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 Presented paper discusses possibilities related to the recovery of the damaged lithium 
batteries after the short-circuit. The recovery procedure was applied on the selected 
traction LiFePO4 40Ah cell which was initially short-circuited. After the short-circuit, the 
damaged cell has visible damage of the electro-mechanical properties. For the recovery of 
damaged traction cell as much as possible, the experimental recovery procedure has been 
proposed. For the realization of this recovery procedure, the automated workplace for the 
cell discharging and charging with the proposed algorithm was created. For verification 
of the proposed recovery algorithm, the traction cell was tested with a delivered ampere-
hour test at the various discharging currents. Results of the delivered ampere-hour test of 
the recovered cell were compared to results of delivered ampere-hour tests of the new cell. 
From the final evaluation is seen that the proposed recovery algorithm can recover up to 
90% of capacity within a wide range of discharge and charge current. 
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1. Introduction  

Batteries (in general form) are increasingly applied in fully 
electric vehicles or hybrid electric vehicles, energy storage 
systems, and other consumer product. The increasing of usage 
lithium batteries requires their bigger production and minimization 
of their ecological impact like footprints of carbon dioxide. 
Moreover, the raw materials access must be ensured, and the cost 
of materials must be kept low, then production rates will 
dramatically rise in the next several years. To secure enough 
battery materials, the spent lithium for batteries, especially those 
for hybrid electric vehicles or electric vehicles, must be recycled 
or recovered and used in other energy storage systems [1-5].  

In present, complete recycling of lithium batteries is very 
costly so recycling is unprofitable. Production of batteries from 
recycled materials is unattractive for manufacturers because is up 
to 5 times more expensive than the new battery production from 
newly extracted materials. One of the ways to increase number of 
reused batteries is to regenerate them. The batteries used in cars 
are unusable in a vehicle when its usable capacity falls below 60%, 
but can still be used, for example, like energy storage in the 
photovoltaic system. In this simpler application, battery can safely 

serve until the real end of life comes. It is assumed that up to 60% 
of li-ion batteries from vehicles can be used in this way [6-10]. 

Currently, the R&D institutions are not only involved into the 
research on recovery of raw materials, but also on reuse or second 
life of batteries which cannot fulfil the requirements of their 
original application area but are highly usable in less demanding 
application. Best example of battery second life is application of 
batteries from hybrid electric vehicles (HEV) or fully electric 
vehicles (EV) in small or medium battery storage systems (BSS) 
for example photovoltaic systems [11–13]. 

On the other side, there is also an issue that is common if 
operation of battery cells is considered. We can talk about 
improper storage or operation of cells which can resulting into the 
damage caused for example by deep discharge, over current 
discharging or short-circuit. Therefore, recovery or regeneration of 
such cells or harmed batteries is an important topic, due to the 
environment and the price of new batteries [14–18]. Nowadays, 
the recovery processes mainly used for NiMH and batteries lead-
acid which was used in hybrid electric vehicles or large electricity 
storage systems. In present, lithium-based cells are largely used for 
e-mobility, so the topic of lithium battery recovery is more and 
more important, because of high lithium price [19–22]. 

Therefore, within the presented paper, the recovery procedure 
of damaged battery caused by application of long-term short-
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circuit is being presented. The focus is given on the traction battery 
cell Sinopoly LiFePO4 - 40Ah/128Wh because LiFePO4 battery 
type are often used as traction batteries for electric or hybrid 
electric vehicles. Initially is being described the procedure of the 
application of long-term short-circuit, followed by the detection 
and evaluation of the damages caused by this improper operation. 
Consequently, the proposal procedure of regeneration is being 
described, while it is based on the pulsed charging with defined 
amplitude of charging current and durations of pluses, followed by 
adequate regeneration breaks. As an evaluation of suitability of 
proposed regeneration approach, the experimental test of the 
recovered battery capacity was realized, while received results 
have been compared to the similar tests of undamaged new cell.    

2. Short-circuit damage of traction battery 

During the operation of traction batteries, several hazardous 
conditions which are related to the behavior of the batteries can 
occur. These conditions can cause damage to the battery itself. 
Results of operation in inappropriate conditions primarily reflect 
into the open-circuit voltage (OCV) drop and significant loss of the 
capacity. If battery operation in hazardous condition is lasting, it 
can cause damage to the internal structure which can lead to 
damage of the package of the battery. In this paper is focus on 
operation at long-term short-circuit. Because unwanted hazardous 
operational conditions result in damage of battery structure, it is 
important to find the most suitable recovery procedure which can 
be applied for battery regeneration as near as possible to its 
nominal state.  

In this paper, the attention is focused on the investigation of 
regeneration 40 Ah-128 Wh Sinopoly LiFePO4 3.2 V cell after 
short-circuit. In Table 1 are listed main parameters of tested cell. 

Table 1: Parameters of selected cell  

Electrical Parameter Sinopoly LiFePO4 
3.2 V 40 Ah  

Nominal voltage 3.2 (V) 
Maximum charging voltage 3.65 (V) 

Minimum voltage 2.5  (V) 
Discharge current - 

maximum (continuous) 3  (C) 

Discharging current - optimal 13 (A) 
Charging current - maximum 60 (A) 
Charging current - optimal 20 (A) 

Operating temperature −45 to +85 (°C) 
Capacity 40 (Ah) 

Package material plastic (-) 
 

2.1. Experimental application of the short-circuit 

For obtain a reference cell which can be used for recovery with 
proposal algorithm, selected LiFePO4 3.2 V, 40 Ah, 128 Wh 
battery cell was selected. Therefore, selected cell was short-
circuited for obtaining reference short-circuited cell. Short-circuit, 
which is worst scenario of operation from safety point of view. On 
Figure 4 shown test set-up used for experiment of the short-circuit. 
This configuration uses mechanical switch rated for very high 
current for star of short-circuiting test. Thermo-vision camera 

FLIR E5 and thermo-vision camera FLIR SC 660 used for thermal 
analysis during short-circuit. 

 
Figure 1: Block diagram of set-up for short-circuit test 

The measurement of current during short circuit test was 
provided by current meter APPA A18, while measured values 
were stored on NI PXI with measurement cards NI PXI 1031 using 
LabVIEW.  For the evaluation of battery dimensions and shape 
changes from pictures, camera Canon EOS 6D was used. 

 
Figure 2: Current profile during the short-circuit experiment 

On new battery cell which was formatted during manufacturing 
process was used for short-circuiting test. Secondary formatting 
was realized before short-circuiting test within laboratory 
conditions. Before short-circuiting test, battery open circuit 
voltage was 3,24 Vdc.  

Figure 2 shows the current waveform during the short-circuit 
experiment. From this figure we can see that after short-circuiting, 
discharging current of the battery reached up to 430 A. Following 
more than 300 s, discharging current of the battery was over 350 
A, than in next 100s is visible rapid fall of discharging current. 
After more than 600 s of test, current was reduced to the value of 
11.5 A and finally to 2.7 A. The duration of this test was 25 min. 

During short-circuited test, the battery discharging current 
reached more than 10C what is 3-times higher than maximal 
continuous discharging current determined from manufacturer. 
Even due to this critical operational condition, the maximum 
surface temperature recorded during experiment reached 49.2 °C 
(Figure 3), while during short-circuit test the ambient temperature 
was 18 °C. This maximum temperature was measured at the end 
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of the short-circuit test and the safety pressure valve was inactive 
during whole duration of short-circuit.  

 
Figure 3: Maximal temperature during short-circuit test 

The result of the short-circuit was visible mechanical change 
of the battery internal structure which cause change dimension of 
package. Figure 4 indicates structural damage after the end of the 
experiment, whereby depth of the package raised from 46 mm up 
to 54 mm, height of the package has risen from 186 mm up to 186.5 
mm, and width had changed by 0.5 mm, i.e. from 116 mm down 
to 115.5 mm.  

 
Figure 4: Changes of dimensions of the tested cell after experiment of long-term 

short-circuit 

3. Regeneration procedure application after long-term 
short-circuit  

After the short-circuit test, the tested cell was left resting for 22 
days. After this rest period, geometrical dimension of cell was 
checked again while no dimensional or shape change was observed 

compared to measured dimensions immediately after the short-
circuit test. Consequently, the regeneration procedure which is 
explained by table 2. Was applied. The proposal procedure is based 
on the sequential charging with pulse charging current. This 
charging sequence is split into six subsequences. After finish of 
each subsequence, approximately 16 h resting period is applied. 
Each pulse subsequence duration is 100 min is divided into four 
cycles which duration is 25 min. The main difference between the 
cycles is the charging current amplitude (Table 2). 
Table 2: Parameters of the regeneration procedure after long-term short-circuit.  

Subsequence Duration 
Charging 
current 

amplitude 

Maximal 
charging 
voltage 

1 
25 min ×  
4 cycle = 
100 min 

Increasing after 
each cycle = 

0,5 – 2A 
3.65 V 

2 
25 min ×  
4 cycle = 
100 min 

Increasing after 
each cycle = 

2,5 – 4A 
3.65 V 

3 
25 min ×  
4 cycle = 
100 min 

Increasing after 
each cycle = 

4,5 – 6A 
3.65 V 

4 
25 min ×  
4 cycle = 
100 min 

Increasing after 
each cycle = 

6,5 – 8A 
3.65 V 

5 
25 min ×  
4 cycle = 
100 min 

Increasing after 
each cycle = 

8,5 – 10A 
3.65 V 

6 
25 min ×  
4 cycle = 
100 min 

Increasing after 
each cycle = 
10,5 – 12A 

3.65 V 

 
Capacity of cell was tested with delivered ampere-hour test 

after regeneration and after formatting procedure, while the results 
have been presented within [23]. 

During initial capacity testing the cell showed similar 
performance to reference, unused new cell up to 80 A of discharge 
current. However, for maximal 3C discharging current, the 
recovered cell showed just less than half of the capacity (Figure 5).     

new cell
recovered cell

Delivered capacity (Ah)

Vo
lta

ge
 (V

)

2.48

2.5
2.52

2.54

2.56

2.58

2.6

2.62

2.64

2.66

2.68
2.7

 
Figure 5: Voltage waveform during discharge with 3C discharging current for 

regenerated (yellow) and referenced cell (green) 

After 28 days of storage, recovered battery was tested ten times 
in a row with delivered ampere-hour test. Differences in capacity 
values between repeated delivered ampere-hour tests were under 
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2%. The main issue, which was not satisfactory for the recovered 
cell, was the fact that for higher currents (above 2C) the battery 
lost its performance by more than 50 %. Therefore, second 
regeneration was applied once more, consequently resting period 
of 22 days was applied followed by formatting procedure. After 
this second regeneration procedure, once the cyclic testing of the 
capacity of regenerated battery was realized.  

4. Cyclic testing of the capacity of recovered LiFePO4 

traction cell 

Before this cycling testing, it is necessary to charge recovered 
batteries as well as reference one (non-damaged, unused and 
formatted cell). CC&CV charging (Constant Current and Constant 
Voltage) is recommended for selected types of batteries. Capacity 
of both batteries was verified by test of delivered ampere-hours.  

For the battery capacity test, five discharging and charging 
strategies were chosen. Each strategy is specific by a different 
value of discharging and charging current, while the values of 
discharging currents was chosen based on manufacturer 
recommendations of selected cell 13A-120A (0.3-3C). Cyclic 
experiments have been made, i.e. recovered battery had 
continuously undertaken verification for each of charging and 
discharging test for 5 times to prove robustness of proposed 
regeneration procedure [24-25].  

 
Figure 5: Block diagram of set-up for capacity testing with delivered ampere-

hour test 

4.1. Test of the discharged capacity 

In figures 6 to Figure 10 can be seen voltage waveforms of 
battery cell during constant current discharge for 5 different 
current values (0.3C-3C). Each situation compares the situation for 
recovered cell and for reference (new) cell. From individual results 
is visible, that recovered battery exhibits the same performance as 
undamaged new cell. 

 
Figure 6: Cyclic discharging (I = 13A) 

 
Figure 7: Cyclic discharging (I = 20A) 

 
Figure 8: Cyclic discharging (I = 40A) 

 
Figure 9: Cyclic discharging (I = 80A) 

Each discharging test of recovered cell, i.e. for each value of 
discharge current, the measurement was validated for 4 times in 
order to prove stable value of recovered capacity. Simultaneously, 
there is a small difference between new and recovered cell. When 
comparing capacity for individual discharging currents, the highest 
difference of app. 2 Ah is visible for low discharging currents 
(Figure 6 – Figure 8). For higher values difference is reduced 
/Figure 9 – Figure 10).  
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Figure 10: Cyclic discharging (I = 120A) 

Within the datasheet of tested battery type it states that it is 
necessary to monitor the value of the temperature when 
discharging the cell with a current of 120 A. Temperature profile 
during whole discharging process by current of 120 A of recovered 
cell can be seen in Figure 11. From this figure is can be seen that 
temperature is reaching approximately 37.3 °C at the end of the 
discharging process. The value is much lower than critical 
discharging temperature listed in datasheet, which value is 85°C. 
This temperature profile was recorded for each discharging 
sequence.  

 

 
Figure 11: Temperature profile of recovered cell during discharge with 120A 

The other two figures (Figure 12 and Figure 13) are 
representing reference results for individual situations, while 
independently the results for recovered and undamaged, new 
formatted cells are interpreted. Here the voltage waveforms are 
being showed during discharge with different discharging current 
values. At the beginning of discharging process there is a voltage 
drop. Voltage drop magnitude depends on the magnitude of the 
discharge current. The higher value of the discharge current cause 
the greater the voltage drop. This is caused by the effect of internal 
resistance of the cell. The difference between Figure 12 and Figure 
13 is not markedly great, i.e. recovered cell exhibits similar 
behavior to undamaged. Therefore, it can be said that application 
of proposed capacity recovery algorithm has positively influenced 
the internal resistance of the cell as well. 

 
Figure 12: Voltage profile waveforms of recovered cell for various discharging 

currents 

 
Figure 13: Voltage profile waveforms of new cell for various discharging 

currents 

4.2. Test of charged capacity 

Similary to the test of the discharging process, the test of the 
charging process was realized for recovered and new cell.  

Figure 14: Charging waveforms of voltage and current (ICC = 20A) 

The recovered cell was tested several times to prove stability 
of the recovered capacity once again. Figure 14 shows the cell 
voltage and current waveforms during charging profile. Here we 
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can see the value of the constant current (in this case 20A) and the 
value of the charging voltage (3.65V). The charging profile is 
reflecting constant current, constant voltage procedure (CC/CV), 
what is an optimal charging method of tested type of bateries.  

 
Figure 15: Cyclic charging (I = 20A) 

 
Figure 16: Cyclic charging (I = 40A) 

 
Figure 17: Cyclic charging (I = 60A) 

In Figure 15 to Figure 17 are the voltage waveforms during 
charging proces. Individual figures are specific by the value of 
charging current. Each graph shows 3 measurements for recovered 
cell and one measurement for new cell. The graphs show that 

charging process of new cell exhibits higher capacity if low value 
of charging current is applied (Figure 15). This process was also 
visible during discharge process by low values of current. The 
higher the charging current, the smaller the capacity differences 
between the recovered and new cell. 

Figure 18 and Figure 19 are representing reference voltage 
profiles during charging process. Figure 18 is shown that 
maximum capacity of recovered cell is achieved at 33 Ah, while 
voltage is at the level of 3,65 V. From figure 19 can be seen that 
the capacity of new cell achieves approximately 37 Ah at 
maximum voltage level 3,65 V. Based on this results we can state, 
that recovered cell lost about 10% of its nominal capacity. This 
result is also confirmed by the voltage waveform from Figure 12 
and Figure 13 where is seen, that recovered cell provides less 
capacity than new. However, even due to reduction of available 
capacity, the recovery algorithm enables to recover more than 90% 
of damaged cell capacity.  

Figure 18: Reference waveforms of shorted cell based on the current 

Figure 19: Reference waveforms of new cell based on the current 

5. Conclusion  

This paper present charging algorithm for recovery of lithium 
phosphate traction batteries after long-term short circuit. This 
recovery algorithm was applied to short-circuited Sinopoly 
LiFePO4 3.2V 40Ah cell. Proposal algorithm was verified with 
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delivered ampere-hour tests. Result of these tests was compared to 
delivered ampere-hour test of same type battery which was, new 
and formatted. From comparison of tests of new and recovered 
battery was found that proposed algorithm can recover up to 90% 
within wide range of discharge and charge currents. 
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