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Abstract— Nowadays, the reuse of batteries from electric 
vehicles is considered a promising solution to benefit from their 
remaining energy and extend their lifespan. Yet, the economic 
viability of these second-life batteries is still uncertain, and the 
optimization of testing at their reconfiguration stage and during 
their lifetime is the key to ensure their success. This paper aims 
to assess Incremental Capacity Analysis technique in Nissan 
Leaf modules during their second-life use, in order to evaluate 
both its potential as an State of Health estimator and as a tool to 
identify underlying degradation mechanisms. Despite the 
different internal state and ageing rates observed between the 
tested modules, ICA is found to be consistent at similar SOH 
levels. The influence of ageing, current and temperature on ICA 
is evaluated through an accelerated cycling test. Results show 
that ICA is a promising alternative to estimate SOH during 
second life even at currents up to C/2 and testing temperatures 
of 45 °C. However, testing by accelerated currents and 
temperatures is not recommended for the identification of 
degradation mechanisms. 

Keywords—Incremental Capacity Analysis, cycling ageing, 
second-life batteries, electric vehicles 

I. INTRODUCTION 

Automotive transition towards electric vehicles (EV) is 
already a fact, prompted by environmental problems related to 
traditional ICE vehicles, government actions and citizen 
awareness. In 2020, the number of EVs surpassed 10 million 
units worldwide, with an annual increase of 40 % despite the 
global pandemic situation. This expansion had a direct impact 
on the demand for Li-ion batteries, which reached 160 GWh 
in 2020 [1].  

During their usage in EVs, Li-ion batteries suffer from 
degradation related to both operation and rest, in the so-called 
cycle and calendar aging. This degradation leads to capacity 
and power fade in the batteries, which may compromise their 
compliance with EV requirements. Therefore, automotive 
standards set a 20 % loss of capacity as the withdrawal point 
for batteries from EVs. Given their impact on the price of EVs, 
batteries reuse emerges as a cost-reduction alternative to 
recycling. Stationary applications such as energy storage on 
residential photovoltaic installations, with operating profiles 
less demanding than EVs and in which power and energy 
density are not so crucial, are promising scenarios of reuse. 
The potential of these second-life batteries (SLB) from EV 
batteries is such that their global market is expected to reach 
26 GWh by 2025 [2].  

However, the commercial success of SLB is yet to be 
guaranteed because it depends on their technical and 

economic viability. Over the last few years, the operation [3], 
[4] and durability [5] of SL modules from EVs has been
experimentally assessed. Moreover, the performance of
reused EV battery packs has been tested in different
applications with high power requirements, such as frequency
regulation [6], or high energy demand, namely residential
energy time shifting and demand side management scenarios
[7]. Nevertheless, the economic viability of SLB is still
uncertain nowadays. The cost of SLB is determined up to
30 % by the repurposing process [8]. In this step,
characterization of reused batteries is key, in order not only to
guarantee SL application requirements, but also to decrease
the impact of dispersion between reconfigured modules,
which can be up to four times greater than in their new
homologues [3]. Conventional characterization methods
consist of several hours of testing, with a sequence of charge
and discharge cycles to measure capacity, and EIS or current
pulses to obtain the internal impedance. Despite the accuracy
of these methods, the time and equipment necessary to carry
them out are a major barrier to reducing reconfiguration costs.

In recent years, Incremental Capacity Analysis (ICA) has 
emerged as an alternative to characterization methods. The 
great potential of this technique lies in its dual role. On the one 
hand, ICA is a non-destructive method to determine the 
degradation mechanisms of the cells [9], [10]. On the other 
hand, it is also a promising method to estimate the State of 
Health (SOH) of Li-ion batteries at cell [11] and battery pack 
level [12], with accurate results at acceptable computational 
cost. However, ICA requires low current testing to achieve 
representative results [13] or applying complex filtering 
methods to decrease the measurement noise [14]. 

Despite its possibilities, ICA has barely been studied in 
retired EV batteries during their SL. As SOH estimator, this 
technique was applied to 6 NMC cells from BMWi3 EV and 
6 LMO cells from Nissan Leaf EV aged under calendar 
testing, being the results validated in 3 real battery packs [12]. 
The influence of cycling aging was suggested in this 
contribution as a possible cause of the differences observed in 
EVs. In [15], 24 LMO modules retired from Renault Kangoo 
EV were tested, concluding that SOH estimation was 
influenced by the C-Rate of ICA measurement. From its part, 
[16] tested 6 SL LFP modules also at their retirement point,
proved that IC tracking could be a fast-screening method for
SLB.

Considering the research gap in this field, this work aims 
to analyse ICA in retired EV batteries during their SL lifetime. 
Moreover, the possibility of accelerating the IC testing 
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procedure will also be considered, given its potential 
regarding the economic viability of SLB. The contribution is 
based on experimental results, which include extended cycling 
ageing tests. The paper is organized as follows: Section II 
focuses on the experimental setup, with SL modules and 
experimental procedure description, Section III shows and 
discusses the results obtained, focusing on ageing, influence 
of current and temperature. Finally, Section IV gathers the 
main conclusions of this contribution. 

II. EXPERIMENTAL SETUP 
A. Module description 

The Li-ion battery modules under study in this paper were 
specially designed for automotive purposes, in particular for 
the Nissan Leaf EV. Each module is composed of four pouch-
type cells of manganese oxide/graphite (LMO/C), associated 
in two parallel-connected pairs in series (2s2p). As Fig. 1 
shows, three external terminals are available: positive (R), 
middle point (W) and negative (B), in such a way that 2p cells 
are the smallest testing unit. The nominal capacity of the 
modules is 66 Ah, and their maximum, minimum and nominal 
voltages are 8.3 V, 5 V, and 7.5 V, respectively. 

B. Experimental procedure 

The experimental procedure described in this section is 
carried out at 2p cell level, between R and W terminals. To 
ease reading, the 2p cells will be hereafter named as cell. 

a) Incremental Capacity Analysis 

In this contribution, ICA is obtained from constant current 
charges test files with a sampling interval of 1 second. Each 
charge is split into 200 sections of equal time, considering this 
number as a compromise between measurement noise and IC 
detection. For each section (n to n+1), voltage and capacity 
change are obtained, computing the incremental capacity (IC) 
as the differentiation of the battery charging capacity (Q) 
against the voltage (V), according to (1).  

IC = (dQ/dV)n= (Qn – Qn+1) / (Vn – Vn+1)  (1) 

Measurement noise in the IC curve is mitigated through a 
moving average filtering of 12 points. This solution is found 
to be the best compromise between accuracy and simplicity. 
Peak and valley identification is performed on the filtered IC 
curves using ‘findpeaks’ function in Matlab. The minimum 
distance between peaks and valleys is set to 30 points, and the 
minimum height to 5 points.  

b) Reference Performance Tests (RPT) 

To characterize capacity, internal resistance and IC curve 
of the cells, RPT are carried out periodically every four weeks. 
For this purpose, the ambient temperature is controlled at 

25 °C±1 ºC. The RPT procedure starts with a 24-hour rest at 
the test temperature, so that the cells reach thermal 
equilibrium. The RPT sequence of testing is then carried out 
as follows: 

• Capacity test. Three full cycles between cell voltage 
limits at C/3. The charging procedure is Constant 
Current (CC) until maximum cell voltage followed by 
a Constant Voltage (CV) phase until a cut-off current 
of C/30 is reached. Discharges are CC until minimum 
cell voltage. The capacity discharged in the third cycle 
is considered as the actual capacity of the cell.  

• DC internal resistance pulse test. After a full charge, 
cells are discharged until the specified State of Charge 
(SOC) level with a CC pulse. Then, a 1-hour rest is set, 
so that cells reach thermodynamic equilibrium, 
followed by a CC discharge pulse until the next SOC 
level. Both charge and discharge C-Rate are C/2. DC 
internal resistance (DCIR) is computed from voltage 
and current measurements at the end of the rest period 
and after 10 seconds of discharge pulse. The SOC 
intervals are 20 %, starting at 90 % SOC. 

• IC curve. After a 1-hour rest, cells are fully charged at 
C/30, in order to determine their IC curve. 

c) Cycling ageing tests 

The cycling ageing tests are carried out at a controlled 
ambient temperature of 45 °C±1 ºC. After a 24-hour rest, cells 
are CC discharged at C/3 until their minimum voltage, and 
then charged at the same rate until a SOC of 75 %. Then, a 
cycling sequence with CCCV charges and CC discharges at 
0.7 C is applied with a 50 % of Depth of Discharge (DOD). 
Both SOC and DOD are computed from the actual capacity of 
the cell. Every 100 equivalent full cycles, capacity and DCIR 
measurement tests are carried out at the same temperature.  

C. Test bench 

The test bench consists of a battery tester and a climatic 
chamber. The battery tester stands 5 V and 50 A on each 
channel, accurate to within ±0.1 % of full scale, while the 
climatic chamber allows a temperature range from -30 °C to 
+180 °C with measurement precision of ±0.5 ºC. 

III. RESULTS AND DISCUSSION 
A. ICA in SLB 

Two SL cells are tested according to the RPT described in 
Section III, being the main results presented in Table I. This 
point will be hereafter considered as SL Beginning of Life 
(SL-BOL). As it can be seen, capacity results show great 
differences, despite being both samples SL cells. The SOH of 
Cell 1 is 91.1 %, while in Cell 2 this value decreases to 71.3 %. 
Internal resistance measurements also vary, being it 13 % 
greater in Cell 2. These differences could be due to their FL 
history and subsequent degradation rates. While Cell 2 is 
consistent with the automotive retirement standards regarding 
capacity, Cell 1 could have been a replacement never used 
which would have degraded under calendar aging effects. The 
differences observed evidence the heterogeneity of reused 
batteries at their SL-BOL. 

Fig.2 shows the IC curve of Cell 1 and Cell 2 at their SL-
BOL. The IC is plotted in the Y axis, while voltage is shown 
in the X axis. Four peaks can be identified in Cell 1, while Cell 
2 only shows two. This is consistent with other IC studies of 

Fig. 1. a) Internal module scheme and b) Nissan Leaf EV module. 



cells with similar SOH and chemistry [12]. As explained 
before, the amplitude and shape of the peaks is related to the 
electrochemical processes of the electrodes, giving valuable 
information about the underlying degradation mechanisms.  

Table I shows the IC and voltage position of each feature 
of the curve from Fig.2. As it can be seen, the main 
electrochemical reactions occur at voltages greater than the 
nominal cell value (3.75 V). Hence, the operation of cells at 
high SOC would entail greater degradation than at low 
voltages [17]. In general, IC curve of Cell 2 is shifted to higher 
voltages, which can be related to the increase of its internal 
resistance [10]. From the four original peaks of Cell 1, Peak 2 
(P2) and Peak 4 (P4) disappear in Cell 2, while the IC of 
Peak 1 (P1) and Peak 3 (P3) increase 42.9 % and 24.5 % 
respectively. The decrease of IC peaks has traditionally been 
related to loss of active material (LAM) [10], [17], which 
combined with loss of lithium inventory (LLI) are responsible 

of peak fade [10], [17]. On the other hand, two of the three 
original valleys disappear in Cell 2, which is consistent with 
the aforementioned vanishing of P2 and P4 in Cell 1. Valley 1 
(V1) does not change in IC but in voltage, which could imply 
that the underlying reaction in the electrodes remains 
unchanged with ageing. The overall differences observed in 
both IC curves are consistent with the capacity and DCIR 
measurements, as Cell 2 was found to be much more 
degraded. 

This first approach to ICA in SLB shows that this 
technique also allows to detect heterogeneity of reused 
batteries at their BOL. Several questions arise, such as how IC 

curves evolve with ageing in both cells, or whether they are 
consistent at equivalent SOH levels. Hence, the next step of 
this contribution analyses the behaviour of IC curves with 
ageing.  

B. Influence of SOH in ICA of SLB 

In order to determine the evolution of IC curves at 
different SOH, Cell 1 and Cell 2 are aged according to the 
accelerated cycling test described in Section III.  

Fig.3 shows the evolution of capacity and DCIR 
measurements in the RPTs during the ageing test, referred to 
their initial value at SL-BOL, which is gathered in Table I. 
The Equivalent Full Cycles (EFC) performed by the cells 
during the test are plotted in the X axis. As the figure shows, 
even though capacity fades linearly with EFC in both cells, the 
slope is 3.5 times greater in Cell 2, leading to a higher 
degradation rate under similar cycling. After 1181 EFC, 
capacity from Cell 2 reaches a SOH level of 23.8 %. On the 
other hand, the SOH of Cell 1 reaches 68.1 % after 1505 EFC, 
which is similar to the SL-BOL state of Cell 2. Considering 
DCIR increase, both cells show a quadratic correlation with 
EFC, but the degradation rate is much higher in Cell 2. At the 
end of the test, the DCIR of Cell 2 has increased 232 % from 
its SL-BOL value, while DCIR of Cell 1 only 36 %. The 
different degradation rates observed in both cells could be due 
to their FL usage, which would have been much more 
aggressive in Cell 2. 

Fig. 4 shows the IC curves of Cell 1 (a) and Cell 2 (d) 
measured during their cycling ageing test. For each curve, the 
corresponding SOH level measured is stated and coloured 
differently. SOH in Cell 1 varies from 91 % to 68 %, while in 
Cell 2 it goes from 71 % to 24 %. As the figure plots, there is 
a change of shape in the IC curve of Cell 1, with the fade and 
disappearance of P2 and V1 at SOH values below 79 % and 
of P4 and V3 below 71 %. The resulting shape is consistent 

with the IC curve of Cell 2 at its SL-BOL, which was 
measured at similar SOH. To ease graph tracking, Fig. 4 also 
plots the evolution of peaks and valleys in IC magnitude for 
Cell 1 (b) and Cell 2 (e) related to their value at SL-BOL. As 
it can be seen, IC in peak 4 (P4@IC) experiences the greatest 
fade, until 59 % of its initial, while P2@IC fades 15 % before 
vanishing. From its part, P1@IC increases up to 21 % and 
remains constant and the other points do not change more than 
5 % during the test. On the other hand, in Cell 2, P1@IC and 
P3@IC fade up to 28 % and 38 % of their initial value, 
respectively. The decrease of peaks is traditionally related to 
LAM [10], while the sequence observed, with the fade and 

Fig. 2. Voltage vs. IC in Cell 1 (blue) and Cell 2 (red) at SL-BOL. 
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RPT result 
Cell 

1 2 

Capacity (Ah) 60.18 47.07 

DCIR (mΩ) 1.64 1.86 

Peak 1 - IC (Ah·V-1); V (V) 100.85; 3.745 144.11; 3.795 

Peak 2 - IC (Ah·V-1); V (V) 183.65; 3.925 - 

Peak 3 - IC (Ah·V-1); V (V) 172.58; 4.012 214.82; 4.024 

Peak 4 - IC (Ah·V-1); V (V) 243.10; 4.079 - 

Valley 1 - IC (Ah·V-1); V (V) 65.91; 3.801 66.93; 3.885 

Valley 2 - IC (Ah·V-1); V (V) 156.22; 3.976 - 

Valley 3 - IC (Ah·V-1); V (V) 78.72; 4.055 - 

 

TABLE I. RPT RESULTS AT SL-BOL 

 



vanish of P4 and later decrease of P3 could also be due to LLI 
in the anode [10]. Both LAM and LLI are considered to be 
mainly caused by Mn dissolution in LMO cells [18]. Finally, 
the voltage position of peaks and valleys is shown in Cell 1 (c) 
and Cell 2 (f). As it can be seen, there is a general increase of 
all voltages with SOH, which would be related to the 
resistance increase measured during the test [10].  The voltage 
in valley 2 (V2@V) is an exception to this trend. This relation 
is more evident at high aging states, where the increase in 
voltage is quadratic with the value at SL-BOL, being this trend 
similar to the one observed in DCIR.  

Considering ICA as a tool for SOH estimation, there is a 
linear correlation between some indicators and SOH. The best 
results in Cell 1 are P4@V and V1@V, which R-square of 
linear regression are 0.995 and 0.993, respectively. In Cell 2, 
the best results are obtained in P1@IC and V1@IC, with R-
square of 0.998 and 0.994. However, to track the whole SL 
lifetime, the indicator should appear in both cells, and its trend 
with SOH should be consistent. Thereby, the voltage in V1 
shows the best result, with an overall R-square of the linear 
fitting of 0.879. This finding is consistent with previous 
analysis of similar cells [12]. 

The results shown were measured according to the RPT 
procedure described in Section III. At their SL-BOL, the IC 
test took almost 1170 minutes in Cell 1, and 930 minutes in 
Cell 2. Given the necessity of reducing testing time, the 
following sections will analyse the potential of acceleration 
factors such as current and temperature increase. 

C. Influence of C-Rate in ICA of SLB 

As a first acceleration factor, this section will investigate 
the influence of C-Rate in ICA of SLB. For this purpose, IC 
curve is determined at C/3 and C/2 from corresponding 

charges of the RPT measurement described in Section II. As 
different rates are aimed to be compared, the influence of 
polarization resistance is considered [9], [13]. To do so, the IC 
curve is compensated with the corresponding DCIR for every 
SOC level considered in the RPT. 

Fig. 5 shows IC curve of Cell 2 at its SL-BOL as 
representative behaviour. As it can be observed, if current 
increases, the general shape of the curve is maintained, with 
the greatest difference obtained in P3. At C/3, P3@IC fades 
18.2 % with respect to C/30, while at C/2 it decreases up to 
24.8 %. On the contrary, V1@IC and V1@V are found to vary 
less than 1 % with C-Rate.  

Given the differences observed between indicators, the 
influence of C-Rate in the evolution of IC and voltage 
measurements is analysed during the ageing test. The error in 
peak and valley identification is defined as the difference 
between the corresponding current (C/3 or C/2) with respect 
to C/30, related to their value at C/30. Fig. 6 shows the error 
results in absolute value during the whole ageing test, with the 
corresponding SOH plotted in the X axis. In view of the 
previous analysis, only the most relevant indicators are shown. 
Hence, V1 voltage (V1@V) is kept for its SOH estimation 
potential, while IC in P1 (P1@IC), P3 (P3@IC), and P4 
(P4@IC) are selected to identify degradation mechanism. 

As Fig.6 shows, voltage measurement is much more precise 
than IC. While V1 tracking shows a maximum error of 1.1 % 
during all the ageing tests, IC measurement leads to errors 
between 10.1 % and 64.3 % at C/3 and 15.3 % and 60.1 % at 
C/2. It should be highlighted that some points cannot be 
identified if C-Rate increases. In Cell 1, P4 vanishes in the last 
RPT at both rates, while P1, P3 and V1 disappear at C/2 in the 
last RPT of Cell 2. The differences in behaviour observed at 
high C-rates could be due to inhomogeneous lithium 
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distribution [19]. This effect is a consequence of the increase 
in concentration gradients in the electrodes and the reduction 
of the relaxation time of the phases to equalize, both promoted 
by high charge and discharge rates. 

Ageing is found to negatively affect IC estimation at C/3 
and C/2. This is especially relevant in P3@IC, where error 
increases as both cells age. On the contrary, only the error in 
V1@V is completely independent of SOH in both samples. 
Regarding testing times, they were reduced to 165 and 150 
minutes in Cell 1 and 130 and 110 minutes in Cell 2 at C/3 and 
C/2 respectively at their SL-BOL. Compared to the 1170 
minutes in Cell 1 and 930 minutes in Cell 2 at C/30, this time 
reduction states the interests of increasing C-Rate to accelerate 
IC testing.  

D. Influence of temperature in ICA of SLB 

This section analyses the influence of test temperature in 
the ICA of SLB. For this purpose, from the accelerated cycling 
test described in Section III, two temperatures are compared: 
25 °C and 45 °C. The analysis is held at both C/3 and C/2. 

Fig.7 shows the IC plot at SL-BOL of Cell 2. As it can be 
seen, the increase in temperature does not influence curve 
shape. Considering IC magnitude, peaks are slightly enlarged, 
as for instance P1@IC is 4.5 % greater at 45 °C while valleys 
remain almost invariable. The capacity measured at 45 °C is 

3.1 % greater than at 25 °C, what would explain the 
differences observed. 

Given the interest of studying the evolution during the 
whole lifetime of the cells, the measurement error between 
temperatures for a given C-Rate is computed as the difference 
between 45 °C and 25 °C results, related to the 25 °C 
measurement. Fig. 8 shows the absolute value of the errors of 
the most relevant indicators previously discussed for Cell 1 
and Cell 2, with the SOH measured at the corresponding RPT 
plotted in the X axis. As Fig.8 shows, temperature increase 
adversely affects both IC and voltage. This is especially 
noticeable with ageing, and as it can be seen, IC error in Cell 
2 can be up to 38.8 %, while in Cell 1 it is lower than 24.1 %. 
Moreover, peak detection is also adversely affected with 
temperature, as P3 is missed at C/3 in the last RPT, and P4 is 
only tracked at SL-BOL in Cell 1 at C/3. Voltage 
measurement is much more precise as temperature increases, 
with errors lower than 1.5 % at C/2 and 1.3 % at C/3.  

IV. CONCLUSIONS 
This contribution assesses ICA on SL modules from 

Nissan Leaf EVs under different aging states. Given the 
potential of this technique, the aim is to evaluate its 
possibilities as SOH estimator and as a tool to identify 
degradation mechanisms. To do so, IC curves were obtained 
at two temperatures and three currents during an accelerated 
cycling test in two 2p cells from different SL modules. 
Thereby, the influence of three factors on ICA in SL cells has 
been analysed: ageing, current and temperature.  

Fig. 7. IC and voltage measurement error of the most relevant indicators 
at 45 °C related to 25 °C at C/3 and C/2 during the cycling ageing. test. 
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The initial state of the cells, as well as and their 
degradation rate during cycling ageing were different, which 
confirmed the inhomogeneity of characteristics and ageing 
tends of reused cells from EVs. However, IC curves were 
found to be similar at close SOH levels, suggesting that this 
technique is suitable for SLB. Peak behaviour in both cells 
was consistent with typical degradation mechanisms of Li-on 
batteries, such as LAM and LLI. Moreover, resistance 
increase was observed from the voltage shift of the curves 
during ageing. Regarding SOH estimation, voltage in valley 1 
was stated to be the best indicator, as it appeared in both cells 
with a consistent trend between them. The SOH range tested 
covered from 92 % to 24 %, assessing thereby a wide SL 
range.  

Considering current as an acceleration factor of ICA, 
voltage errors compared to the lowest testing C-rate were 
under 1.2 %, which encourages the use of such indicators for 
SOH estimation at currents up to C/2. On the other hand, 
regarding peak tracking for the identification of degradation 
mechanisms, low currents are advisable, as errors up to 64 % 
were found and some indicators could not even be identified 
when charging C-rate increased.  

The increase in temperature negatively affects the selected 
SOH indicator (voltage in valley 1) at advanced stages of 
aging. However, its maximum absolute error was found to be 
1.5 %, so temperatures up to 45 ℃ could be considered for 
this purpose. On the other side, IC tracking for degradation 
assessment is much more affected by temperature, especially 
at low SOH. Thereby, it is not advisable to increase test 
temperature to this end. 

All in all, this contribution highlights the potential of ICA 
as SOH estimation technique and identification tool for 
degradation mechanisms in SLB. The main reasons are the 
consistent evolution during second-life lifetime and the 
possibilities regarding test acceleration with higher current 
and temperature for SOH estimation. However, it is not 
recommended to accelerate IC testing to identify degradation 
mechanisms. Given the existing challenges in the repurposing 
process, ICA is a promising solution to characterize and assess 
degradation mechanisms in second-life batteries.  
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