
Recycling lithium-ion batteries from electric vehicles 

Melissa Costa 

Instituto Superior Técnico, University of Lisbon 1049-001 Lisboa, Portugal 

November 2018 

ABSTRACT 

Recycling of spent lithium-ion batteries (LIBs) has attracted significant attention from an economical and 

environmental perspective due to the increasing number of electric vehicles, contributing to a growing 

amount of LIBs entering the waste stream. The present work aimed at the physicochemical 

characterization of spent LIBs, contributing for a better definition of their recycling process. A procedure 

for a safe discharge and disassembly of a LIB module used in a hybrid electric vehicle was proposed. 

The characterization of the battery’s cells included the components’ mass balance and the elemental 

analysis, phase identification and morphology of the electrodes. Additionally, the hydrometallurgical 

extraction of metals and revenue of the recovered elements was investigated. The electrodes containing 

Li (1.1%), Ni (5.7%), Co (1.0%), Al (6.1%) correspond to 60% of the cell’s weight. The remaining 

components are the metallic parts (21%), the plastic components (11%) and the electrolyte (9%). In the 

X-ray powder diffraction, the graphite phase was identified in the anodic material and together with the 

elemental analyses, the battery was categorized as NCA. The morphology of the anodic and cathodic 

active material showed an euedric and spherical morphology of the particles, respectively. The best 

leaching conditions with a fixed L/S ratio of 20 L/kg and a leaching temperature of 60ºC were achieved 

after 1 h of leaching using 0.5M H2SO4 with 0.1M Na2S2O5 as the recovery of Li, Ni and Co was about 

100% while the Al and Cu yield was around 15% and 0.005%, respectively. The expected revenue was 

769 $/ton. 

Key-words: Recycling, lithium-ion batteries (LIB), leaching, discharge procedure 

1 Introduction 
The present carbon economy is at risk, particularly, mandatory emission reduction targets for new 

vehicles were set by the European Union legislation and the manufactures were given additional 

incentives to produce vehicles with extremely low emissions. A possible solution would be to replace 

internal combustion engine (ICE) vehicles with ideally zero emission vehicles, i.e. electric vehicles 

(EVs), or at least with controlled emission vehicles, e.g. hybrid electric vehicles (HEVs) [1] 

A crucial component of EVs is the battery. Currently, LIBs are the most suitable technology for EVs as 

they can output high energy and power per unit of battery mass while having a higher-energy efficiency 

compared to other rechargeable batteries [2]. The LIB industry has been growing exponentially due to 

the widespread application of these batteries in EVs and therefore the number of spent LIBs is currently 

increasing sharply. To maintain a sustainable battery production, spent LIBs must be appropriately 

handled to guarantee their safe disposal and to recycle their valuable metals (e.g. Cu, Co, Al) and the 

lithium they contain, which has no foreseen substitute in EV applications [3, 4]. However, the recycling 

of LIBs is a complex task, mainly due to the wide variety of materials in each cell, making the separation 

of the material mix a challenge, and because of the broad range of different cell designs and chemical 

compositions of the active materials, specially the cathode, which hinder the development of a 

standardized recycling method [5, 6, 7]. In fact, LIBs are usually classified according to their cathodic 

active compound [8]. Currently, the most prominent technologies for automotive technologies are 

lithium-nickel-cobalt-aluminum (NCA), lithium nickel manganese cobalt oxide (NMC), lithium-

manganese spinel (LMO), and lithium-iron phosphate (LFP) [9]. Additionally, there are safety concerns 

regarding the deactivation and dismantling of LIBs that must be addressed [10]. Nowadays, industrial 

recycling processes of LIBs are mostly pyrometallurgical and as such energy and cost intensive [11]. 

The challenge is to recover the mentioned metals without sacrificing the economics of the recycling 

process and hence move towards a circular economy [8]. 
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2 Experimental Methodology 
The experimental methodology was divided in several steps, using 3 spent LIB modules from a HEV 

provided by Valorcar, the Extended Producer Responsibility (EPR) as a case study. The LIB modules 

were discharged and manually dismantled. Afterwards, a physical and chemical characterization of the 

electrode material of one of the LIBs was done, and a leaching step was completed to recover the 

electrode metals (see Figure 1). The reference voltage of the 21.9 kg LIB module constituted by 35 cells 

used is 126 V, its specific energy is 37 Wh/kg and its capacity is 6.5 Ah.  
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Figure 1 - Experimental methodology. 

2.1 LIB discharge 

When a charged battery is improperly handled it may catch fire or explode and thus, it is preferable to 

discharge the battery before the disassembly [12]. Besides the need of battery dismantling for 

characterization purposes, this step can provide information on the development of a procedure for safe 

discharge of a LIB used in a HEV using the constant resistance discharge method. The LIB modules 

were discharged using a domestic oil heater as a resistor to create the circuit in Figure 2. 

Resistor Battery

 
Figure 2 – Representation of the used electric circuit in the discharging of the LIB.  

The procedure shown in Figure 3 was repeated for three LIB modules and the temperature of the weld 

was constantly measured with an infrared temperature tester thermometer. All the windows of the 

laboratory were kept open while discharging the LIBs to guarantee a well-ventilated area, minimizing 

the exposure to toxic gases from the electrolyte. The resistance measured for the LIB 1 was 26 Ω, 39 

Ω and 42 Ω for 2 kW, 1.25 kW and 0.75 kW powers tested in the oil heater, respectively. As the 

temperature of the cells did not increase (being always under 55ºC, which is far below the 90ºC threshold 

necessary for the solid electrolyte interphase layer to decompose), for the other LIBs, the measurements 

were made at 2 kW [12]. 

 
Figure 3 - Followed discharging procedure. 

2.2 LIB disassembly  

The disassembly of the batteries allowed the separation of the battery cells from other structural and 

connecting components for the subsequent processes. The disassembly was carried out manually with 
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the help of hand tools (see Figure 4). The process started with the opening of the battery system, i.e. 

removal of the cover, and ended with the removal of the mechanical connections between the system 

components and the base.  

 
Figure 4 - Followed disassembly process. 

2.3 LIB materials balance 

The aim of this experimental step is to determine the average weight of each cell component of the 

referenced LIB, thus performing a mass balance. Three cells were disassembled and characterized. 

First, the plastic protection of the cells was cut and then the top cap was opened with a cutting disk, 

which took 2 minutes per cell. Afterwards, the separators, the cathode, the anode and the insulation film 

were unrolled and then carefully split to avoid any contamination. The different parts were weighed and 

measured, including the electrodes, the cell can and the separators. 

2.4 Chemical characterization 

2.4.1 Phase identification – X-ray powder diffraction (XRPD) 

The phase analysis of the active electrode materials was conducted by XRPD (PANanalytical X’PERT-

PRO diffractometer) using CuKα radiation, a scan step size of 0.050° (2θ), a step time of 75 s, and 

generator settings of 35 mA and 40 kV. Phases identification were made by comparing the interplanar 

distances and intensities observed in the diffraction pattern obtained using the X’PERT HIGHSCORE 

PLUS software with the phases present in the PDF2 database. 

2.4.2 Elemental chemical analysis – Atomic absorption spectrometry (AAS) 

The elemental chemical composition was quantified by AAS. Eight samples were prepared, four with 

the electrode material (two cathodic plus two anodic) identified with the letter “T” and four with the active 

electrode material (two cathodic plus two anodic) identified with the letter “P”. A previous digestion 

procedure of the solid samples was necessary, using strong and concentrated acid mixtures: two 

different attacks were attempted - one with HCl/HNO3 (solvent 1) and another with HCl/H2O2 (solvent 

2). The aim of the AAS is to determine the concentration of the Li, Ni, Co, Al and Mn elements on the 

electrode materials and therefore know the LIB type. The followed methodology is represented in Figure 

5. The wavelengths and standards concentration ranges used of each element are indicated in Table 1. 

 
Figure 5 - Followed spectroanalytical procedure. 

 Table 1 – Wavelength and standards concentration used in AAS for Li, Ni, Co, Cu, Al and Mn. 

 

 

 Li Ni Co Cu Al Mn 

Wavelength (nm) 670.8 2.32 240.7 324.6 396.2 279.5 

Concentration range of calibration curves (mg/L) 0.2-1.5 0.5-6 0.2-5 0.5-3.5 10-60 0.5-3 
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2.4.3 Morphological and chemical characterization – Scanning electron microscopy (SEM) 

SEM was used to study the surface morphology of the electrode materials by detecting secondary and 

backscattered electrons. Additionally, the SEM used was equipped with an EDS analyser to perform 

compositional analysis on the samples. Four samples were used (2 with only the active electrode 

material either cathodic or anodic – identified as “P”) and 2 also with the current collector for the cathode 

and the anode identified as “T”. 

2.5 Leaching tests 

The leaching experiments were conducted using electrode material samples with approximately 42.7% 

of cathode and 57.4% of anode as calculated in the mass balance to evaluate the leaching behaviour 

of the valuable metals contained in the electrodes and the contamination resulting from the collector 

sheets. Hydrochloric and sulphuric acid solutions were tested, with or without different reducing agents. 

The followed methodology is represented in Figure 6. The reducers/acids used were: 1M HCl (C), 0.5M 

H2SO4 (S), 1M HCl + 0.1M Na2S2O5 (CS), 0.5M H2SO4+0.1M Na2S2O5 (SS), 1M HCl + 0.1M H2O2 (CA) 

and 0.5M H2SO4 + 0.1M H2O2 (SA). 

 
Figure 6 – Followed leaching procedure. 

3 Results and discussion 

3.1 Discharge 

The internal resistance of the oil heater (R) was calculated using Ohm’s law and the applied power (P) 

was calculated by multiplying the operating voltage (V) by the current in the wire (I) - see Table 2. The 

batteries were initially charged and were considered discharged when the V was below 200 mV. As the 

V in each cell was identical, the cells were not damaged and therefore it is safe to disassemble the LIB.  

Table 2 - Measured I, V and calculated R for a given oil heater power and time. 

LIB I (A) V (V) Time (h) Calculated P (W) Calculated R (Ω)* Voc (V) Individual Voc (V) 

1 

2.97 126.2 NA 374.81 42 

128 3,660 ±0.01 3.20 126.1 NA 403.52 39 

4.90 125.9 NA 616.91 26 

2 

6.30 121 00:00 762.30 19 

121 3.401±0.02 
0.17 2.958 01:45 0.50 17 

0.04 1.484 02:29 0.06 37 

0.03 0.595 03:19 0.02 20 

3 

5.00 127.8 00:00 639.00 26 

129 3.697±0.03 
4.84 124.8 00:17 604.03 26 

0.05 1.205 03:59 0.06 24 

0.07 0.03 04:46 0.002 0 

NA means not analysed as the dismantling of the LIB1 was only exploratory and therefore the times were not measured. 

*The resistance changes with the temperature but the calculation assumed Ohm’s law. 

3.2 Disassembly 

During the disassembly, no specialized tools were used but the screws have different measures and 

heads, requiring different screwdrivers’ types. Besides, not all screws are accessible from the same 

direction, requiring orientation changes of the tool or the LIB. However, the main difficulty was the 

separation of the LIB cells (BC) which are connected to the cells base (CB) through a polymer. To solve 

this issue, 24 solvents (CH2Cl2., C6H14, CH3CN, C4H8O2, CHCl3, CH3OH, C2H6O, (C2H5)2O, C3H6O, 

C3H7NO, C4H8O2, C2H6OS, C2H4Cl2, C3H8O, EGDME, C2H5NO3, C7H8, C3H8O, HNO3 65%, H2SO4 35%, 

HCl 27%, NH3 25%, HF 25% and aqua regia) were tested but the dissolution was not possible and 

instead a mechanical lathe was successfully used to separate the BC and CB. The process was time-
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consuming and required physical strength from the operator, thus, it is not the best option for the 

industry, showing that the initial product design could be improved, e.g., as proposed in [13].  

3.3 Materials balance of components 
A schematic drawing of the main parts of a cylindrical LIB cell is shown in Figure 7. The material of the 

exterior case is Al, which is covered with a plastic label. The electrode structure of the LIB is jelly-roll 

type, in which the electrodes are constituted by an Al and Cu current collector, respectively, with an 

electrode powder on both sides and separated by a polymer sheet impregnated with an electrolyte. 

There are two separating sheets arranged in layers of separator-anode-separator-cathode. 

The mass balance for three cells was performed. Table 3 presents the average values. The mass lost 

(9%) is likely the electrolyte’s. The major discrepancy between the obtained and referenced values is 

the anode, probably since the referred values are mainly from LIBs used in consumer electronics. 

Table 3 - Mass balance of the main components of the cells of LIBs. Comparison with reference values [12]. 

Material Anode Cathode Polymers Metals  

Components B7 B6 
Sub-
total 

B4 B3 
Sub-
total 

Separator 
Sub-
total 

Cell 
can 

Sub-
total 

Total* 
Calculated 

total 
Mass 
lost 

±0.05 g 89.5 20.5 110.0 41.4 40.6 82.0 22.7 33.9 55.1 66.5 321.9 292.4 29.5 

% 27.8 6.4 34.2 12.9 12.6 25.5 7 10.5 17 20.6   9.2 

% reference 
values 

 25-30  
15-
30 

3-4  18   10-15 

*Total weight of the cell before dismantling 

3.4 Phase and chemical characterization 

3.4.1 Phase identification (XRPD) 

Phase identification of anodic and cathodic active materials was carried out by XRPD. The patterns 

obtained, presented in Figure 8, show the presence of diffraction lines corresponding to graphite and 

copper (JCPDS files nrs. 00-008-0415 and 00-004-0836) in the anode and LiNiO2 (JCPS file nr. 00-009-

0063) in the cathode. The graphite and LiNiO2 identified correspond to the active anode and cathode 

materials of the batteries, respectively. The Cu detected in the anodic sample is probably an impurity 

due to an insufficient separation of the active material from the current collector. 

 

 

 

 

 

 

  

Figure 8 - XRPD patterns (CuKα radiation) and phase identification of: a – anode; b – cathode. 

Figure 7 - Schematic drawing of a LIB (a) cell and (b) components and details of the electrodes. 
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These results are compatible with the common battery composition, graphite for the anode and for the 

cathode it is in the composition comprised of LiMO2, where M represents a transition metal like Ni, Co, 

Mn and Al, at different atomic ratios. Generally, the XRD patterns do not differ significantly between the 

different compositions (besides small deviations in some reflexions) and so the patterns obtained in the 

sample can be any kind of the referred species. 

3.4.2 Elemental chemical analysis (AAS) 

Quantitative elemental chemical analysis of the LIB electrodes was performed by AAS after complete 

solubilisation of the electrode materials, using either aqua regia (solvent 1) or HCl:H2O2 (solvent 2). The 

(%w/w) of the elements (see Table 4) was calculated according to equation (1). 

 (%𝑤/𝑤) =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [𝑚𝑔 𝐿⁄ ] × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛𝑓𝑎𝑐𝑡𝑜𝑟 × 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑜𝑙𝑚𝑒 [𝐿]

𝑤𝑒𝑖𝑔ℎ𝑡 [𝑚𝑔]
 (1) 

Table 4 - Elemental chemical composition (%w/w) and concentration (mg/L) of the electrode materials. 

Electrode material ID % Li  % Ni % Co % Cu % Al %Mn % O* SUM Balance 

Cathode 

T1 4.0 22.3 4.0 1.8 23.6 

n.d.  

18.6 74.4 25.6 

T2 4.0 22.1 3.9 0.4 24.0 18.4 72.8 27.2 

P1 5.4 35.6 7.0 0.5 1.1 24.7 74.3 25.7 

P2 5.5 34.1 7.4 0.5 1.1 25.5 74.1 25.9 

Anode 

T1 0.2 0.1 

n.d. 

50.6 

n.d.  

50.8 49.2 

T2 0.1 0.1 47.9 48.2 51.8 

P1 0.0 0.2 1.6 1.9 98.1 

P2 0.2 0.2 1.7 2.2 97.8 

n.d. – not detected (below determination limit) 

* The oxygen (%w/w) was calculated assuming a 1Li:2O stoichiometry 

Table 4 shows that the obtained concentration of the elements using solvent 1 or 2 is very similar. The 

cathode is very rich in Ni, with the Co and Li content much lower. Most of the Al content is in the current 

collector but it is also in the active cathodic material. The Cu content is almost non-existent and is 

probably due to a contamination from the anode. In the anode, the Cu content is very high in the “T” 

samples as the current collector is indeed Cu but neither Al or Co were detected. Nickel’s concentration 

is almost non-existent as well as Li, but its content can be explained by the presence of some Li-ions in 

the anode that were not all transferred to the cathode in the discharging process.  

In the active anodic material, about 98% of its constitution was not evaluated by AAS but it is probably 

referent to the graphite phase, as reported by XRPD. There are about 26% unidentified elements in the 

cathode, which may be related with the presence of a carbon conductive powder as, unlike in the 

samples with the active anodic material, in the samples with active cathodic material, the powder 

remained at the surface of the beaker after being mixed with the solvents. Each cell/module contain 

approximately the chemical composition presented in Table 5 assuming that the cells represent 51.4% 

of the module’s weight. However, Al’s content per module was not possible to estimate as it is present 

in many other components and the obtained Cu (%) will be inferior to the real one as it is also present 

in other components. 

Table 5 – Chemical composition (%w/w) per cell and per LIB module and its comparison with the reported values. 

Chemical composition (%w/w) Li Ni Co Cu Al 

Per     

cell 

Experimental* 1.1 5.7 1.0 17.1 6.1 

Reported 2-12 0-10 5-30 7-17 3-10 

Comparison 

Slightly below 

the reported 

results 

Within the 

reported 

values 

Significantly below 

the reported results 

Within the 

reported values 

Within the 

reported 

values 

Per 

module 

Experimental* 0.6 2.9 0.5 > 8.8 

 

Reported** 1.2-2 0-15 0-17 7-17 

Comparison 

Slightly below 

the reported 

results 

Within the 

reported 

values 

Within the reported 

values 

Possibly within 

the reported 

values 

*The experimental results are the average of 3 samples. 

** The reported values can be found in [12, 14] 
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Most of the elements are within the reported values, apart from the Li content, which is lower. However, 

the available data is referent to a broad range of LIB chemistries. Finally, to identify the active cathodic 

material composition, the obtained weight of the Li, Ni, Co and Al for the “P” samples was standardized 

by dividing the average weight of the P1 and P2 samples for each element by the atomic weight of the 

element and then converted to make Li correspond to 1 as in the stoichiometry LiMO2, as indicated in 

Table 6, showing a Li(Ni0.8Co0.15Al0.05)O2 (NCA) battery type. 

Table 6 – Experimental standardized weight of Li, Ni, Co and Al elements and its conversion. 

Element Standardized weight Converted weight 

Li 0.78 1.00 

Ni 0.59 0.76 

Co 0.12 0.16 

Al 0.04 0.05 
 

3.4.3 Morphological and chemical characterization (SEM/EDS) 

The SEM analysis of the surface of the anodic and cathodic materials of LIBs (T samples) showed an 

euedric and spherical morphology of the particles, respectively (see Figure 9). The P samples presented 

an identical result and therefore are not shown. 

The spectra of anodic area 2 revealed the presence of Cu, which was attributed to the current collector 

that was exposed at the surface, and the C peak identified in both areas correspond to the graphite 

phase of the active anodic material, as expected. The small P and F peaks identified can be related with 

the contamination of the electrolyte LiPF6 and the O peak might also be due to the organic solvent that 

the LiPF6 is dissolved into. In the area 1, Al, Ni and Co were identified as a contaminant of the NCA 

phase present in the active cathodic material, which also explains the spherical morphology observed.  

The spectra of the 3 cathodic areas reveals the presence of Al, Co, Ni and O, which are the expected 

elements to be present in the black mass of the cathode due to the reported results by AAS. The main 

difference between area 3 and the other two areas is the identified F and P peaks which are attributed 

to the LiPF6 contamination. The spectra of both area 1 and 2 reveals the same peaks but with different 

intensities as area 1 has two Ni peaks with more intensity and the C peak (which can be attributed either 

due to a carbon conductive additive or to a contamination from the graphite present in the anode or from 

the organic solvents present in the electrolyte solution) has less intensity compared to area 2.   

  

a b 

Figure 9 – “T” sample SEM micrograph of (a) anodic material and EDS spectra of two different phases and (b) 
cathodic material of spent LIB, and EDS spectra of three different phases. 
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3.5 Leaching tests 

The leaching yields (𝞰) were determined from the leachant concentrations, referring to the initial solids 

content (1.8% Li, 9.6% Ni, 1.7% Co, 28.5% Cu and 10.2% Al), using equation (2). 

𝜂𝑒𝑙𝑒𝑚𝑒𝑛𝑡 =
𝑐𝑒𝑙𝑒𝑚𝑒𝑛𝑡 × 𝑉𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × % 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒
 (2) 

Where celement is the obtained element concentration by AAS times the dilution factor [mg/L]; 

𝑉 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  is the initial volume of the leaching solution, corresponding to 0.05 L [L]; 

minitial is the total initial mass of the electrodes (cathode plus anode) [g]. 

Tests using different reducers were performed and the results are shown in Figure 10. Different scales 

of the ordinates axis were used to show in more detail the metals behaviour. 

 
Figure 10 - Dissolution of different metals from spent LIBs with the leaching time with different additives. Leaching 

conditions: L/S: 20 L/kg; leaching temperature: 60ºC. The nomenclature can be found in section 2.5. 

The dissolution of Li, Ni and Co, was generally quick and efficient as after 1 h, the 𝞰 attained were near 

80% or higher. The Li recoveries were practically total, and the variations found with time and with the 

leachant type are negligible. In most conditions, Ni and Co 𝞰 stabilized after 1 h of reaction, except for 

the leachants S and SA, where a continuous increase was found, from 60% for 15 min to ~100% for 4 

h. The SS mixture reveals the higher reaction rates. H2SO4 mixtures seemed more effective for Co (𝞰 

near 100%) than those with HCl (𝞰 of 85%). The dissolution of Cu using H2SO4 and reducers leads to 

substantially lower 𝞰 compared to HCl and reducers. In some tests it is observed an increase until 1 h 

of leaching and then a decrease when SA or CA were used but it was practically null when H2SO4 was 

used with either reducer due to changes in the oxidation state as suggested in [4].  

In HCl media, with acid alone or mixed with H2O2, Cu 𝞰 increases suddenly until 1 h and stabilizes at 

41% (a slight decrease is even observed with H2O2). The mixture CS reveals substantially lower 𝞰 

(maximum 𝞰 was 10%), increasing almost linearly until 4 h. This behaviour relates with the 

electrochemical character of the dissulfite agent, clearly being more reducer than the peroxide. As 

leaching is not the optimized process for Cu recovery, it is considered a contaminant that should be 

minimized in the leachate as it can hinder the purification of the leaching solution for obtaining the metals 

of interest [4].  

The 𝞰 of Al is much higher when the HCl (~100% in the first 15 min) is used compared to H2SO4 (bellow 

60%), which can be explained by the presence of aggressive anions, like chloride that create localized 

attacks [15]. The higher Al dissolutions achieved with HCl mixtures can be responsible for the 

correspondent decrease in the leaching of Co, above discussed. Considering the high Al content in the 
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initial solid (10%) the sudden consumption of a substantial acid amount in the first period of the reaction 

can hinder the leaching of other species. Based on the results obtained, if the leaching time is 4 h, the 

optimized option would be to use only H2SO4 as it maximizes the Li, Ni and Co yields, corresponding to 

about 100% and minimizes the Al and Cu 𝞰 (38% and 0.6% respectively). However, if the leaching time 

is 1h, the optimized option would be to use SS as it maximizes the Li, Ni and Co yields, corresponding 

to about 100% and minimizes the Al and Cu yield, corresponding to about 15% and 0.005% respectively. 

3.6 LIB recycling profitability critical analysis 

From a recycling firm’s perspective, it is essential to predict the economic feasibility of LIB recycling. 

The theoretical expected revenue (R) from the NCA battery used as a case study can be calculated 

considering the proportion (𝛼𝑖) of each one of the 6 cathode chemistry types. For each battery type, the 

unit revenue could be calculated by multiplying the price of the scrap value 𝑃𝑗 by the average material 

composition 𝐴𝑣𝑎𝑖,𝑗 (in kg of metal per 1000 kg of module) and the recycling efficiency 𝑅𝐸𝑗  as stated in 

equation (3), which is an adaptation of the equation proposed by Wang et al., and used as a reference 

in a future study to calculate the revenue of a recycling facility [16].   

 𝑅 = ∑ (𝛼𝑖 × ∑ (𝑃𝑗
7
𝑗=1 × 𝐴𝑣𝑎𝑖,𝑗 × 𝑅𝐸𝑗))6

𝑖=1   (3) 

The indices referred to in equation (3) are shown in Table 7 as well as the price per element, the Ava1,j 

and the  the REj considering the 𝞰 obtained with a 20 L/kg L/S ratio, a leaching temperature of 60ºC, 

leaching time of 4 h and the that the concentration of the sulphuric acid is 0.5 M. 

Table 7 – Indices information and R estimation of the recycling of the NCA battery studied. 

Variables Indices 
Battery 

type 
Variables Indices Element 

P 

($/kg) 

Ava 

(kg/tonne)  

for i=1 

RE  

for 

i=1 

R for 

i=1 

i 

1 NCA  

j 

1 Li 16.50 6.00 1 99 

2 NMC 2 Ni 12.39 29.00 1 359.31 

3 LMO 3 Co 56.50 5.00 1 282.5 

4 LFP 4 Cu 6.20 88.00 0.006 3.274 

5 LCO 5 Al 2.14 31.00 0.38 25.20 

 6 Mn 2.10 0 NA NA 

 7 Iron/Steel 0.15 NA NA NA 

The result showed that, for a NCA battery, the total revenue per tonne module would be around 769$. 

However, some considerations must be made. First, the prices (taken from [17, 18, 19]) are estimates 

only that can easily change. Moreover, the RE was assumed to be the same as the 𝞰, which may not 

correspond to reality as the crystallization and precipitation steps were not studied. It can be concluded 

that the LIB studied has considerable economic value, however, that is mainly due to the Co content.  

4 Conclusions 
The safe discharge procedure of spent LIBs was successfully proposed, having the potential of being 

applied in the industry. The followed dismantling procedure may not the best approach at an industrial 

scale as it was not possible to separate the battery cells from the cells base in a seamless way, requiring 

a long time and physical strength from the operator. The physical, chemical and morphological 

characterization of spent LIBs was carried out to evaluate their recycling potential. The mass balance 

performed verified that the electrode materials weighed 60% of the cell weight, with the anodes having 

the highest contribution (34%) while the metallic and plastic components contribute to about 21% and 

11% of the balance, respectively. Finally, the electrolyte contributes to 9% of the cell. 

The main phases were identified by XRPD, being graphite the active anodic material and the structure 

of the cathodic active material was identified as being LiMO2. The AAS allowed to conclude that the type 

of battery is NCA as the cathode is essentially made of Al, Ni, O, Co and Li, corresponding to 24%, 22%, 

19%, 4% and 4% respectively. Morphology of the electrode materials was assessed by SEM analysis. 

which allowed to observe the euedric and spherical morphology in the anode and cathode, respectively.  
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The leaching behaviour of the electrodes of the NCA LIB, with 1M HCl or 0.5M H2SO4 at 60ºC and with 

a 20L/kg L/S ratio was studied. The best leaching conditions were achieve using H2SO4 as the acid as 

the leaching yield of the Li, Co and Ni were very high (corresponding to 100%) when H2SO4 was used 

(with or without the reducer Na2S2O5) after either 1 or 4 hours of leaching. The Al and Cu leaching yields 

corresponded to 38% and 0.6% respectively after 4 h of leaching with H2SO4 and 15% and 0.005% 

respectively after 1 h of leaching with H2SO4 with Na2S2O5. This demonstrates that hydrometallurgy can 

be an adequate approach for recover Li, Ni and Co metals from LIBs but not for Al and Cu recovery. 

The economic feasibility of LIB recycling was analysed considering the revenue of recycling 1 tonne of 

the LIB studied through discharge, disassembly and leaching, making a total of around 769$.  However, 

it is more likely that a recycling facility would be commingled due to the variety of cathode chemistries 

and therefore the result obtained would only contribute to a percentage of the revenue, with the LCO 

LIBs having a higher inherent revenue due to their higher Co content, increasing the total revenue. 
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