of the countries under study 

 

Seven countries in the Mediterranean region were included in this study. As 

summarised in Figure 2.9, the market size of battery electric vehicles across these 

countries have seen a tremendous growth in years, thus it becomes imperative to 

holistically consider the environmental impacts of the spent batteries from these 

countries at their end-of-life. 
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Figure 2.9: Battery Electric Vehicle sales in countries under study [68] 

 
Although the impact of EVs have been studied, most of the studies focused on China, 

the EU, and the US. Also, emphasis was laid on the impact of EVs on electricity mix, 

comparison of the environmental performance of EVs and ICEVs without the battery 

end of life in perspective. Similarly, some studies have been conducted on battery 

recycling technologies, however, not enough studies have been done in the perspective 

of end-of-life management of spent batteries from battery electric vehicles. This 

formed an essential and pivotal aspect of this thesis, with the results obtained from 

this study, the environmental footprint of the end-of-life options of BEVs according 

to the car models in these countries were estimated. 

2.4 Summary of Empirical literature 
 

Several studies have been conducted on end-of-life electric vehicles using various 

methodological approach. Some of these studies focused on the different body parts 

of the EV [69 – 72], however, in these studies the performance of EVs using 
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environmental impact indicators were not evaluated. Other studies that evaluated these 

impacts focused on individual body component [73 – 76], such as the recovery of car 

bumpers, plastic and steel materials [77, 78]. Some studies that quantified 

environmental impact using LCA focused on comparing the performance of EoL EVs 

and EVs there were involved in accidents, global warming indicator, and did not 

consider the battery end-of-life [79 – 81]. Although some studies have been conducted 

in the EU context, most of them did not investigate the environmental impact of EoL 

EV batteries, more so, limited studies are available for Mediterranean countries. This 

study therefore builds on this novelty to investigate the lifecycle and techno-economic 

analysis of EoL electric vehicle batteries in six countries in the Mediterranean. 
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CHAPTER THREE 
 

THE LIFE CYCLE ASSESSMENT METHODOLOGY 

 
3.1 The Concept of Life Cycle Assessment 

 

Life cycle assessment is a systematic approach used to assess the environmental 

impact of a product, process, or activity throughout its entire life cycle [92 – 94]. The 

goal of an LCA is to identify the environmental hotspots associated with a product or 

process and to prioritize areas for improvement to reduce its environmental impact. 

As summarized in Figure 3.1 LCA is a multi-step process that involves goal and scope 

definition [85]: This is referred to as the first phase of the LCA process. Here, the goal 

of the assessment and the boundaries of the system under investigation are defined. 

This includes determining the reference flow and functional unit. In the case of EVs, 

the functional unit could be based on the production and use of one vehicle for a 

specific period, such as 10 years, in processes such as in recycling processes, 

functional could be based on the quantity of material recycled in kg/yr. 

In inventory analysis data inputs and outputs of the system is determined. This 

includes the extraction of raw materials, manufacturing of components, assembly of 

the vehicle, operation and use of the vehicle, and the disposal of the vehicle and battery 

at the end of its life. Usually, data on both the energy and material inputs and outputs 

are collected. The environmental impacts associated with the inputs and outputs of the 

system are evaluated in the impact assessment phase. Here, data from the inventory 

analysis phase are used to calculate the environmental impact of each process and the 

overall impact of the system using standardized impact indicators. 
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The interpretation phase of the results of the impact assessment and the comparison 

of the results with other systems, such as ICEVs. This allows for the identification of 

areas for improvement and the development of strategies to reduce the environmental 

impact of the system. Reporting: The final phase of the LCA process involves the 

presentation of the results of the assessment in a clear and concise manner. This 

includes a summary of the goals and scope, a description of the inventory analysis, the 

impact assessment, and the interpretation of the results. The report also includes 

recommendations for reducing the environmental impact of the system. 

 

 
Figure 3.1: Phases/steps in life cycle assessment [85] 

 
In the context of end-of-life of electric vehicle batteries, there are several phases in the 

LCA process [86]. These phases are material extraction and production: This phase 

includes the extraction of raw materials for battery production, vehicle body 

production, and production of electrical and electronic components of the vehicle [87]. 

The energy used in this phase, as well as the emissions generated, are significant 

factors that contribute to the overall environmental impact of the vehicle [28, 87]. The 
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location of the mines, the methods used for extraction, and the energy used in the 

production process all play a role in the life cycle environmental impact of the vehicle. 

Use phase: During the use phase, the battery is used to power the electric vehicle. 

Here, the energy used to charge the battery, the emissions generated during driving, 

and the energy used during the vehicle's other functions are all factors that contribute 

to the overall environmental impact of the battery, also some other factors that are 

often neglected in the use phase LCA of EVs include, way of driving, charging 

infrastructures, climate conditions, and nature of roads [87 – 89]. End-of-life: The 

impact of this phase depends on the methods used for disposal and recycling, as well 

as the energy used in these processes [13, 90]. 

It's worth noting that the end-of-life phase of an electric vehicle battery is a critical 

component of the overall LCA. The battery contains valuable materials that can be 

recycled, and it's essential to ensure that these materials are properly managed and 

recycled to minimize the environmental impact of the battery. The development of 

sustainable and efficient recycling processes is a key area of research and development 

in the field of electric vehicles and batteries and is the subject of this study. 
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Figure 3.2: life cycle phases of electric vehicle batteries [91] 

 
3.2 LCA Study subject and Functional Unit 

 

The subject of LCA studies varies depending on the purpose of the study and the 

audience for whom the study is conducted. In the context of vehicles, it could be about 

the various components of the vehicle or the whole vehicle taken together, and/or the 

phases. Functional unit of the study is selected such that a common base for 

comparison is obtained and maintained throughout the process to eliminate 

ambiguities of any kind that may arise should different units be used especially in 

comparative LCA. However, studies that do not compare the environmental impact 

of alternative products may not need to adhere to this rule if the functional unit chosen 

provides a basis for the functional reference of the product studied. 

In this study, the subject is the battery component end-of-life scenarios obtained in the 

various countries considered. The functional unit of this study is the mass of EVBTs 
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in the market per year (kg/year). The BEV models considered in this study varied from 

country to country. Selection is made based on the three models with the highest 

market share in the respective countries as shown in table 3.1 below. 

Table 3.1 Country specific BEV models considered in the study. 
 
 

Country Car Model 
Battery 

Chemistry 
Battery size(kg) 

2021 
% share 

 Peugeot NMC 340 11.4 

Portugal Renault NMC 326 9.8 
 Tesla LFP 478.1 10.9 
 Fiat NMC 294.3 15.5 

Italy Renault NMC 326 14.9 
 Volkswagen NMC 486 10.6 
 Peugeot NMC 340 12.6 

Greece Tesla LFP 478.1 27 
 Volkswagen NMC 486 15.2 
 Nissan NMC 295 22.2 

Malta Peugeot NMC 340 15.4 
 Volkswagen NMC 486 12 
 Renault NMC 326 10.3 

Spain Tesla LFP 478.1 11.8 
 Volkswagen NMC 486 8 
 BMW NMC 290 28.4 

Turkey Porsche NMC 630 11.9 
 Renault NMC 326 26 

 

 
 

3.3 System Boundary of the Study 

 

This is where the life cycle stages and activities to be included in the assessment are 

identified. In this study the system boundary comprises the end-of-life options of 

managing spent EVBTs which are pyrometallurgy and hydrometallurgy. The Figure 

best illustrates the system boundary as obtained in this study. 

3.4 LCA Study Type and Approach 
 

The type of study conducted and the approach with which it is conducted varies 

depending on the audience and circumstances surrounding the study. It could be an 

academic study – where the study’s targeted audience is the research community to 

contribute to the previous knowledge available in the scientific community, or policy 
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based – to aid in decision making where the audience is the government or policy 

makers, and/or business based – to generate an environmental report about products 

or services rendered by companies and private entities. LCA study could take the 

attributional approach where the lifecycle environmental impact directly caused by a 

product is estimated or consequential approach where the environmental impacts 

caused indirectly by products are evaluated [23]. 

In this study, the approach employed is the combination of both attributional model 

which takes in consideration the environmental impact of the end-of-life options of 

the spent EVBTs from the respective countries considered, and consequential model, 

where the environmental impacts of one end-of-life option is evaluated relative to the 

other. Here, the impact of the two options identified is estimated and compared 

country-wise accordingly. Furthermore, this study is academically motivated and will 

serve many audiences in the scientific community, policy makers, and stake holders. 

3.5 Study Input Data and Life Cycle Inventory Data 
 

The input data and life cycle inventory data used in this study were obtained from 

published articles and scholarly databases. The LCA software used is the OpenLCA 

and Everbatt 2020 model open-source software because they are user friendly and 

opensource. Further information is provided in the appendix of this study. 

3.6 Impact Assessment 

 

As used in this study, impact assessment refers to the evaluation of environmental 

impacts caused by the materials and resources inputs and emissions, materials and 

waste flows out of a system using the data from the life cycle inventory. Here, the data 



31  

 

obtained from the inventory phase was used to estimate the environmental impact of 

the waste EVBTs in the selected countries of study. 

The life cycle environmental impact was evaluated based on the following equation 

[62]. 

 

 
Where EIk represents the environmental impact of or emission of the recycling process, 

mi represents the mass of the material i, eii,k represents the environmental impact of 

1kg of the ith material in GREET, qj represents the amount (MJ) of energy of jth 

energy source consumed in the process, eij,k denotes the GHG emissions for 1 MJ of 

energy of jth energy source in GREET, and Pk represents GHG emissions from raw 

materials combustion or thermal decomposition. 

GHG emissions from combustion process is calculated from [62]: 
 

 

 
 

The emissions from decomposition are estimated based on the stoichiometry of the 

reaction. In this study, thermal decomposition of lithium carbonate (Li2CO3), calcium 

carbonate (CaCO3), and sodium carbonate (Na2CO3). While the combustion emissions 

are also estimated from stoichiometry, the equation below was used to determine the 

emissions of combustion of materials based on their carbon content. 

 

 

Where   𝑃𝐶𝑂2,𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛        
represents   the   process   CO2     emissions   from   material 

combustion, mi represents the mass of ith material that is combusted in the recycling 
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process, and Ci represents the carbon content of the ith material, as summarized in 

Table A4, the emissions loss was incorporated as shown in equation (3) and was 

assumed to be 10% for supercritical CO2 extraction. 

Several methods are available in the literature for conducting impact assessment 

studies. Depending on the method, there are end point and midpoint categories used 

to represent environmental impact of processes or goods. Generally, the impacts are 

estimated using the midpoint indicators which are then translated to endpoint 

indicators. In comparative LCAs, midpoint assessments are usually carried out. Also, 

depending on the audience for which the LCA study is conducted either or both 

methods are used. For technical audience, midpoint indicators are generally used 

whereas endpoint indicators are used for non-technical audience for easy 

understanding and interpretation. The ReCiPe impact assessment method is one of the 

most widely used impact assessment methods in Europe [55]. As shown below, the 

framework of the ReCiPe measures environmental impacts using the midpoint 

indicators and translates them to the endpoint indicators. 
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Figure 3.3: ReCiPe 2016 framework of impact assessment indicators [55] 

 
In this study, the environmental impact of waste EVBTs will be evaluated using the 

midpoint and translated to the endpoint categories for proper representation and to 

serve larger audience. Various EoL options for three most used battery electric 

vehicles in the selected countries will be evaluated according to vehicle battery 

chemistry. 

Study Assumptions 
 

In this study the environmental impact of end-of-life options for six Mediterranean 

countries were evaluated. Three widely used electric car models were selected for each 

country and analysed. 
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CHAPTER FOUR 
 

ENERGY CONSUMPTION, WATER CONSUMPTION, AND GHG 

EMISSIONS OF EoL BATTERY CHEMISTRIES 

 

4.1 Battery Chemistry Types 
 

Different types of battery chemistries are available for electric vehicle use in the 

automotive industry such as lithium-ion batteries (LIBs), lead-acid batteries, nickel 

cadmium batteries (NiCd), and nickel metal hydride batteries (NiMH) [92, 93]. 

Battery chemistries are defined based on their cathode and anode materials. Two 

major battery technologies used in the automotive industry are the nickel metal 

hydride battery and lithium-ion battery. However, lithium-ion batteries are gaining 

momentum in the market because of its comparative advantage over nickel metal 

hydride and other battery types. Studies have shown that LIBs have better charge to 

weight capacity, energy density, and other performance indicators [92 – 94]. 

Compared with lead-acid batteries, lithium-ion batteries have a higher specific energy 

and a greater travel distance as shown in table 4.1. This and several other advantages 

of LIBs makes it very competitive in comparison with other battery technologies [93]. 

Table 4.1 Comparison of different battery types [93] 
 

Battery type 
Specific Energy 

(Wh/Kg) 

Energy Density 

(Wh/L) 

Specific Power 

(W/Kg) 

Lead Acid 35-40 80-90 285 

Nikel Metal 50-70 100-140 200 

Lithium Ions 150-200 250-400 260 
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As can be seen in the table below (table 4.2), LIBs have longer lifecycle, energy 

density, charging and temperature and efficiency when compared to the other battery 

types except for NiMH whose power density is higher than that of LIBs. 

Table 4.2 Battery types and their charging performance [93] 
 
 

 

Battery Type 

Lithium- 

ion 

  battery  

Lead acid 

battery 

NiCd 

battery 

NiMH 

battery 

Life (Cycle) 600- 3000 200- 300 1000 300- 600 

Voltage (V) 3.2-3.7 2 1.2 1.2 

Energy Density 100-270 30-50 50-80 60-120 

Power Density 250-680 180 150 250-1000 

Self-Discharge Rate 3-10 5 20 30 

Charging Efficiency (%) 80-90 50-95 70-90 65 

Charging Temp. 0 to 45 -20 to 50 0 to 45 0 to 45 

Discharging Temp. -20 to 60 -20 to 50 -20 to 65 -20 to 65 

 

 

 

4.3 Lithium-ion based batteries 
 

As the name implies, Lithium-ion batteries are batteries that have lithium content in 

them. They can come in various shapes and sizes, and varying components. They are 

basically classified according to the chemistry of the electrode materials. Examples 

are lithium-cobalt oxide (LCO), lithium-nickel-aluminium oxide (NCA), lithium- 

nickel-manganese-cobalt (NMC), lithium-iron phosphate (LFP), and lithium- 

manganese oxide (LMO) [44, 46 – 52] 

4.4 EoL of Lithium-ion battery chemistries 

 

The end-of-life treatment of batteries are discussed in detail in chapter 2, which entails 

collection transportation, recycling, and disposal of battery waste. Basically, two 

recycling methods stand out in the treatment of spent LIBs namely, pyrometallurgy 
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and hydrometallurgy. These recycling technologies have been in use for treatment of 

lithium-based battery cells. The Figure below shows the system boundary of the EoL 

process of waste LIB recycling using pyrometallurgy and hydrometallurgy. 

 

 

 
 

 
Figure 4.1: System boundary of End-of-Life management process involving hydro 

and pyrometallurgy 

The pyrometallurgical process is a thermo-chemical recycling process used in the 

extraction and treatment of metals, hydrometallurgy uses water as a solvent for metal 

extraction and treatment processes [44]. 

The environmental burden of treatment processes for spent batteries depends on the 

battery chemistry and the recycling technique. Apparently, the recycling technique 

employed depends on the required material/metal to be recovered. Some studies 

posited that hydrometallurgy performed better on environmental fronts when 
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compared to pyrometallurgy [95], however the toxicity of the waste materials 

generated must be given attention to. According to [44], pyrometallurgy consumes 

more energy from electricity than hydrometallurgy, but hydrometallurgy generates 

higher amount of GHG emissions because of other sources of CO2eq emissions. 

4.5 GHG Emissions of EoL of Electric Vehicle Batteries 
 

The GHG emissions of EoL battery chemistries of the countries in study was estimated 

as shown in Table 4.3. From the results it can be seen that in all the countries, for both 

battery chemistries, pyrometallurgical process has the higher GHG emissions when 

compared to the hydrometallurgical process. It should be noted that the GHG 

emissions based on the battery chemistries varied from one country to the other. 

Several factors could be responsible for this; the quantity of battery electric vehicles 

in the country’s market, the mass of the battery pack which varies across the car 

models, and in the cases where these factors are constant, then the recycling method. 

As summarised in Figure 4.2, the percentage GHG emissions according to car models 

shows interesting results. In all the countries considered, pyrometallurgical processing 

of spent EVBTs shows higher GHG emissions than hydrometallurgical processing. 

For Portugal, pyrometallurgy of Tesla batteries contributes about 23.56% of the all the 

GHG emissions obtained by both pyro and hydrometallurgy of the EVBTs in the 

country. 
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Figure 4.2: Percentage GHG emissions of EoL battery chemistry based on car 

models. 

Since Peugeot car model has the largest share in Portugal, larger quantity of the battery 

reached end-of-life and was processed, thus, it shows higher GHG emissions when 

compared to Renault car models despite having same battery chemistry. It is worthy 

to note that while Peugeot has the largest market share in the country, Tesla model 

still showed higher percentage of GHG emissions in both pyrometallurgy and 

hydrometallurgy. This shows the significant impact of battery chemistries in EoL 

processing to GHG emissions. A similar trend is obtained in Turkey, the result depicts 

that for all car models in both process, hydrometallurgy have lower percentage of 

GHG emissions. Importantly, while BMW holds the largest market share of BEVs in 

Turkey, end-of-life management of Renault batteries indicates a higher contribution 
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to GHG emissions in both pyrometallurgy and hydrometallurgy. As expected, in 

Greece, Tesla occupies a large portion of the market, thus has the highest footprint, 

while Peugeot having a lesser market share shows correspondingly a low GHG 

emissions when compared to Tesla and Volkswagen. 
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Figure 4.3: Average percentage of GHG emissions according to car models 

 
The average percentage GHG emissions of the car models is shown in Figure 4.3. 

Analysing the results show that BMW, Porsche, Fiat, and Nissan car models have 

similar average GHG emissions in the pyrometallurgy and hydrometallurgy processes 

respectively, while a discrepancy was observed for other car models. It is important to 

note here that the average market sales share play a role in the average GHG emissions 

of the country. Interestingly, while the Tesla car model does not have a larger sales 

share in all the countries studied, the study depicted that in all the countries studied, 

Tesla’s GHG emissions were the greatest. Certain reasons could have caused this 

namely: the mass of Tesla batteries of individual countries and the total sales share for 

all the countries. As summarised in Figure 4.4, further analysis of the results shows 
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that estimating the average percentage GHG emissions between both processes for all 

the battery chemistries, LFP battery chemistries performed better in pyrometallurgy 

than in hydrometallurgy. This also shows GHG emissions of the end-of-life 

management of electric vehicle batteries varies depending on the battery chemistry 

treated, thus, corroborating the findings of [44]. 

 

 

Figure 4.4: Average percentage GHG emissions according to battery Chemistry 



 

 

 

 

Table 4.3 GHG emissions of EoL of battery chemistries in the studied countries 
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EoL 
Battery 

Chemistry 
Car 

model 
Battery 
Mass 

GHG Emissions by country kgCO2eq/Car Model  

PT SP IT GR MT TR TRNC 

 

 

 

 

 

 
Hydro 

 

 

 

 
NMC 

Peugeot 340 743956279.3 – – 136025804.8 8392610.75 –  

Renault 326 613207306.8 1172520301 4736576891 – – 365626244.5  

Fiat 294.3 – – 4448183385 – – –  

Volkswagen 486 – 1357662436 5023458951 234558782.8 9347919.38 –  

Nissan 295 – – – – 10497174.9 –  

BMW 290 – – – – – 355273448.6  

Porsche 630 – – – – – 323395464.3  

 

LFP 
Gunsel 350 – – – – – –  

Tesla 478.1 1022651999.22 2013796514 – 419030590.9 – –  

Total   2379815585 4543979251 1.4208E+10 789615178.6 28237705 1044295157  

 

 

 

 

 

 
Pyro 

 

 

 

 
NMC 

Peugeot 340 919694903.5 – – 171162369.5 11052146.9 –  

Renault 326 758060185.2 1448224469 5981697008 – – 476193886.9  

Fiat 294.3 – – 5617492518 – – –  

Volkswagen 486 – 1676900571 6343992734 295147212 12310183.5 –  

Nissan 295 – – – – 13823626.9 –  

BMW 290 – – – – – 462710341.2  

Porsche 630 – – – – – 421192256.9  

 

LFP 
Tesla 478.1 1250554984 2458188180 – 520978886.3 – –  

Gunsel 350 – – – – – –  

Total   2928310073 5583313220 1.7943E+10 987288467.8 37185957.3 1360096485  
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4.6 Energy Consumption of EoL Electric Vehicle Batteries 

 

The energy demand of the end-of-life options of electric vehicle batteries according 

to the battery chemistry is presented in Table 4.4 (a &b). In Figure 4.5, the energy 

consumption of EoL options of electric vehicle batteries is presented according to their 

sources. Generally, it is expected that pyrometallurgy which is energy intensive show 

higher energy consumption. However, a contrary result was obtained. 

 

 

 

 

 

 

 

 
Here, it can be seen that energy footprint from hydrometallurgy is the higher than that 

of pyrometallurgy. This is accounted for by the energy consumption of the production 

materials input used in the hydrometallurgy process. More so, some of the battery 

components were burnt for energy in the pyrometallurgy process. The major source 

of energy for both process is natural gas. 

Figure 4.6 summarizes the energy consumption of EoL options in the countries of 

study according to the battery chemistry. Analysing the energy consumption across 
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battery chemistries, the results show that NMC battery chemistries consume more 

energy than LFP batteries in pyrometallurgy, while that of hydrometallurgy was 

observed to be similar. However, in Spain, Hydrometallurgy of NMC batteries was 

observed to be slightly higher than that of LFP batteries. This difference across the 

countries could be accounted for due to the differences in energy mix, as only Spain 

has nuclear source of energy in her energy generation mix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.6: Energy consumption according to battery chemistry 

 
As summarized in Figure 4.7, the percentage distribution of the energy consumption 

by the EoL of battery chemistries is presented according to the countries. The results 

depicted that Tesla car models have the highest energy consumption in both 

hydrometallurgy and pyrometallurgy in the countries where it is present in their fleet. 

Further analysis revealed that, in some countries despite not having the highest market 

sales share, some car models show higher energy consumption. For instance, in Italy 
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Fiat has the highest market share, yet Volkswagen having the least market share shows 

higher energy footprint. Also, in Portugal where Peugeot is obtained as the car model 

with the highest market share has lower energy footprint than Tesla. Several factors 

account for this, such as battery mass and battery chemistry. This is in accordance 

with the findings of [96] which predicted that environmental performance of EoL 

battery processing varies according to the battery chemistry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.7: Energy consumption according car models and countries 
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Table 4.4a Energy consumption of EoL of battery chemistries in the studied countries 
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EoL 

 
Battery 

Chemistry 

 
Car 

model 

 
Battery 

Mass 

MJ/car model 

Portugal Spain Italy 

Non-Fossil Coal Natural Gas Petroleum Non-Fossil Coal Natural Gas Petroleum Non-Fossil Coal Natural Gas Petroleum 

 

 

 

 

 

 

 

 

 
Hydro 

 

 

 

 

 

 
NMC 

Peugeot 340 821794.452 1473536 6963480.052 811138.773 – – – – – – – – 

Renault 326 677365.561 1214565 5739661.008 668582.599 1276696 2324917 10966012.7 1282004.3 5074916 9400932 44360261.54 5153606.5 

Fiat 294.3 – – – – – – – – 4765923 8828542 41659321.25 4839821.5 

Volkswagen 486 – – – – 1478287 2692023 12697557.2 1484434 5382291 9970322 47047046.43 5465746.9 

Nissan 295 – – – – – – – – – – – – 

BMW 290 – – – – – – – – – – – – 

Porsche 630 – – – – – – – – – – – – 

 

LFP 

Gunsel 350 – – – – – – – – – – – – 

Tesla 478.1 1104904.34 1981172 9362413.302 1090577.75 2139988 3905777 18420755.1 2153195.1 – – – – 

   2604064.35 4669273 22065554.36 2570299.13 4894971 8922717 42084325 4919633.4 15223130 28199797 133066629.2 15459175 

 

 

 

 

 

 

 

 

 
Pyro 

 

 

 

 

 

 
NMC 

Peugeot 340 989693.443 731448.7 3844733.749 510456.261 – – – – – – – – 

Renault 326 815756.608 602897.9 3169028.736 420744.495 1394703 1172471 5968225.5 834868.79 5049958 5102137 25992612.75 3303848.6 

Fiat 294.3 – – – – – – – – 4742484 4791486 24410013.99 3102688.8 

Volkswagen 486 – – – – 1614928 1357606 6910614.31 966695.41 5355821 5411160 27566917.25 3503954 

Nissan 295 – – – – – – – – – – – – 

BMW 290 – – – – – – – – – – – – 

Porsche 630 – – – – – – – – – – – – 

 

LFP 

Tesla 478.1 1290320.06 981480.8 5140843.572 682522.913 2234679 1961026 9947734.26 1386458.2 – – – – 

Gunsel 350 – – – – – – – – – – – – 

   3095770.11 2315827 12154606.06 1613723.67 5244309 4491103 22826574.1 3188022.4 15148263 15304782 77969543.98 9910491.4 

 



 

 

Table 4.4b Energy consumption EoL of battery chemistries in the studied countries 
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EoL 

 
Battery 

Chemistry 

 
Car 

model 

 
Battery 

Mass 

MJ/car model 

Malta Turkey Greece 

Non-Fossil Coal Natural Gas Petroleum Non-Fossil Coal Natural Gas Petroleum Non-Fossil Coal Natural Gas Petroleum 

 

 

 

 

 

 

 

 

 
Hydro 

 

 

 

 

 

 
NMC 

Peugeot 340 8484.07626 16417.38 77937.58537 9999.85108 – – – – 142819.8 271913.8 1272292.168 146820.84 

Renault 326 – – – – 382380.6 750216 3395736.26 392753.75 – – – – 

Fiat 294.3 – – – – – – – – – – – – 

Volkswagen 486 9449.79617 18286.13 86809.01411 11138.1076 – – – – 246274.1 468880 2193902.125 253173.41 

Nissan 295 10611.5767 20534.27 97481.5215 12507.4531 – – – – – – – – 

BMW 290 – – – – 371553.4 728973.5 3299585.16 381632.83 – – – – 

Porsche 630 – – – – 338214.7 663564.1 3003519.91 347389.67 – – – – 

 

LFP 

Gunsel 350 – – – – – – – – – – – – 

Tesla 478.1 – – – – – – – – 430349.6 819340.3 3833715.665 442405.74 

   28545.4491 55237.78 262228.121 33645.4118 1092149 2142754 9698841.33 1121776.3 819443.4 1560134 7299909.958 842399.99 

 

 

 

 

 

 

 

 

 
Pyro 

 

 

 

 

 

 
NMC 

Peugeot 340 4955.80906 7903.192 44812.88584 14070.3983 – – – – 118478.7 162306.3 725497.7829 83697.568 

Renault 326 – – – – 323010.5 642368.4 1901493.74 227242.79 – – – – 

Fiat 294.3 – – – – – – – – – – – – 

Volkswagen 486 5519.91567 8802.792 49913.81784 15671.9945 – – – – 204301.1 279876.1 1251026.429 144325.55 

Nissan 295 6198.54727 9885.028 56050.34174 17598.7469 – – – – – – – – 

BMW 290 – – – – 313864.4 624179.6 1847652.48 220808.35 – – – – 

Porsche 630 – – – – 285702 568173.2 1681866.28 200995.66 – – – – 

 

LFP 

Tesla 478.1 – – – – – – – – 349457.2 484095.8 2170948.006 252002.92 

Gunsel 350 – – – – – – – – – – – – 

   16674.272 26591.01 150777.0454 47341.1396 922576.9 1834721 5431012.5 649046.8 672237 926278.2 4147472.218 480026.04 

 



 

 

4.7 Water Consumption of EoL Electric Vehicle Batteries 

 

In every recycling process, water is consumed. The level of water consumption will 

vary from one process to the other depending on the materials used and the processes 

involved. Generally, as the name implies, it is expected the hydrometallurgy processes 

which is based on water, consume more water than pyrometallurgy processes which is 

based on heat. In this study the water demand (consumption) of the two recycling 

processes is estimated and presented in Table 4.5. Figure 4.8 portrays the water demand 

for the two processes and according to the battery chemistry. The result indicated that 

NMC batteries consumes more water than LFP batteries in the pyrometallurgy category 

as evident in Greece, Portugal, and Spain. This is so because energy consumption of 

NMC pyrometallurgy recycling in higher than that of LFP. Meanwhile across all the 

countries, hydrometallurgy have higher water consumption than pyrometallurgy which 

is attributable to the process water used. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Water consumption by chemistry and percentage water consumption by 

process for EoL electric vehicle batteries 

The percentage water consumption of the EoL electric vehicle batteries according to car 

model is shown in Figure 4i. Here, it can be seen that for Portugal, Tesla cars shows 

highest contribution to water consumption, Peugeot is the second highest contributor, 
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while Renault has the least contribution to EoL processing of their electric vehicle 

batteries in both hydro and pyro metallurgy. It is important to note that while Peugeot 

has the highest market share in the country, water demand from Tesla car was more, 

however, as shown in Figure 4.8, LFP battery chemistries have lower water 

consumption when compared to NMC battery chemistries. This could be attributable to 

the mass of Tesla battery packs. This finding suggests that although market shares of 

car models play a role in a country’s environment footprint, the mass/weight of battery 

for car models will also significantly affect the environmental footprint. As larger mass 

means larger material content. Thus, effective battery design becomes imperative as this 

will not only reduce environmental footprint of the models, but it will also increase the 

energy and charge densities and at same time leads to improved battery performance. 

In Turkey, Renault car model was observed to be the highest contributor to water 

consumption, with the second highest being the BMW car model, while Porsche cars 

shows the least contribution to water consumption in both hydrometallurgy and 

pyrometallurgy. Considering the market shares of the different car models in Turkey, 

despite that BMW has the highest sales share, it outperformed Renault car models. 

While Porsche has the least sales share less than 50% of BMW shares, its contribution 

to water consumption is similar to that of BMW with a percentage difference of 9.4% 

in both hydrometallurgy and pyrometallurgy. Thus, implying that with greater sales 

share, BMW has the best water footprint when compared to Renault and Porsche car 

model in Turkey. 



 

 

 

 

Table 4.5 Water consumption of EoL of battery chemistries in the studied countries 
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EoL 
Battery 

Chemistry 

Car 

model 

Battery 

Mass 

Water Consumption in gallon per car model 

PT SP IT GR MT TR 

 

 

 

 
 

Hydro 

 

 

 
NMC 

Peugeot 340 1322258.8 – – 238347.5 14437.36633 – 

Renault zoe 326 1089874.2 2066707 8299877 – – 638953.6 

Fiat 294.3 – – 7794527 – – – 

Volkswagen 486 – 2393042 8802579 410999.2 16080.73347 – 

Nissan 295 – – – – 18057.73722 – 

BMW 290 – – – – – 620861.5 

Porsche 630 – – – – – 565152.8 

LFP 
Gunsel 350 – – – – – – 

Tesla 478.1 1777779.64 3469991 – 718197 – – 

Total   4189912.6 7929741 24896983 1367544 48575.83702 1824968 

 

 

 

 
 

Pyro 

 

 

 
NMC 

Peugeot 340 528634.21 – – 72360.12 3060.028603 – 

Renault zoe 326 435727.7 678002.3 2565332 – – 211218.7 

Fiat 294.3 – – 2409138 – – – 

Volkswagen 486 – 785059.5 2720707 124775.6 3408.343547 – 

Nissan 295 – – – – 3827.373437 – 

BMW 290 – – – – – 205238 

Porsche 630 – – – – – 186822.4 

LFP 
Tesla 478.1 688629.58 1088079 – 212461.3 – – 

Gunsel 350 – – – – – – 

Total   1652991.5 2551141 7695177 409597 10295.74559 603279 
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Figure 4.9: Percentage water consumption of the EoL electric vehicle batteries by 

countries and car models 

Analysing the results obtained for Italy as portrayed in Figure 4.9, Volkswagen car 

model was observed to have the highest contribution to water consumption. In Italy, 

Fiat has a market share of 15.5%, Renault 14.9%, and Volkswagen 10.6%. With the 

highest market sales share, Fiat still performed better than Volkswagen and Renault. 

Further analysis showed a percentage difference of 12.15% was observed between the 

Volkswagen car model and the Fiat car model. This is so because Volkswagen cars have 

high battery mass/weight when compared to Fiat car models, implying that an efficient 

and robust battery design is necessary to achieve a better performance. 
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Using the data for Spain, the water consumption of battery EoL options for different car 

models in Spain was obtained and summarised in Figure 4.9. Here, it can be seen that 

Tesla having the highest market shares shows a corresponding high contribution to 

water consumption. However, Volkswagen with the least market shares shows a higher 

water consumption than that of Renault. Comparing, Tesla and Renault car models 

shows 13.57% and 46.44% percentage differences in their market shares and water 

consumption, respectively. While a comparison between Volkswagen and Renault 

shows 25.14% and 14.64% percentage differences in their market shares and water 

consumption, respectively. This indicates that Renault and Volkswagen have the best 

performance in water footprint of battery EoL options across the two processes 

investigated. 

Similarly, the water footprint of electric vehicle battery EoL options was obtained for 

Malta. As summarised in Figure 4.9, the Nissan car model shows a higher contribution 

when compared to other car models obtained the country. This result corresponds to the 

market shares of the relevant car models understudied, except in the case Volkswagen. 

Although Volkswagen has the least market share, it shows a higher contribution to water 

consumption in both hydrometallurgy and pyrometallurgy. 

In Greece, the results show that Tesla cars have the highest water footprint, with 

Volkswagen as the second most contributor to water consumption, and Peugeot as the 

least contributor to water consumption. This is in consonance with the market shares of 

EV cars in Greece as Tesla cars are the dominating car model in the country. However, 

analysing further the performance of the three car models shows that the percentage 

differences in market shares between Tesla and Peugeot is 72.73%, between Tesla and 

Volkswagen is 55.92%, and between Volkswagen and Peugeot is 18.71%. While the 
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percentage differences in water consumption between Tesla and Peugeot is 98.38%, 

between Tesla and Volkswagen is 52.00%, and between Volkswagen and Peugeot is 

53.18%. This indicates that although Tesla had the highest water footprint, it still 

performed better than Volkswagen, while Peugeot outperformed both Tesla and 

Volkswagen. 

4.8 Normalization and Weighting 
 

The data summarised in Table 4.3, Table 4.4 (a&b), and Table 4.5 were normalized to 

obtain a more accurate representation of the results. Figure 4.10 depicts the normalized 

result for GHG emissions of EoL EVBTs according to different car models in the 

respective countries of study. Here, across similar models in different countries, it is 

observed that they have similar carbon footprint. For example, the carbon footprint of 

Volkswagen car batteries in Italy is 775.07 tons of CO2 eq, in Spain it is estimated as 

776.6 tons of CO2 eq, and in Malta as 780.62 tons of CO2 eq. this show a fair distribution 

of GHG emissions of hydrometallurgy of Volkswagen car batteries across the countries. 

The little discrepancies obtained is attributable to the variation in the energy generated 

mix of the countries. Considering pyrometallurgy of the car batteries, similar results are 

also obtained. For instance, for Peugeot cars the carbon footprint was obtained as 667.97 

tons of CO2 eq and 681.88 tons of CO2 eq in Portugal and Greece respectively. Similarly, 

the discrepancy between is attributed to the variation in energy mix of the countries. 
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Figure 4.10: Normalised GHG emissions according to car models 

 
Figure 4.11 depicts the normalised results obtained for energy consumption of 

hydrometallurgy and pyrometallurgy of EoL EVBTs. Hydrometallurgy of Tesla car 

batteries consumes 9,329.88 MJ, 9,319.66 MJ, and 9,312.61MJ of energy in Portugal, 

Greece, and Spain respectively. This shows an evenly fair distribution across the 

countries. The little differences observed is due to the variation in the energy mix of the 

countries. Similar trend was observed in the pyrometallurgy of Tesla car batteries across 

the countries. In Portugal it was estimated as 5,578.45 MJ, in Greece: 5,492.32 MJ, and 

in Spain:5,432.96 MJ. As is expected the variations in the country’s energy mix played 

a significant role in the discrepancies observed across the countries. However, it is 

worthy of note that although these differences exist, the interval is minimal, thus 

validating the results of the study. 
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Figure 4.11: Normalised energy consumption according to car models 

 
As summarized in Figure 4.12, the normalised water consumption of EoL EVBTs is 

shown. Considering Pyrometallurgy of Renault car batteries, water footprint of 966.96 

litres, 1036.80 litres, and 1028.62 litres were observed in Italy, Turkey, and Spain 

respectively. The results depict minimal discrepancies across the countries which is 

attributed to the energy mix of the countries. A similar trend was obtained in the 

hydrometallurgy of Renault car batteries in the same country. 
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Figure 4.12: Normalised water consumption according to car models 

 
Figure 4.13 depicts the result of further analysis of the normalised data. Here, three car 

models were used to assess the trend in water footprint across the countries. It is 

observed that for each car model, similar results were obtained across the countries 

verified. The little discrepancy obtained is accounted for by the energy mix of the 

country. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.13: Sensitivity of water consumption across the countries 
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The results obtained showed that environmental impact varied according to the battery 

chemistry, car model and countries. Averagely, LFP batteries performed better than 

NMC in pyrometallurgy than in hydrometallurgy, while in hydrometallurgy, the reverse 

is the case. The study also revealed that Peugeot cars had the lowest GHG emissions 

compared to other car models evaluated despite having high market shares in some 

countries. This suggests the need for design by sustainable for electric vehicle battery 

systems. The energy consumption results revealed that hydrometallurgy of EoL electric 

vehicle batteries consumes more energy than pyrometallurgy contrary to popular 

opinions of researchers who posited that pyrometallurgy had higher energy demand. 

This is explained by the scenario and processes considered in the study. Here, some 

components of the battery packs were burnt up in pyrometallurgy to provide energy for 

the process, thus reducing the quantity needed for input. More so, energy consumption 

from natural gas is higher for hydrometallurgy because the energy consumption of the 

production of the raw materials needed for hydrometallurgy processing was considered. 

Hydrometallurgy is observed to have higher water footprint compared to 

pyrometallurgy because more water is consumed in hydro than in pyro. This is explained 

by the water consumption in the production of the raw materials needed in the process 

and the process water demand. Overall, the normalised results show similar trend in the 

GHG emissions, energy demand and water consumption across the countries, with little 

discrepancies as a result of the difference in their energy mix, thus, validating the results 

of the study. 
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CHAPTER FIVE 

 

LIFE CYCLE IMPACT OF END-OF-LIFE ELECTRIC VEHICLES IN THE 

ECOSYSTEM, HUMAN HEALTH, AND RESOURCES DEPLETION 

This chapter presents and discusses the ecosystem impacts of EoL of spent electric 

vehicles. The assessment was conducted using the OpenLCA software. Life cycle 

inventory data used in this study was obtained from published research and included in 

the appendix section of this report. In this study, the average European energy mix was 

assumed for all countries. The market shares of car models in the countries under study 

obtained in chapter 2 were incorporated into the life cycle assessment. Indices such as 

climate change, land occupation, ecotoxicity, resources depletion, photochemical 

oxidation, ozone depletion, human toxicity, particulate matter formation, acidification, 

and ionizing radiation were used to estimate the life cycle environmental impact of EoL 

electric vehicle batteries. The functional unit employed in this study is the amount of 

spent electric vehicle battery in each country based on car model and battery chemistry. 

5.1 Climate change potential of EoL electric vehicle batteries 
 

The impacts of EoL treatment of spent electric vehicle batteries is shown in Figure 5.1. 

Here, the climate change potential of the two processes considered are presented. The 

results revealed that hydrometallurgy of spent EVBTs contribute more to climate 

change when compared to pyrometallurgy of same spent battery. For instance, as 

summarized in Figure 5.1, the hydrometallurgy of Peugeot cars has a climate change 

potential of about 1255.57 kgCO2 – eq, while that of pyrometallurgy possess a potential 

of 1013.66 kgCO2 – eq. This same trend is observed in other car models. This implies 

that with pyrometallurgy, climate change effects such as global warming, drought, 

forest fires, crop yield, and loss of biodiversity will be considerably reduced when 
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compared to hydrometallurgy. As supported by [107 – 110] reducing climate change 

potential will cause a corresponding decrease in its effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.1: Climate change potential of EoL electric vehicle batteries 

 
5.2 Ecotoxicity Potential of EoL Electric Vehicle Batteries 

 

Figure 5.2 depicts the freshwater, marine and terrestrial ecotoxicity potential of 

hydrometallurgy and pyrometallurgy of EoL electric vehicle batteries. Higher potentials 

of ecotoxicity are observed in freshwater and marine compared to terrestrial ecotoxicity. 

For instance, for the Renault car model, pyrometallurgy of the batteries showed a 
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freshwater ecotoxicity potential of about 141.69 kg 1,4-DCB-eq, marine ecotoxicity of 

about 125.10 kg 1,4-DCB-eq, and terrestrial ecotoxicity of about 0.17 kg 1,4-DCB-eq. 

More so, pyrometallurgy of EoL electric vehicle batteries shows high potential than 

hydrometallurgy. Thus, comparing both processes, hydrometallurgy shows lower levels 

of ecotoxicity which could lead to a reduced exposure to ecological toxicity that would 

affect the ecosystem leading to loss in biodiversity and reduced crop yield while 

threatening the leisure that freshwater provides [101, 102]. Among the car models 

evaluated, BMW, Fiat, Nissan cars shows lower potentials to cause ecological toxicity 

in both pyrometallurgy and hydrometallurgy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.2: Ecotoxicity potential of EoL electric vehicle batteries 
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5.3 Eutrophication potential of EoL Electric Vehicle Batteries 

 

As demonstrated in Figure 5.3, the eutrophication potential of EoL of different car 

models shows that pyrometallurgy possess higher impact in marine eutrophication 

compared to hydrometallurgy, implying that with hydrometallurgy, a decreased impact 

in marine eutrophication is observed. With increased levels of nutrients such as nitrogen 

and phosphorus which the indicators for eutrophication, there is an increased level of 

animal and plant growth in the aquatic ecosystem. Some of these growths (such as agal 

bloom) could lead to increased level of aquatic toxicity rendering the water bodies not 

useful for human consumption, extinction of desirable aquatic species in the water 

bodies and bloom of less desirable ones, coral bleaching, ecosystem imbalance, and 

reduced aesthetic and economic value of the water body [103, 104]. 

 

 

Figure 5.3: Eutrophication impacts of EoL electric vehicle batteries 
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5.4 Land Occupation Impacts of EoL Electric Vehicle Batteries 

 

The land use impacts in terms of agricultural and urban land occupation are shown in 

Figure 5.4 below. Pyrometallurgy of EoL electric vehicle batteries shows higher impact 

in both agricultural and urban land occupation. While large areas of agricultural land 

are occupied compared to urban lands for each vehicle model in pyrometallurgy, similar 

trend is observed in hydrometallurgy. This is because of the impact from production and 

use of sodium hydroxide and lithium carbonate in both processes. 
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Figure 5.4: Land occupation impacts of EoL electric vehicle batteries 
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when considering emerging technologies such as battery recycling technologies and 

plant commissioning across the globe. 

5.5 Photochemical Oxidant Formation (POF) and Particulate Matter Formation 

(PMF) Potential of Eol Electric Vehicle Batteries 

 

NOx in combination with VOCs from the EoL processes form photochemical oxidants 

in the atmosphere and particulate matter. Figure 5.5 shows the results of lifecycle 

analysis of electric vehicle batteries at their end-of-life using the POF and PMF impact 

indicators. Here, for each car model, higher impact is observed in pyrometallurgy than 

in hydrometallurgy for both impact indicators. Photochemical reaction of NOx and 

VOCs has been linked to generation of surface-level ozone, smog, and other particulates 

which adversely impacts plants and animals [108, 109]. Hydrometallurgy shows lower 

photochemical oxidant formation, hence supports the United States Environmental 

Protection Agency concerns regarding formation of photochemical oxidants [108]. 

Therefore, with hydrometallurgy, the consequences of this impact such as eye irritation, 

cardiovascular diseases, neurological problems, irritation of the respiratory organs, and 

with a long-term exposure, death [110 – 115], is low. Particulate matter formation has 

been shown to pose certain health and environmental hazards. Studies have linked a 

long-term exposure to particulate matter to high mortality rates [91]. It is worthy to note 

that with lower levels obtained in hydrometallurgy, higher air quality is maintained 

leading to a sustainable environment and lower mortality rate. Porsche car model shows 

the highest potential for POF and PMF formation in both hydrometallurgy and 

pyrometallurgy, while BMW model shows the least potential in both indices in 

hydrometallurgy and pyrometallurgy, despite having same battery chemistry. It is 

therefore important to consider sustainability in future electric vehicle battery designs. 
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5.6 Human Toxicity and Ozone Depletion Impact of EoL Electric Vehicle Batteries 

 

Chemical transformations in the ecosystem causing human toxicity and ozone depletion 

are assessed using the human toxicity and ozone depletion impact indicators. As 

summarised in Figure 5.6, Porsche car model shows the highest potential for human 

toxicity and ozone depletion. Across the vehicle models, a comparison between the two 

EoL processes shows that while higher potential was observed in pyrometallurgy for 

human toxicity, hydrometallurgy shows higher potential in ozone depletion. This is so 

because of CFC-11-eq emissions associated with energy from natural gas. According to 

literature, human toxicity potential of electric vehicles is above 200% that of 

conventional cars because of the heavy metals used in the battery design [116, 117]. 

With hydrometallurgy, lower potential to cause human toxicity is observed leading to 
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reduced exposure to cancer causing emissions. However, in the ozone impact indicator, 

it is observed that pyrometallurgy performed better than hydrometallurgy with lower 

potential. Reduced ozone depletion impacts signify a reduction in the associated 

hazards, such as skin cancers, weak immune system, decreased agricultural yield, and 

disruption of aquatic life [97, 118, 119]. Thereby supporting the Montreal Protocol on 

mitigating the global ozone depletion [120 – 122]. It is worthy to mention that some of 

the emissions classified as CFC – 11-eq have the potential to cause global warming, 

thus a reduction in this will ultimately have a considerable impact in climate change 

mitigation [123 – 126]. 

 

 

Figure 5.6: Human toxicity and ozone depletion impact of EoL electric vehicle 

batteries 
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5.7 Ionizing Radiation Potential of EoL Electric Vehicle Batteries 

 

Figure 5.7 depicts the ionizing radiation potential of electric vehicle batteries 

EoL processes. Ionizing radiation has several health and environmental impacts such as 

cancers, hereditary diseases, morphological changes in the reproductive system of 

aquatic life, and damages to the human DNA [127 – 129]. 
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Figure 5.7: Ionizing radiation potential of EoL electric vehicle batteries 

 
Pyrometallurgy of spent electric batteries shows higher potential for ionizing radiation 

compared to hydrometallurgy as can be seen across vehicle models, although with a 

slight difference. It is worthy to mention that approaches that pose lower risks to 

ionising potential is preferred due to the potential impact in the ecosystem. Thus, with 

a reduced exposure, certain environmental and health hazards are reduced promoting 

and maintaining a balanced and sustainable environment. 
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5.8 Resources Depletion Potential of EoL Electric Vehicle Batteries 

 

As summarised in Figure 5.8, resources depletion is categorised into water depletion, 

fossil depletion, and metal depletion. Here, higher potentials to resources depletion are 

observed in fossil depletion indicators in both pyrometallurgy and hydrometallurgy, 

while least impact is seen in water depletion. Hydrometallurgy of EoL batteries shows 

a reduced potential for fossil depletion when compared to pyrometallurgy. Showing that 

with it, greenhouse gas emissions associated to fossil consumption is reduced causing a 

corresponding decrease in climate effects. 

 

 

Figure 5.8: Resources depletion potential of EoL electric vehicle batteries 

 
More so, a sharp difference is observed in metal depletion between the two EoL 

processes. With hydrometallurgy, a 75% reduction is observed thanks to higher 
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recovery efficiency. This implied a reduced depletion of earth’s resources. Higher 

demand for metal resources have been recorded due to its role in technology 

advancement and development, especially in the move towards energy transition to 

renewable sources [45, 130, 131]. Researchers have suggested that there is a possibility 

of exhausting these resources since they are non-renewable and increased financial 

stress [132 – 135]. With higher recovery efficiency offered by hydrometallurgy, circular 

economy is supported and there is a reduction in demand for the critical raw materials 

used in battery production, and a corresponding reduction in exploitation of mineral and 

metal resources. Worthy of mention is the fact that while hydrometallurgy offers higher 

recovery efficiency for metals, its water depletion potential is higher than that of 

pyrometallurgy because of higher water consumption in the process. 

In this chapter the performance of EoL of electric vehicles using the indices provided 

by the ReCiPe method was assessed. The result indicates that pyrometallurgy showed 

higher potential to environmental impact in ecotoxicity, land occupation, 

eutrophication, ionising radiation, fossil and metal depletion, human toxicity, 

photochemical oxidant formation, and particulate matter formation. While 

hydrometallurgy showed higher potential in climate change and ozone depletion 

potential. The reduction in these indices achieved by hydrometallurgy shows that with 

it, lesser impact is seen on human health, ecosystem, and resources depletion. Thus, the 

ripple effects of climate change, biodiversity loss, reduced agricultural yield, and global 

warming are mitigated and substantially, the ecological sustainability is enhanced. 
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CHAPTER SIX 

 

TECHNO-ECONOMIC ASSESSMENT OF END – OF – LIFE ELECTRIC 

VEHICLE BATTERIES 

This chapter presents the techno-economic assessment of the EoL of LIBs in the 

considered geographical context. Here, the economic analysis of pyrometallurgy and 

hydrometallurgy of spent electric vehicle batteries is reported. 

Generally, when EVBTs end their useful life and can no longer be used in the EVs, 

about 80% of their capacity is still available for use in the secondary energy storage 

device or repurposing, recycling, or disposal. With 80% battery capacity, recycling 

materials proves beneficial. However, due to a lack of technology and economic 

efficiency, these potential benefits have yet to be maximized for LIBs [63]. 

Environmental factors such as GHG emissions, energy consumption, and water 

consumption of the EoL recycling of EVBTs have been considered in previous chapters. 

Although hydrometallurgy performed better on environmental fronts, it is insufficient 

to use only ecological indicators as the sole decision aid in the sustainability assessment 

of recycling processes. Therefore, incorporating techno-economic assessment becomes 

imperative. 

6.1 Recycling Cost 

 

The recycling cost model used in this study was adapted from BatPac of Everbatt [62]. 

Here, recycling cost is estimated as the sum of direct, indirect, working capital, and 

product costs. These cost models are explicitly shown in Table B1. The equipment cost 

and power rating coefficients are also shown in Table B2. This study assumes the 

following equipment for generic hydrometallurgy and pyrometallurgy processes. 
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Table 6.1 Equipment used in the EoL processing of EVBTs [62] 
 
 

S/N Equipment Type Hydro Pyro 

1 Hopper bottom, bolted, carbon steel, 5000 ft3 bin volume ✓ ✓ 

 

2 
 

Conveyor 
 

belt, open, short, 42-inch wide, 100 ft long 
 

✓ 

 
✓ 

 

3 Smelter 
incinerator, rotary kiln, hazardous feed material, 

atmospheric pressure 

 

4 
Gas treatment top torch, water quench, and bag house ✓ ✓ 

 

5 
Granulator agglomerator, disk with motor, stainless 304 ✓ ✓ 

 

6 
Crusher gyratory crusher ✓ 

 

7 
Calciner Incinerator, cylindrical, low-hazard feed material ✓ 

 

8 
Froth flotation 

cell 
Reactor, jacketed and agitated, stainless 304, 

atmospheric to 25 psi 
✓
 

 

9 Leaching tank 
Reactor, mixer/settler, stainless 304, atmospheric to 

25 psi 

 

10 
Filter press filter, plate and frame, 200 ft2 filter area, stainless 304 ✓ ✓ 

 

11 
Precipitation 

tank 
Reactor, mixer/settler, stainless 304, atmospheric to 

25 psi 
✓ ✓

 

 

12 
 Density 

separator 
 

cyclone separator, heavy-duty ✓ 

 

13 
 Solvent 
extraction unit 

 

Reactor, mixer/settler, stainless 304, atmospheric to 25 psi ✓ ✓ 

 

14 
Dryer steam tube dryer, class II, 304 stainless steel ✓ 

 

15 
Wheel loader diesel-fueled ✓ ✓ 

 

16 
 Water 
treatment 

 

Water treatment unit ✓ ✓ 

 
 

The cost of direct labour was assumed to be $20 per hour, and utilities and waste disposal were 

assumed as follows. 

✓ 

✓ ✓ 
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Table 6.2: Cost of utilities [62] 
 
 

Utility Cost 

Water $0.0013 per Litre 

Electricity $0.068 per kWh 

Wastewater discharge $0.0018 per Litre 

Natural gas $7.63 per MMBTU 

Landfill $55.36 per ton 

 

 

 

To estimate the equipment cost, the operating conditions of the recycling plants the 

study assumed a continuous process with an operating time of 20 hours per day and 320 

days per year, a life span of 10 years, 10,000 tons throughput, and a 15,000 tons plant 

capacity. Combining these parameters with the cost model equation developed by 

Everbatt [62], the energy rating and cost of the equipment used in the recycling 

processes were estimated. 

Cost model: 

Cost = (s × Dt) × 𝑎𝑑𝑗 6.1 

Where s and t are cost coefficients, D is the plant capacity (tons/hr), and adj is used to 

convert the cost to 2019$ 

Energy rating curve: 

ER (kWh) = d × Dx + y 6.2 

Where d, x, and y are energy rating coefficient for specific equipment. 
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6.1.1 NMC battery recycling cost 

 

The cost of recycling NMC electric vehicle batteries is shown in Figure 6.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.1: NMC battery recycling cost according to EoL process 

 
Here, hydrometallurgy of NMC batteries costs lower than pyrometallurgy. As evident 

in the cost coefficient of the equipment, although more equipment is required in 

hydrometallurgy processing, the s factor for smelter alone is very high compared to 

the s factors of other hydrometallurgy equipment. As summarized in Figure 6.2, the 

cost breakdown of the recycling process shows that in the categories of other direct 

cost, depreciation, other fixed cost, plant overhead, and general expenses, 

pyrometallurgy costs are higher than hydrometallurgy. It worthy to note that cost 

estimates are functions of the equipment cost and total product cost as shown in Table 

B1. Further analysis of the results depicted that the cost of materials for 

hydrometallurgy recycling is 253% of the material cost for pyrometallurgy. This is 

because hydrometallurgy requires more materials than that of pyrometallurgy. The list 

of material and energy input for both processes is shown in Table A1. 
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Figure 6.2: Breakdown of NMC battery recycling cost according to EoL process 

 
6.1.2 LFP battery recycling cost 

 

The cost of recycling LFP electric vehicle batteries is presented in Figure 6.3. 

Analyzing the data shows that like NMC batteries, pyrometallurgy of LFP costs higher 

than that of hydrometallurgy. Also, this is attributable to the capital investment cost 

and manufacturing cost. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.3: LFP battery recycling cost according to EoL process 
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Figure 6.4 depicts the breakdown of the recycling cost of LFP batteries according to 

the EoL process. Although similar results were obtained for both NMC and LFP, the 

battery fee for LFP is interestingly negative. This means that recyclers are paid $ 2.00 

for every kg of LFP batteries recycled, while for NMC batteries an extra fee of $ 0.2 is 

charged per kg of recycled batteries. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.4: Breakdown of LFP battery recycling cost according to EoL process 

 
6.2 Recycling Revenue 

 

The revenues derived from recycling EoL EVBTs were estimated based on the market 

price of the recovered materials. The following equation was used to estimate the 

revenue generated from recycling NMC and LFP electric vehicle batteries. 

𝑅𝑒𝑣𝑒𝑛𝑢𝑒 = ∑ 𝑚𝑗 × 𝑢𝑝𝑗 
𝑗 

 

 

Where mj is the mass of the jth material recovered in the process, and unit price of the 

corresponding jth material. 
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6.2.1 NMC battery recycling revenue 

 

Figure 6.5 depicts the revenue generated from recycling NMC batteries. As can be seen, 

hydrometallurgy of NMC batteries generates more revenue when compared to 

pyrometallurgy. 

 

 

 
   

    

   

   

 

 

 

 

Figure 6.5: Recycling revenue of NMC electric vehicle batteries 

 
As summarized in Figure 6.6, the distribution of the revenue generated to the materials 

recovered is shown. Here, more components are recovered through hydrometallurgy as 

compared to pyrometallurgy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: Distribution of recycling revenue of NMC electric vehicle batteries 
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$1.24 
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6.2.2 LFP battery recycling revenue 

 

The revenue generated by recycling LFP batteries is depicted in Figure 6.7, here, only 

copper is recovered in pyrometallurgy, while in hydrometallurgy copper and other 

components are recovered. Thus, making it more economically beneficial compared to 

pyrometallurgy. 
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Figure 6.7: Revenue from (a) pyrometallurgy (b) hydrometallurgy of LFP batteries 

 
Further analysis reveals that NMC battery recycling possesses more economic benefits 

compared to LFP batteries. And in general, hydrometallurgy of NMC batteries proves 
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and the recovery of lithium carbonate, graphite, aluminum, and Mn2+ in the product 

stream [44]. 

In this chapter, the techno-economic analysis of the EoL electric vehicle batteries 
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hydrometallurgy is observed to be about 235% that of pyrometallurgy. For LFP 

batteries, results similar to NMC is obtained, however, the total cost of recycling LFP 

batteries is 50% less than that of NMC because of the incentives the recyclers receive 

for recycling LFP batteries. In the revenue analysis, the result demonstrated that 

hydrometallurgy possesses higher economic benefit compared to pyrometallurgy 

because of the recovery rate of the battery components. While some components are 

burnt for energy in pyrometallurgy, they are recovered in hydrometallurgy. 
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CHAPTER SEVEN 

CONCLUSION 

This study investigated the life cycle environmental and techno-economic analysis of 

EoL electric vehicle batteries form six countries in the Mediterranean region using the 

GREET model, ReCiPe impact indicators, and BatPac cost model. 

The lifecycle environmental impact and techno-economic analysis of EoL electric 

vehicle batteries have been presented. It worth mentioning that each recycling process 

analysed have their pros and cons. In selecting the EoL process for spent electric 

batteries, the battery chemistry should be considered. Out of the 17 impact indicators 

assessed, pyrometallurgy showed higher impact in 14 of them, thus, it can be said that 

hydrometallurgy performed better than pyrometallurgy in environmental impacts. In the 

revenue analysis, the result demonstrated that hydrometallurgy possesses higher 

economic benefit compared to pyrometallurgy because of the recovery rate of the 

battery components. 

During the course of this study certain limitations such as data availability was 

encountered. It is important to note to that availability of data plays a crucial role in in 

research studies. Therefore the study suggests that certain comp[any information that 

do not violate the ethics of the company should be made available to researchers for a 

more representative and accurate study. 
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APPENDIX A 

 

PROCESS CALCULATION 

 
A.2 Materials and Energy Input 

 

The materials and energy input and the assumptions made in this study are outlined 

thus. 

Table A1: Material and energy input for a 1kg spent battery recycling [66, 136, 137] 
 
 

Material (kg) Hydrometallurgy Pyrometallurgy 

Hydrochloric Acid 0.012 0.21 

Hydrogen Peroxide 0.366 0.06 

Sand ---- 0.15 

Sulfuric Acid 1.08 ---- 

Limestone ---- 0.30 

Soda Ash 0.02 ---- 

Sodium Hydroxide 0.313 ---- 

Water (L) 3.785 ---- 
 Energy consumption (MJ)  

Diesel 0.6 0.6 

Natural gas 1.0 1.0 

Electricity 0.125 0.125 

 

 

 

The diesel consumption is assumed for wheel loaders used around the plant, so its 

consumption does not vary according to recycling process. 

As summarized in Table A2, the fate of battery components for hydrometallurgy and 

pyrometallurgy shows that while some of them are recycled, others are burned for 

energy as assumed in Everbatt [62]. 

Table A2: Material’s fate in the EoL process 
 

Material Pyrometallurgy Hydrometallurgy 

Active cathode materials Recycle Recycle 

Graphite Burn for energy Recycle 

Copper Recycle Recycle 

Aluminum Landfill Recycle 

Fe Recycle Recycle 
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Plastics Burn for energy Burn for energy 

Electrolyte Burn for energy Burn for energy 

Carbon black Burn for energy Landfill 

PVDF Burn for energy Landfill 
 

 

 

The recovery efficiency of materials for hydrometallurgy and pyrometallurgy is 

shown in Table A3. 

Table A3: Percentage recovery for EoL process [62] 
 

Material Pyrometallurgical Hydrometallurgical 

Copper 90% 90% 

Aluminum  90% 

Graphite  90% 

Plastics  50% 

Li+ in product  90% 

Co2+ in product 98% 98% 

Ni2+ in product 98% 98% 

Mn2+ in product  98% 

 

 
A.2 Emission Calculations 

 

The process emission was estimated based on carbon content of the battery 

components as shown below. 

Table A4: Percentage carbon content by mass of battery components [62] 
 

  
Graphite 

Carbon 

black 

 
Plastics 

 Electrolyte 

solvents 
 

PVDF 

  PP PET PE EC DMC  

Carbon content 

by mass 
100% 100% 86% 63% 92% 41% 40% 36% 

 
PVDF: polyvinylidene difluoride; EC: ethylene carbonate; DMC: dimethyl carbonate; PP: 

polypropylene; PE: polyethylene; PET: polyethylene terephthalate 
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A.3 Process Equipment 

 

The equipment assumed for the two recycling processes considered in this study are 

outlined below. 
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APPENDIX B 

 

COST CALCULATION 

 
B.1 Cost model for the EoL of EVBTs 

 

The cost model of EoL EVBTs considered in this study was adapted from the 

product cost model and modified to represent recycling processes. The modified 

recycling cost model is shown in Table B1. 

Table B1: Cost model for the EoL of EVBTs [62] 
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B.2 Equipment Costing 

 

The cost of equipment for the considered EoL processes were adapted from public 

databases, literature, and some engineering handbooks [61, 137 – 142]. Everbatt’s 

cost model and energy rating curve (equations 6.1 and 6.2) was used to estimate the 

total cost of the equipment. This study also assumed that for every equipment there 

are at least two of them used in the process [62]. 

Table B2: Equipment cost and power rating coefficient. [62, 137 – 142] 
 

Cost coefficient 
 

Power rating coefficient 

Equipment    

 s t adj d x y 

Hopper 38,700 0 1.0545 15 0 0 

 

Conveyor 
 

102,600 
 

0 
 

1.0545 
 

15 
 

0 
 

0 

 

Smelter 
 

6,137,979 
 

0.48 
 

1.0545 
 

0 
 

0 
 

0 

 

Gas treatment 
 

3,000,000 
 

0 
 

1 
 

1,000 
 

0 
 

0 

 

Granulator 
 

29,902 
 

0.6671 
 

1.0545 
 

1.361 
 

1 
 

-0.5806 

 

Crusher 
 

106,512 
 

0 
 

1.0545 
 

75 
 

0 
 

0 

 

Calciner 
 

1,313,832 
 

0.512 
 

1.0545 
 

5,861 
 

1 
 

0 

 

Froth flotation cell 
 

131,410 
 

0.5301 
 

1.0545 
 

75 
 

0 
 

0.5301 

 

Leaching tank 
 

473,892 
 

0.4481 
 

1.0545 
 

15 
 

1 
 

0 

 

Filter press 
 

173,000 
 

0 
 

1.0545 
 

15 
 

0 
 

0 

 

Precipitation tank 
 

473,892 
 

0.4481 
 

1.0545 
 

15 
 

0 
 

0 

 

Density separator 
 

2,760 
 

0.96 
 

1.511 
 

75 
 

0 
 

0 

Solvent extraction 

unit 

 
473,892 

 
0.4481 

 
1.0545 

 
15 

 
1 

 
0 
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Dryer 591,236 0.6 1.511 729 1 0 

 

Wheel loader 
 

150,000 
 

0 
 

1 
 

0 
 

0 
 

0 

 

Water treatment 
 

1,000,000 
 

0 
 

1 
 

1,000 
 

0 
 

0 

 

 

B.2.1 Hopper Costing 

 

Hopper is used to hold the battery before transferring it to a conveyor. The type of 

hopper considered in this study is a hopper with bottom, bolted, carbon steel, 5000 

ft3 bin volume, and design capacity, D, as 1.2 tonnes/hr. The s factor as obtained 

from Matche is $38,700 as at 2014-dollar rate. Using the cost model of equation 6.1 

and applying the cost coefficient from Table B2, the cost of the equipment was 

estimated as follows: 

Cost (2019$) = s*D^t*adj 

Cost = $38,700*1.2^0*1.0545 

= $40,789.2 

 
B.2.2 Conveyor Costing 

 

A conveyor is used to move the batteries from one unit operation to the other 

throughout the whole recycling process. The type of conveyor considered in this 

study is belt, open, short, 42inch wide, 100ft long, and design capacity, D, as 1.2 

tonnes/hr. The s factor obtained from Matche is $102,600 at 2014-dollar rate. 

Applying the cost model from equation 6.1 and Table B2, the cost of the conveyor is 

estimated as 

Cost (2019$) = s*D^t*adj 
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Cost = $102,600*1.2^0*1.0545 

 
= $ 108,192 

 
B.2.3 Smelter Costing 

 

Smelters are furnaces used in the production and purification of metals and their 

alloys. Here, a rotary kiln incinerator for hazardous feed material at atmospheric 

pressure and design capacity, D, as 1.2 tonnes/hr is used. Apply the cost model and 

cos coefficient from Table B2, the smelter cost is estimated as 

Cost (2019$) = s*D^t*adj 

 
Cost = $6,137,979*1.2^0.48*1.0545 

 
= $7,064,460.16 

 
B.2.4 Gas treatment Costing 

 

The gas treatment system is used to treat effluent gases from the recycling process to 

scrub away obnoxious compounds that could pose a threat to the environment. It 

comprises a bag house, a top torch, and a water quench. The design capacity is 2.4 

tonnes/hr. Applying the cost coefficient from Table B2 and the cost model from 

equation 6.1, the cost of the gas treatment system is estimated as 

Cost (2019$) = s*D^t*adj 

Cost = $3,000,000*2.4^0*1 

= $3,000,000 
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B.2.5 Granulator Costing 

 

The granulator is an agglomeration machine used to shred the battery into granules 

for easier transporting the process. In the hydrometallurgy process, the wet 

granulator is used especially in the separation of black mass [44]. The design 

capacity is 1.2 tonnes/hr. Applying the cost coefficient from Table B2 and the cost 

model from equation 6.1, the cost of the gas treatment system is estimated as 

Cost (2019$) = s*D^t*adj 

 
Cost = $29,902*0.6671^0*1.0545 

 
= $35,609.88 

 
The same cost calculation was done for all the equipment used in the 

hydrometallurgy and pyrometallurgy of EoL EVBTs. The estimated equipment cost 

was then used to estimate recycling costs using the data in Figures A1 & A2 and 

Table B1. 

Table B3: Unit cost of recovered materials [62] 
 

Material Cost ($/kg) 

Aluminum 1.30 

Copper 6.60 

Graphite 0.28 

Lithium carbonate 7.90 

Mn2+ in product 2.00 

Co2+ in product 55.00 

Ni2+ in product 11.00 
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B.3 Recycling Costs Estimation 

 

As summarized in Tables B4 and B5 the cost of recycling for both hydrometallurgy 

process and pyrometallurgy process was obtained by doing the calculations outlined 

in section B.2 in combination with Figures A1 & A2 and Table B1. 

Table B4: Cost information for hydrometallurgy of electric vehicle batteries 
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