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Abstract 
The amount of generated waste of lithium-ion batteries (LiBs) that are used in automobiles is expected to increase because 
of increases in EV usage. Thus, it is required to recover strategic elements, such as lithium, cobalt, nickel, and manganese 
in the positive electrodes (PEs) found within LiB. In recent years, a direct application of electrical pulsed power to PEs 
has been reported to separate the active material layer from the aluminum foil in PEs. The electrical pulsed-discharge 
treatment enables the separation of the active materials from the aluminum foil without changing in a significant manner 
the chemical composition of the materials. In this study, we investigated the influence of length of rolled PE samples on 
the separation of active material from the aluminum foil of PE via the electrical pulsed-discharge treatment. Calculated 
energy and charging voltage for specific sample sizes were applied to PE samples installed in discharging electrodes in 
water. After the electrical pulsed-discharge treatment, up to 98.8% cobalt and 6.7% aluminum were recovered from 
liberated particles of 8 mm or less. For a longer length of PE sample, the separation efficiency of cobalt for aluminum 
was higher, and the aluminum contamination for active material particles was lower. The internal circuit resistance should 
be reduced as much as possible to reduce the circuit energy consumption. In terms of energy efficiency, a longer, narrower, 
and thinner aluminum foil had positive effects in the separation of the positive electrode by the electrical pulsed-discharge 
treatment. 
 
Keywords: Spent lithium-ion battery, electrical disintegration, electrical pulsed discharge, positive-electrode active 
material, recycling.  
 

 
1. Introduction 
 
Lithium-ion batteries (LiBs) are an important power source for electronic devices and electric vehicles (EVs), 
and their recycling poses a major social issue [1]. The number of LiBs that is used in automobiles and the 
amount of generated waste is expected to increase because of increases in EV usage [2–5]. Requirements for 
LiB recycling will increase to dispose of used LiBs and to meet growing resource demands. From an 
environmental and economic perspective, LiBs are sufficiently valuable to be recycled [1, 6]. LiB components 
that need to be recycled include positive electrodes (PEs), which contain strategic elements, such as lithium 
(Li), cobalt (Co), nickel (Ni), and manganese (Mn). The selective separation and recovery of these elements is 
required in a high yield. 
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Conventional PE recycling methods include physical separation, such as crushing, electrostatic separation, 
gravity separation, or sieving separation [7–9]; pyrometallurgical processing [10, 11]; and hydrometallurgical 
processing [12–14]. In physical separation, PE sample processing is simple and almost no chemical change 
occurs. However, it is difficult to separate the active material layer from the current aluminum (Al) collector 
foil [15] because of adhesive in the active material layer. Al is a repellent material in hydrometallurgical 
processes. Therefore, it is necessary to decrease Al contamination in the recovered material. Many 
pyrometallurgical treatments are possible, but the crystal structure and composition of the active material is 
changed by heat. Therefore, it is difficult to regenerate and/or reuse the active material [6]. Hydrometallurgical 
processing enables high element recoveries, but requires the use of toxic solvents and reagents, which increases 
the environmental load [5]. These challenges require a combination of treatments to optimize separation and 
recovery [16, 17]. 

In recent years, element recovery from waste by using a combination of multiple treatments and a method 
of direct active material regeneration has been studied [18, 19]. In direct regeneration, the active material is 
recovered with little change in chemical composition. Separation methods that minimize heat or reagent use 
may contribute to regeneration. Selective PE separation is required for direct PE regeneration. Therefore, active 
material layer separation from the Al foil of the current collector is important [15] and necessary to suppress 
Al contamination. 

Pulsed power technology, in simple, is usually concerned with the storage of electrical energy over 
relatively long times followed by its rapid release over a comparatively short period. Currently, this technology 
finds applications in diverse areas such as biomedical therapy; inspection by flash x-rays; commercial ozone 
production; radio chemistry; food processing; surface modification; environmental clean-up, and hazardous 
waste treatment, etc [20–27].  

Direct application of electrical pulsed power to LiB PEs to separate positive-electrode active material 
(PEAM) from Al foil has been reported by application of an electrical pulse to a PE sample of 30 mm × 80 
mm, with 0.76 kJ energy release from a capacitor within approximately 200 μs, and a maximum current of ~20 
kA applied to the Al foil of the PE sample [28]. Material in the active material layer lost its adhesion because 
Joule heat was generated in the Al foil and the PEAM was separated from the Al foil. To establish an efficient 
separation technology for PEs using electrical pulses, a study of the processing of enlarged PE samples and a 
calculation of the energy required to separate the active material layer is required. The objective of this study 
was to investigate the length dependence of PE separation in LiBs by using high-voltage pulsed-discharge. By 
sieving and analyzing the recovered material, the PEAM recovery and Al contamination were evaluated. We 
evaluated the validity of the formula experimentally to calculate the required energy for 200- and 400-mm-
long PE samples. The energy and energy efficiency for 4-m PE treatment and for treatment of the PE length 
that was used in this study, were evaluated. 

 
 

2. Materials and methods 
 
2.1 PE sample preparation 
 
Hybrid electric vehicle LiB PEs (Blue Energy Co. Ltd, EH5) were used in the electrical pulsed-discharge 
experiment. A spent LiB module that had been mounted on a vehicle was disassembled and the cell was 
removed. The LiB had a stacked structure, with the PE, negative electrode, and two separators shown in Fig. 
1. The disassembled PE with active material was 80 mm wide and 4240 mm long. PEAM was coated on both 
sides of the Al foil of the PE (Fig. 1 (e)). The active material layer contained active material; carbon powder, 
which is a conductive component; and Polyvinylidene Fluoride (PVdF) as an adhesive. The active material 
consisted of an oxide of Li, Ni, Mn, and Co (Table 1). The Al foil and active material layer were ~20-µm and 
30-µm thick, respectively. Because the Al foil was wider than the active material layer for connection to the 
terminal, Al foil without active material was cut off. In the discharge experiment, 25 mm of both ends of the 
PE sample were gripped by the discharging electrodes. Because the treated PE sample length was set to 200 
mm and 400 mm, the lengths of the cut PE samples were 250 mm and 450 mm, respectively. 
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Fig. 1. Experimental specimen for pulsed-discharge experiment. 

 
Table 1. Chemical composition of LiB PE. 

Elements [mass%] 

Al Co Ni Mn Others 

20.9 31.5 7.9 7.4 32.4 

 

 
Fig. 2. Schematic diagram of discharge-treatment circuit. 
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2.2 Discharge circuit 
 
Fig. 2 shows the circuit diagram of the electrical pulsed-discharge treatment. This circuit consisted of a 
capacitor charger (152A-15kV-POS, TDK-Lambda), charging resistor, capacitor (FL15W206KYCAAA, 
Shizuki electric Co. Inc.), mechanical switch (E60-DT-80-1-15-BD, Ross Engineering), and electrodes. Two 
20-µF capacitors were connected in parallel, with a total capacitance of 40 µF. The voltage across the capacitor 
and the current that flowed through the PE sample was measured by using a voltage probe (HV-P60A, 
IWATSU) and a current transformer (110A-EOR, Pearson Electronics), respectively. Electrical signals from 
the devices were recorded by an oscilloscope (HDO4104A, Teledyne LeCroy). Both ends of the PE sample 
were connected to copper–tungsten electrodes and the contact length on each side of the electrode was 25 mm. 
The PE sample and electrodes were installed in a water chamber filled with tap water. 

Electrical treatment of the PE sample was achieved as follows. First, the capacitor was charged via a 
charging resistor and mechanical switch by using a capacitor charger up to 15 kV. After charging was 
completed, the charge that was stored in the capacitor was discharged to the PE sample by switching the 
mechanical switch. 
 
2.3 Recovery and analysis flowsheet 
 
Fig. 3 shows the experimental flowsheet used. The solid residue in the water chamber was collected by 
filtration through a glass filter paper with a 0.45-μm mesh. The recovered particles were sorted through wet 
sieving, and dried. To determine the chemical composition of the solid residue in each particle size group, 
semi-quantitative analysis was performed by X-ray fluorescence (XRF; ZSX Primus III +, Rigaku, Japan). 
 

 
Fig. 3. Experimental flowsheet. 

 
 
2.4 Calculation of charging voltage of capacitor 
 
In a previous study, the active material layer and the Al foil of the PE sample separated when the Al foil 
temperature was increased by 300 K from the initial temperature. We calculated the energy that was required 
to increase the Al foil temperature by 300 K and the corresponding charging voltage of the capacitor. In the 
circuit in Fig. 2, the current path becomes the equivalent circuit of C, LC, RC, and RAl at discharge. The energy 
that was charged in the capacitor was consumed by the Al foil and the resistance inside the circuit. The energy 
that was consumed by the Al foil is expressed as: 
 

𝐸 𝐸 ∙                  (1) 

 
where EAl is the energy that was consumed by the Al foil, EC is the charging energy of the capacitor, and RAl 
and RC are the resistances of the Al foil and the circuit, respectively. EC is expressed as: 
 

𝐸 ∙ 𝐶𝑉                    (2) 

 
where C is the capacitor capacity and VC is the charging voltage. By substituting EC in Eq. (1) into Eq. (2) and 
rearranging, the charging voltage VC can be expressed as: 
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   𝑉 ∙                 (3) 

 
The circuit resistance RC and capacitor capacity C are fixed parameters. Therefore, VC is obtained from RAl and 
EAl, which depend on the PE sample length. 
 
 
2.4.1 Calculation of Al foil energy consumption 
 
The energy EAl that is required for peeling is related to the temperature increase of the Al foil. The temperature 
increase of the Al foil is expressed as: 
 

  ∆𝑇
∙

                   (4) 

 
where ΔT is the temperature increase, mAl is the mass of Al foil, and cAl is the specific heat of aluminum (9.00 
× 102 J∙kg−1∙K−1). mAl is expressed as: 
 
  𝑚 𝑑 ∙ 𝑙 ∙ 𝐴                  (5) 
 
where dAl is the aluminum density (2.70 × 10−3 kg∙m−3), lAl is the length (200, 400 mm) and AAl is the cross-
sectional area of the Al foil (1.60 × 10−6 m2). By substituting Eq. (5) into mAl of Eq. (4), EAl is expressed as: 
 
  𝐸 𝑑 ∙ 𝑐 ∙ 𝐴 ∙ 𝑙 ∙ ∆𝑇               (6) 
 
The density dAl, specific heat cAl, and cross-sectional area AAl of the Al foil are fixed parameters, and from Eq. 
(6), EAl is proportional to the Al foil length, that is, the distance between the electrodes lAl and the temperature 
increase ΔT. 
  The temperature increase ΔT was calculated to investigate the temperature that was reached by the Al foil. 
Most of the EAl existed as Joule heat, and EAl is expressed as: 
 
  𝐸 𝑅 ∙ 𝐼 𝑡 𝑑𝑡                (7) 
 
where I(t) is the instantaneous current that flows through the PE sample, and t is the time. EAl was calculated 
by substituting the measured current value into Eq. (7), and the estimated temperature increase ΔT was 
calculated from Eq. (4). The resistance temperature coefficient of the Al foil and the heat transfer into the 
active material layer were ignored. The current distribution in the Al foil was assumed to be uniform. 
 
 
2.4.2 Calculation of Al foil resistance 
 
To determine the charging voltage, it is necessary to determine the resistance of the Al foil RAl as: 
 

   𝑅 𝜌 ∙                  (8) 

 
where ρAl is the electrical resistivity of aluminum (2.66 × 10−8 Ω∙m). The cross-sectional area of Al foil AAl is 
a fixed parameter that is expressed by an Al foil thickness of 20 µm and width of 80 mm, and the length lAl is 
the distance between the electrodes. 
 
2.4.3 Calculation of total circuit resistance 
 
To calculate the accurate charging voltage, the resistance of circuit RC was required. The circuit parameters, 
such as the internal inductance and internal resistance of the RLC series circuit could be obtained by a short-
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circuit test [29]. The short-circuit test was performed by connecting the discharging electrodes directly. 
Because the pulsed-discharge circuit had a small internal resistance, a damped oscillation current waveform 
was obtained. The inductance LC of the circuit is expressed as: 
 

   𝐿
| |
| |

                (9) 

 
where tp is the period of current, and I1 and I2 are the maximum and minimum currents, respectively. The 
circuit resistance RC is expressed by using I1, I2, tp, and LC as follows: 
 

   𝑅
| |
| |

                  (10) 

 
Changes in RC with temperature were ignored. 
 

 
3. Determination of charging voltage  
 
The current and voltage waveforms of the short-circuit discharge experiment are shown in Fig. 4. In the short-
circuit test, the charging voltage of the capacitor was set to 0.5 kV. The current waveform showed a typical 
damped oscillation waveform. The maximum current I1 and minimum current I2 were 1.64 and –1.40 kA, 
respectively. The period of current tp was 77.5 µs. From Eq. (9) and Eq. (10), the calculated circuit inductance 
and circuit resistance were 3.80 µH and 32.8 mΩ, respectively. Table 2 shows the circuit parameters that were 
used in this experiment.  
 

 
Fig. 4. Voltage and current curves for short discharge treatment. 

 
Table 2. Circuit parameters. 

Capacitance C [µF] 40 

Circuit inductance LC [µH] 3.80 

Circuit resistance RC [mΩ] 32.8 
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 Table 3 shows the discharge conditions of RAl, EAl, and VC for a lAl of 200 mm and 400 mm. EAl was 
calculated for an Al foil temperature increase ΔT of 300 K, which was the temperature increase when the Al 
foil and the active material layer separated in the previous study. VC was calculated to be 10.5 and 11.2 kV at 
200 and 400 mm, respectively. After the discharge experiment, to equalize the total amount of recovered 
material, ten and five experiments were performed on the 200- and 400-mm PE samples, respectively.   
 

Table 3. Discharge conditions. 

Distance between electrodes lAl [mm] 200 400 

Resistance of Al foil RAl [mΩ] 3.32 6.64 

Energy EAl [J] 233 467 

Voltage VC [kV] 10.5 11.2 

 
 
4. Results and discussion  
 
4.1 Estimate of temperature increase by Joule heating 
 
Pulsed-discharge experiments were performed by using the calculated VC. Fig. 5 shows the current and voltage 
waveforms at the discharge treatment for the 200- and 400-mm PE samples. The current waveforms were 
damped oscillation waveforms as shown in Fig. 5. The maximum currents of PE samples with lengths of 200 
and 400 mm between the electrodes, were 32.8 and 34.8 kA, respectively. At 200 and 400 mm, the period T 
was not significantly different at 80.0 and 80.6 µs, respectively. The current waveforms were almost the same 
at 200 and 400 mm because the difference in resistance of the Al foil was small compared with the circuit 
resistance. 
 

 
Fig. 5. Voltage and current waveforms of pulsed-discharge treatment. 

 
 Fig. 6 shows the temperature increase of the Al foil induced by Joule heating. The temperatures were 
calculated from Eq. (4). The temperature increased as the current flowed over time. A stepwise increase in 
temperature resulted because the sinusoidal current periodically went to zero. The maximum temperatures at 
200 and 400 mm reached 581 and 595 K, respectively. Our calculations were correct because we tried to 
increase the temperature to 300 K at 200 and 400 mm, and the estimation showed an increase of 288 and 302 
K, respectively. 
 
 



Int. J. Plasma Environ. Sci. Technol. 16 (2022) e01003                                                                                                       K. Teruya et al.  

8 

 
Fig. 6. Temperature increase of Al foil during pulsed-discharge treatment. 

 
4.2 Analysis results after pulsed discharge 
 
After the discharge experiment, wrinkled and curled Al foil and black particles were present in the water 
chamber. Because the Al foil and active material had different colors and shapes, they could be distinguished 
by visual inspection. A visual observation showed that the active material layer in the PE sample on the Al foil 
surface was separated. 
 

 
Fig. 7. Photographs of filtered PE samples after pulsed-discharge treatment (a) 200 mm, (b) 

400 mm. 
 
 The treated water in the chamber was filtered through a 0.45-μm mesh glass filter paper, and the particles 
and foil were collected and dried as shown in Fig. 7. The active material layer remained on part of the foil 
surface. Fragments of Al foil were present in the recovered particles. These Al fragments came off both ends 
of a large piece of Al foil. During electrical pulsed-discharge, the temperature increased rapidly near the 
electrodes, the Al foil volume expanded, a high temperature was generated and shock waves were induced by 
the plasma near the discharging electrodes. Therefore, the recovered Al foil was presumed to be crumpled and 
torn because of the impact that was caused by the thermal expansion of the plasma. 
 Particles that were collected by filtration from the water chamber were classified into individual particle 
groups by wet sieving. Table 4 shows the distribution of Co, Ni, and Mn in each group by XRF analysis. The 
element distributions did not change for each particle size group, which means that the composition of the 
recovered active material remained unchanged by the electrical pulsed-discharge treatment as occurred in our 
previous study [28]. In our previous study, almost 99% of the recovered PEAM maintained its original 
chemical form compared with PEAM before the pulsed treatment. 
 Fig. 8 shows the particle size distribution of the recovered materials and Al and Co components after XRF 
analysis. Fig. 8 (a) indicates the cumulative mass ratio of all recovered materials, including Al foil. The overall 
tendency was similar at 200 mm and 400 mm. The mass ratio of particles of 0.150 mm or less was larger at 
400 mm. Most recovered material was 0.600–1.18 mm in size, and the 2.36–8.00-mm fraction was smallest in 



Int. J. Plasma Environ. Sci. Technol. 16 (2022) e01003                                                                                                       K. Teruya et al.  

9 

both cases. Fig. 8 (b) shows the cumulative mass ratio of Al in the recovered particles. The tendency was 
similar at 200 mm and 400 mm. The Al content of particles 8.00 mm or less was 8.1 mass% and 6.7 mass% at 
200 mm and 400 mm, respectively. Fig. 8 (c) presents the cumulative mass ratio of Co. Because the 
distributions of Co, Ni, and Mn are almost the same in all particle size groups (see Table 4), and Co is the main 
component of the PEAM, the recovery of the active material layer was evaluated from the Co distribution. A 
comparison of the 200 mm and 400 mm results showed that the proportion of particles below 0.15 mm for the 
400-mm PE sample was higher. Particles of active material may have been downsized by the plasma near the 
discharging electrodes. Because the current that flowed through the PE sample was larger at 400 mm, as shown 
in Fig. 5, a more intense plasma was generated by the larger current. Therefore, the active material layer near 
the discharging electrodes was pulverized finely by the plasma. The distribution ratio of the particle size group 
of 0.60–1.18 mm was largest in the 200- and 400-mm PE samples, with ratios of 30.1 mass% and 24.1 mass%, 
respectively. 
 

Table 4. Elemental distribution of Co, Ni, and Mn. 

Particle size group [mm] 
Elements [%] 

200 mm 400 mm 
Co Ni Mn Co Ni Mn 

>8.00 8.2 8.2 8.1 1.2 1.2 1.3 

2.36-8.00 0.3 0.3 0.3 2.9 2.9 2.9 

1.18-2.36 26.4 26.4 26.2 20.4 20.1 20.2 

0.600-1.18 30.1 29.5 29.6 24.1 24.1 23.9 

0.300-0.600 15.7 15.9 16.0 20.3 20.4 20.5 

0.150-0.300 9.6 9.8 9.8 16.6 16.7 16.1 

<150 9.7 9.9 10.0 14.5 14.6 15.1 

 
 

 
Fig. 8. Particle size distribution of (a) recovered particles, (b) Al component, and (c) Co 

component. 
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 Table 5 shows the Co recovery, Al contamination, and Co separation efficiency over Al below 1.18 mm, 
2.36 mm, and 8.00 mm. The Co recovery is the ratio of recovered Co mass with a specific particle size or less 
to the mass of Co in the recovered particles by filtration. Al contamination is the ratio of Al in a particle group. 
The separation efficiency is the difference between the Co and Al recoveries (Okano, Y., 1997). Screening to 
below 8.00 mm yielded Co recoveries of 91.8% and 98.8%, and the Al contamination was 2.6% and 1.7% at 
200 mm and 400 mm, respectively. The separation efficiency was calculated by Newton's separation efficiency 
(Ogawa, K., 1978). The separation efficiency of Co was higher at 400 mm than at 200 mm. The highest 
separation efficiency of 95.1% was obtained when the 400-mm PE sample was screened to 8.00 mm or less. 
Therefore, for electrical pulsed-discharge treatment with screening at 8.00 mm, Al contamination could be 
suppressed to 3% or less and the recovery of active material was 90% or more. The reason for the lower 
contamination at 400 mm is that minimal Al foil near the electrode was pulverized compared with the total PE 
sample length. Consequently, the separation efficiency of Co was higher for the longer PE sample. 
 

Table 5. Element recovery, contamination, and separation efficiency by screening. 

Screening 
size [mm] 

Co recovery [%] Al contamination [%] 
Separation efficiency of Co 

for Al [%] 

200 mm 400 mm 200 mm 400 mm 200 mm 400 mm 

< 8.00 91.8 98.8 2.6 1.7 82.0 95.1 

< 2.36 91.5 95.9 2.3 1.6 82.6 92.7 

< 1.18 65.1 75.5 2.4 1.6 58.4 72.9 

 
 
4.3 Effect of increasing PE sample length 
 
The amount of energy that was consumed by the PE sample EAl was determined from the ratio of RAl and RC 
as shown in Eq. (1). RC includes the internal cable and capacitor resistance, the terminal contact resistance, and 
the contact resistance of the mechanical switches. The energy efficiency η of the energy EAl over the charged 
energy EC is expressed as: 
 

   𝜂 100 100           (11) 

 
According to Eq. (11), the energy efficiencies η for 200 mm and 400 mm were 9.2% and 16.8%, respectively. 
The η was larger for 400 mm because the circuit resistance was unchanged, but the PE sample resistance was 
proportional to the length of the PE sample. Therefore, it is important to minimize the internal circuit resistance. 
  The energy requirement against the length of the LiB PE in this study is shown in Fig. 9. The energy 
requirement for a temperature increase of 300 K was calculated. In Fig. 9, we assume that the circuit resistance 
does not change. As the processing length increases, the energy required to raise the temperature increases 
linearly. 
 In the pulsed-discharge experiment, part of the experimental PE sample was held by the discharging 
electrodes. Peeling of the active material layer from the Al foil did not occur in the contact area of the 
discharging electrodes. This area represents a loss when sieving at 8.00 mm or less. To increase the recovery 
ratio of active material particles, it is necessary to minimize the contact area. If the contact area is maintained 
constant, as the PE sample length increases, the amount lost decreases. In the experiment with a distance 
between discharging electrodes of 200 mm, the contact area was ~20.0% for the prepared PE sample. However, 
for the same contact area for a PE sample of 4.24 m, the ratio was ~1.2%. 

LiB has various shapes, such as a wound type and a laminated type, with the difference being not only the 
length of the PE but also the width and thickness [30]. Al foils with thicknesses of 10–20 μm are commonly 
employed for the Pes [31]. When the cross-sectional area of Al foil changes, since the current density during 
the discharge also changes, it affects the temperature rise of Al foil. For samples of the same mass, the energy 
required to raise the temperature is constant regardless of the shape. From Eq. (4), (5) and (8), the temperature 
rise is proportional to the energy density EDAl consumed in the Al foil. EDAl is expressed as: 
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   𝐸𝐷
  

 
 

             (12) 

 
As the cross-sectional area AAl and the length of the Al foil lAl are large, the energy density EDAl becomes small. 
Since the cross-sectional area AAl is the product of the width and thickness of the Al foil, the narrower the width 
of the LiB sample and the thinner the thickness are, the higher the energy density is. 
 

 
Fig. 9. Length dependence of energy requirement. 

 
  Fig. 10 shows the effect of thickness and width of Al foil on energy efficiency. Fig. 10 (a) indicates the 
energy efficiency for the changed length of positive electrode at thickness values of 10, 15, 20 µm with a fixed 
Al foil width of 80 mm. The samples used in the experiment were 80 mm wide, 20 µm thick, and 200, 400 
mm in length, and the energy efficiencies for these lengths were 9.2% and 16.8%, respectively. The energy 
efficiency increased to 66.9% in the sample with a thickness of 20 µm and a length of 4000 mm. When the 
sample length was 4000 mm and the thickness was 10, 15 µm; the efficiency values were 80.2% and 72.9%, 
respectively. Fig. 10 (b) shows the calculation results of energy efficiency depending on the length when the 
thickness of the Al foil is fixed at 20 µm and the width are 40, 80, and 160 mm. When the length was 4000 
mm and the widths were 40, 80, and 160 mm, the energy efficiency was 80.2%, 66.9%, and 50.3%, respectively. 
It was found that as the length of the sample is larger in the direction of current flow and as the cross-sectional 
area of the Al foil is smaller, the energy efficiency becomes high in the electrical pulsed-discharge treatment. 
 

 
Fig. 10. Length dependence of energy efficiency (a) effect of thickness, (b) effect of width. 
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Kikuchi described the future life cycle of the LiB PE separation method using electrical pulsed-discharge 
treatment from a viewpoint of life cycle greenhouse gas emissions (LC-GHG) and life cycle resource 
consumption potential (LC-RCP)[32]. LC-GHG is proportional to the loss ratio of PE and power consumption 
during treatment, and inversely proportional to the treated PE sheet length. When the processing length exceeds 
1 m, electrical pulsed treatment can reduce LC-GHG and LC-RCP, in contrast to conventional recycling 
processes. As described above, from a viewpoint of energy efficiency, recovery, and life cycle assessment, an 
increase in treatment length lAl had a positive effect on PE separation by the electrical pulsed method. 
 
 
5. Conclusion 
 
We formulated and calculated the required energy to separate the active material layer and Al foil for LiB PEs 
of variable lengths using electrical pulsed-discharge treatment. By applying calculated discharge conditions to 
PE samples of different lengths of 200 mm and 400 mm, the active material layer was separated from the Al 
foil. The elemental distribution of Co, Ni, Mn, and Al in the recovered material was analyzed by XRF after 
sieving. Because the size difference between the PEAM and Al foil after the electrical pulsed-discharge 
treatment was large, it was possible to separate the PEAM and Al foil by screening. Screening at 8.00 mm 
after electrical pulsed-discharge treatment at 200 mm and 400 mm yielded an active material recovery of 90% 
or more and Al contamination was suppressed to 3% or less. The separation efficiency of Co over Al was 
higher for longer PE samples because only some Al foil near the discharging electrode was pulverized 
compared with the total PE sample length. The energy efficiency during electrical pulsed-discharge treatment 
was 16.8% at 400 mm. When the processing length was increased without changing the circuit resistance, the 
energy efficiency increased. The energy efficiency reached 66.9% for the 4-m processing length. 
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