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A B S T R A C T   

Incremental capacity analysis (ICA) is a widely used method for assessing Li-ion battery state of health (SOH). 
The ICA method is typically applied to low C-rate charging or discharging, which is seldom feasible in online 
SOH estimation in real applications. In this paper the applicability of the ICA method to higher C-rates is 
investigated with C/3, 1C and 2C charging data from cycle aged large format commercial LiFePO4/graphite cells, 
LiNiMnCoO2/graphite cells, and cells with Li2TiO3 anode. Alongside the ICA method, a less studied integrated 
voltage (IV) method is investigated with the same data set. The results show that both the ICA method and the IV 
method can be used for battery SOH estimation utilizing partial charging data. The results for the ICA method 
indicate an accuracy of 0.9–2.1% (RMSE) with C/3 charging for all studied cells, and corresponding accuracy 
also for some of the cell types studied with 1C and 2C charging currents. The accuracy of the IV method does not 
suffer from increasing charging current as heavily as the accuracy of the ICA method, and the SOH estimation 
error remains below 2.0% (RMSE) with all studied cell types up to 2C charging.   

1. Introduction 

Lithium-ion batteries have become a key energy storage solution for 
the electrification of transport, from electric passenger cars to heavy- 
duty electric commercial vehicles, as well as for stationary energy 
storage systems. The main driver for using Li-ion batteries in trans-
portation and stationary applications is to reduce carbon dioxide emis-
sions. The environmental impact of Li-ion batteries significantly 
depends on the battery life, which is limited by battery degradation. The 
degradation occurs during battery operation and idle time, and its rate is 
affected by the operating schemes and environmental conditions of the 
battery [1,2]. Exposing the battery to more demanding use, such as 
frequent charging and discharging with high current rates or operation 
at suboptimal temperatures, accelerates the degradation. The degrada-
tion of lithium-ion batteries is a complex combination of chemical, 
physical and mechanical processes, which lead to decrease in battery 
capacity and increase in battery impedance [1,3]. The broad array of 
degradation mechanisms can be clustered into three main degradation 
modes: loss of lithium inventory, loss of active anode material and loss of 
active cathode material [4]. 

The degradation rate and lifetime of Li-ion batteries in different 
operating conditions has been examined and reported in various studies 

in the literature. Several cycle ageing studies have been reported for 
small (1.1–3 Ah) cylindrical lithium iron phosphate (LFP) cells [5–10], 
but only one study for large LFP pouch cells was found [11]. Addition-
ally, in [12], Lewerenz et al. have examined the cycle ageing of 8 Ah 
cylindrical LFP cells in different operating conditions. Comprehensive 
cycle ageing studies have been reported also for cylindrical 18650 
format lithium nickel manganese cobalt oxide (NMC) cells [13–16]. For 
these small cylindrical cells, the utilized C-rates are typically 1C or 
lower. In [15] and [16] also 2C discharge has been used with some 
18650 format NMC cells. In addition, many cycle ageing studies for 
larger NMC cells can be found from the literature [17–24]. Several 
studies include also cells cycled with C-rates up to 2C or 3C [19–21,23, 
24]. In [22], Gao et al. have cycled commercial 8 Ah NMC pouch cells 
with a C-rate as high as 6C for both charging and discharging. A 
considerably less studied and reported Li-ion battery type is cells with 
lithium titanate (LTO) anodes. In [25], Takami et al. present cycle 
ageing results from prototype LTO cells. Han et al. study the cycle ageing 
of three commercial LTO cells in [26]. In more recent studies [27–29], 
the cycle life of commercial 11–13 Ah LTO cells has been examined with 
different cycling conditions. In [27] and [28] the cells have been cycled 
with up to 3C, whereas in [29] the cells have been cycled with as high as 
5C and 10C. 

Cycle ageing tests are often performed on small cylindrical cells and 
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thus there is a need for experimental results with large format pouch 
cells. In this study we consider 20 Ah or larger cells as large format cells 
to distinguish pouch or prismatic cells used in electric vehicles or in-
dustrial applications from small cylindrical or coin cells commonly used 
in consumer applications. Limited number of studies exists where large 
format Li-ion cells are tested with high charge rates, especially for LFP 
cells. The work presented in this paper contributes to the existing 
literature by providing results and analysis from such experiments. 

The degree of battery degradation is measured with battery state of 
health (SOH). SOH describes the present condition of the battery 
compared to fresh battery. Battery SOH can be determined according to 
several factors of which battery energy capability and power capability 
are the most common [30]. These are indicated by battery capacity fade 
and impedance increase, respectively. In this study, SOH is determined 
based on battery capacity. 

Numerous methods for SOH estimation of Li-ion batteries have been 
introduced in the literature [30–33]. The SOH estimation methods can 
be divided into two groups: experimental methods and model-based 
estimation methods [30]. The experimental methods can be based on 
direct measurements like the Coulomb counting based methods [34], 
estimation of internal resistance from current pulses [35] or measuring 
the impedance of the battery with electrochemical impedance spec-
troscopy (EIS) [36]. In addition to the direct experimental methods, 
several indirect analysis methods such as incremental capacity analysis 
(ICA) [26,37,46,38–45] or differential voltage analysis (DVA) [26,38, 
40] have been commonly used for Li-ion battery degradation analysis 
and SOH estimation. The challenge in utilizing these experimental 
methods in real applications is that they rely on specific experimental 
measurements, which may not be feasible during the normal operation 
of the battery system. 

To achieve robust real-time battery health monitoring, various 
model-based methods have been developed. The model-based SOH 
estimation methods commonly rely on an equivalent circuit model 
(ECM) of the examined battery. A frequently used approach is to utilize 
Kalman filters to update the ECM parameters online and estimate the 
battery SOH [47]. In addition to ECM models, also other types of models 
including electrochemical models, empirical lifecycle models, mathe-
matical models or machine learning methods, such as neural networks 
or support vector machine, have been developed for Li-ion battery SOH 
estimation [32]. Advanced battery models can estimate the state of the 
battery accurately, but on the other hand, they typically require high 

computational power or may require extensive work to parametrize the 
battery model. 

Incremental capacity analysis has been applied for LFP [37–39,41, 
44–46] and NMC [40,42,43] cells as well as for LTO [26,38] cells. The 
degradation mechanisms of LFP cells have been analysed in detail 
studying the evolution of incremental capacity (IC) curves from 
charging or discharging with low C-rates (e.g. C/10 or C/25) [37,44,45]. 
ICA with low C-rate data can provide accurate results, but such a low 
C-rate data is typically not available during the use of the battery in real 
applications. The challenge with higher C-rates is that the smaller peaks 
in the IC curves often shrink to unnoticeable when the current is 
increased. Another challenge in online ICA is the noise in the mea-
surements, which makes it difficult to form a clear IC curve. Different 
filtering methods such as Butterworth filter [39], Gaussian filter [42], 
Kalman filter [43] or support vector regression [41] have been utilized 
to obtain a smooth IC curve. Online SOH estimation with ICA has been 
presented for LFP cells [39,41,46] and NMC cells [40,42,43], but no 
study specifically on online ICA for LTO cells was found. In the refer-
enced literature, online ICA was performed with C-rates up to 1C. In this 
study, ICA is applied to constant current phase data from standard 
CC–CV charging of LFP, NMC and LTO cells with C/3, 1C and 2C 
charging rates to examine the feasibility of the ICA method in real 
applications. 

Stroe et al. [48] and Schaltz et al. [49] have introduced a SOH 
estimation method which they call partial charging method. The partial 
charging method focuses on the measurement of battery charging ca-
pacity for a reduced voltage interval. They have tested the method with 
NMC cells at different stages of ageing and have detected a clear rela-
tionship between the partial charging capacity and full discharge ca-
pacity. Another SOH estimation method based on charging curves is the 
integrated voltage (IV) method introduced by Zhou et al. [50]. Inte-
grated voltage method utilizes battery voltage data during constant 
current charging to estimate the capacity fade of the battery. In [50], 
Zhou et al. demonstrated the IV method with C/2 charging of LCO cells. 
Like the ICA method, the IV method is applied in this study to charging 
data from LFP, NMC and LTO cells with C/3, 1C and 2C charging rates. 
In addition, the applicability of the IV method to partial charging data is 
investigated utilizing different voltage ranges. 

The remainder of the paper is structured as follows: Firstly, the cycle 
ageing experiments performed on LFP, NMC and LTO cells are described 
in Section 2. Secondly, the SOH estimation methods addressed in this 
study are explained in Section 3. In Section 4, the results from the cycle 
ageing experiments and the SOH estimation methods are presented and 
discussed. Finally, Section 5 summarizes the main conclusions. 

2. Experimental 

The experimental work was performed on twelve commercial A123 
20 Ah LiFePO4/graphite pouch cells, three commercial Kokam 40 Ah 
LiNiMnCoO2/graphite pouch cells and three commercial Kokam 65 Ah 
pouch cells with Li2TiO3 anode. The cathode material of Kokam LTO 
cells is not specified by the manufacturer. The basic parameters of the 

Acronyms 

BMS battery management system 
CC constant-current 
CV constant-voltage 
DOD depth of discharge 
DVA differential voltage analysis 
ECM equivalent circuit model 
EFC equivalent full cycle 
EIS electrochemical impedance spectroscopy 
IC incremental capacity 
ICA incremental capacity analysis 
IV integrated voltage 
LCO lithium cobalt oxide 
LFP lithium iron phosphate 
LTO lithium titanate 
MA moving average 
NMC lithium nickel manganese cobalt oxide 
RMSE root mean square error 
SOC state of charge 
SOH state of health  

Table 1. 
Basic parameters of examined batteries.   

A123 LFP Kokam NMC Kokam LTO 

Battery type LFP / C NMC / C ? / LTO 
Nominal capacity 20 Ah 40 Ah 65 Ah 
Nominal voltage 3.3 V 3.7 V 2.2 V 
Charge cut-off voltage 3.6 V 4.2 V 2.7 V 
Discharge cut-off voltage 2.0 V 2.7 V 1.5 V 
Maximum charge current 60 A (3C) 120 A (3C) 260 A (4C) 
Maximum discharge current 60 A (3C) 320 A (8C) 260 A (4C) 
C/3 discharge capacity 1 19.8 Ah 43.0 Ah 65.3 Ah 
Specific energy 1 126 Wh/kg 164 Wh/kg 76.9 Wh/kg  

1 Experimentally determined average value for the lot. 
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examined Li-ion batteries are shown in Table 1. 
The experimental tests consisted of initial characterization tests, 

cycle ageing tests and reference performance tests between the cycle 
ageing tests. The initial characterization test regime consisted of a pre- 
conditioning test, a capacity test, a dynamic test, a pulse test, and an 
electrochemical impedance spectroscopy (EIS). In the pre-conditioning 
test, three consecutive C/3 charge-discharge cycles were performed 
within the cut-off voltage limits defined by the manufacturer. The ca-
pacity test measured both the charge and discharge capacities of the 
cells with different C-rates, including C/3, 1C, 2C, and maximum 
allowed C-rate for a charge-discharge cycle, which is 3C for LFP and 
NMC cells, and 4C for LTO cells. The dynamic test was done according to 
the IEC 61982–2 to evaluate the dynamic performance of the cells, and 
the pulse test comprised equal charge and discharge pulses of 10 second 
duration with various C-rates. The EIS was done in a galvanostatic mode 
at different state of charge (SOC) levels. 

After the cells were characterized, they entered the cycle ageing 
tests. The cells were cycled with different SOC ranges and different 
charge and discharge rates. The cycle ageing test matrix is shown in 
Table 2. The LFP cells were cycled with symmetric (2.5C charge/2.5C 
discharge) and asymmetric (2.5C charge/1C discharge and 1C charge/ 
2.5C discharge) high currents and with different SOC windows. The SOC 
windows were 0–100%, 0–80%, and 20–100%. In the 0–100% SOC 
window, discharge was done until lower voltage was reached and a 
constant current-constant voltage (CC–CV) protocol was applied in 
charging. In the 0–80% SOC window, a minimum voltage limit was used 
to end discharge and Ah-counting was used to end the charge at 80%. In 
the 20–100% SOC window, the cell was charged with the CC–CV pro-
tocol and then discharged 80% with Ah-counting. In the cycle ageing 
tests the NMC and LTO cells were charged with maximum continuous 
charging rate specified by the manufacturer and discharged with 1C 
discharge rate. The maximum continuous charging rate for the tested 
NMC cells is 3C (120 A) and for the LTO cells 4C (260 A). The SOC 
window for cycling was 0–100%. CC–CV protocol was applied in 
charging and minimum voltage limit was used to end discharge. For all 
tested cells, a 10-minute rest period after both charge and discharge was 
allowed to stabilize temperature. 

The reference performance test was done every 250 cycles for LFP 
cells and every 500 cycles for NMC and LTO cells (counted in actual 
charge-discharge cycles) to evaluate the state of health (SOH) of the 
cells. The reference performance test included the capacity test and the 
pulse test as specified above. During the cycle ageing tests, the cells were 
positioned on fume hood shelves and the ambient temperature was kept 
at 24 ± 1 ◦C. The LFP cells were placed between cooling elements and 
forced air cooling was used to minimize thermal cycling. The NMC and 
LTO cells were cycled without additional cooling. The ambient tem-
perature in the fume cupboard and the temperature from the cell surface 
were monitored during all tests. The LFP cells were cycled with PEC 
SBT0550 battery testing equipment and their surface temperatures were 
measured with K-type thermocouples. The NMC and LTO cells were 
cycles with PEC ACT0550 battery testing equipment and their surface 
temperatures were measured with NTC thermistors. The ambient tem-
peratures in all tests were measured with K-type thermocouples. 

3. SOH estimation based on partial charging 

Many SOH estimation methods presented in the literature utilize 
data from the discharge phase of the battery. However, constant 
discharge in controlled conditions is seldom available during the normal 
operation of the battery in real application. On the contrary, constant 
current-constant voltage (CC–CV) protocol is commonly used for 
charging Li-ion batteries in various applications. In this section, two 
SOH estimation methods that utilize partial charging data from the 
constant current phase are presented. 

3.1. Incremental capacity analysis 

Incremental capacity analysis (ICA) can be used to analyse the con-
dition of the battery using data from charge or discharge phase. In ICA 
the charged or discharged capacity of the battery is differentiated with 
respect to the battery terminal voltage to obtain the incremental ca-
pacity (IC) curve: 

IC =
dQ
dV  

where Q is the charged or discharged capacity and V is the terminal 
voltage of the battery. The charged or discharged capacity (Q) can be 
obtained utilizing the commonly used Coulomb counting method in 
which the current data is integrated over time to calculate the capacity 
charged to or discharged from the battery: 

Q =

∫ t2

t1
I(t)dt  

where t1 and t2 are the starting and ending times of the charge or 
discharge phase, and I(t) is the current data. 

In the IC curve, there are characteristic peaks depending on the 
battery chemistry. The peaks in the IC curves are related to lithium 
intercalation processes and phase transformations in the electrodes 
during charging or discharging of the battery [37,39]. Each peak has 
unique height, shape and position. Clear changes in IC curve peak 
height, area and position as a function of cell degradation are reported in 
the literature [26,37,38,40,45]. The changes in the IC curve reflect the 
changes in the behavior and electrochemical properties of the cell. The 
decrease of the peaks is linked to the loss of lithium inventory or loss of 
active material, whereas the shift of the peaks towards higher voltages is 
related to the increase of cell resistance [37,38,45]. Therefore, ICA is a 
suitable method to analyse the degradation mechanisms as well as 
monitor the SOH of the battery. ICA can be implemented for both 
charging and discharging data. As constant current charging or dis-
charging data is required, analysing the charging data is typically more 
practical in real applications. In this study, the correlation between cell 
capacity fade and reduction in IC curve peak height and area was 
analysed. 

As the IC curve is calculated by differentiating a measure-based 
quantity with respect to another measured quantity, even small fluctu-
ation in the measured data easily causes large amount of noise to the 
obtained IC curve. Therefore, filtering the data is essential to obtain 
smooth and usable IC curves. In this study, the IC curve was smoothed 
with moving average filter and Gaussian filter using a similar approach 
to that presented by Li et al. in [42]. An example of the IC curve 
smoothed with moving average filter and Gaussian filter is presented in 
Fig. 1. 

The height of the IC curve peak describes the charge transfer rate at 
the examined voltage level. The area of the peak, in turn, describes the 
amount of charge transferred within a certain voltage range. The 
amount of charge transferred within the voltage range can be calculated 
by either integrating the IC curve over the voltage range (peak area) or 
calculating the charged or discharged capacity from the current data 
during the corresponding time interval. The height of the peak is 

Table 2. 
Cycle ageing test matrix.  

Battery 
type 

Charge rate (þ)/ Discharge 
rate (-) 

SOC range   

0–100% 0–80% 20–100% 

A123 LFP +2.5C/− 2.5C 2 cells 2 cells 2 cells 
A123 LFP +2.5C/− 1C 1 cell 1 cell 1 cell 
A123 LFP +1C/− 2.5C 1 cell 1 cell 1 cell 
Kokam 

NMC 
+3C/− 1C 3 cells – – 

Kokam LTO +4C/− 1C 3 cells – –  
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straightforward to obtain from the filtered IC curve. On the other hand, 
for the area of the peak there is no exact definition. The voltage range for 
calculating the area of the peak can be defined based on a constant 
distance from the maximum of the peak or based on the shape of the 
peak. 

In [43], Tang et al. use a voltage range with minimum and maximum 
at the same constant distance from the peak maximum and name the 
capacity change over that range as regional capacity. Tang et al. observe 
a linear relation between the regional capacity and the capacity-based 
SOH of the battery. Riviere et al. [46] estimate the SOH of LFP batte-
ries by observing the change in the area of the second largest peak in the 
IC curve. In [46], the changes are examined by calculating the area 
under the IC curve in a constant voltage range starting from the 
maximum of the largest peak and covering the second largest peak. 

In ICA, the SOH of the battery can be estimated by detecting changes 
in the height or area of a single peak in the IC curve. Therefore, the ICA 
method can be utilized even if only partial charging data is available. 
The sufficient voltage range, and the corresponding SOC range, depends 
on the observed Li-ion battery chemistry. 

3.2. Integrated voltage method 

Another method for battery SOH estimation applied in this study is 
the integrated voltage method introduced by Zhou et al. in [50]. In the 
integrated voltage method, the battery voltage during constant current 
charging is integrated over time in predefined voltage range (V1…V2) to 
obtain the integrated voltage: 

IV =

∫ t2

t1
V(t) dt  

where IV is the integrated voltage, t1 is time at predefined minimum 
voltage V1 and t2 is time at predefined maximum voltage V2 and V(t) is 
the battery terminal voltage. The determination of the integrated 
voltage is presented in Fig. 2. The integrated voltage covers the whole 
area from t1 to t2 below the voltage curve and above 0 V, including the 
lower part that is not visible in the figure. 

Changes in the obtained integrated voltage value (IV) correlate with 
the ageing of the cell. In [50], Zhou et al. observed a strong linear 
relation between the integrated voltage and the SOH of the studied LCO 
cells. They calculated the integrated voltage from C/2 charging between 
3.85 V and 4.2 V, which corresponds to approximately 12–89% SOC for 
the LCO cells. In this study, the integrated voltage method was tested on 
LFP, NMC and LTO cells for C/3, 1C and 2C charging data and varying 
the voltage range. For different Li-ion chemistries, the shape of the 
voltage curve during charging is different and thus the voltage limits 

corresponding to certain SOC values are different. In general, the wider 
the voltage range the better the correlation between the integrated 
voltage and the SOH of the battery as long as the charging is performed 
within the constant current region. 

The integrated voltage method is simple to implement and does not 
require heavy computations, and therefore it is feasible for battery 
management systems (BMS) with limited computational power. In 
principle, the integrated voltage method is quite similar to the ICA 
method if the area of the IC curve peaks is studied in a certain voltage 
range, but the integrated voltage method is more straightforward to 
implement and the only required input is the battery voltage measure-
ment during constant current charging phase. The voltage range for the 
analysis can be selected according to the charging data available, which 
makes the integrated voltage method suitable also for applications with 
partial charging. 

4. Results and discussion 

4.1. Cycle ageing results 

The cycle ageing test results of all tested LFP, NMC and LTO cells are 
compiled in Table 3. The amount of cycles cycled is reported in actual 
charge-discharge cycles and in equivalent full cycles (EFC). The amount 
of EFCs was calculated by multiplying the amount of actual cycles with 
the cycle depth of the charge-discharge cycle. The SOH is calculated by 
comparing the current C/3 discharge capacity to the initial C/3 
discharge capacity of a fresh cell. The cycle ageing tests of the LFP cells 
lasted in total 190–1020 days including the time required for reference 
performance tests. Some of the LFP cells have long testing times due to 
idle time between the tests. The tests with higher C-rates were finished 
in shorter calendar time. The cycle ageing tests of the NMC and LTO cells 
lasted in total 350–420 days. The test results for LFP, NMC and LTO cells 
are analysed in more detail in Sections 4.1.1, 4.1.2 and 4.1.3. 

The surface temperatures of the cells were monitored during the 
cycling. For all tested LFP cells the average surface temperature was 
24–25 ◦C, which was approximately 1 ◦C higher than the ambient 
temperature at the same time. The highest surface temperature was 
monitored at the end of the high C-rate charging or discharging. The 
maximum measured surface temperatures for all tested LFP cells were in 
the range of 25–28 ◦C. No significant difference was observed between 
the cells cycled with different C-rates or SOC windows. The cell tem-
peratures at 90% SOH and 80% SOH were also compared, and there was 
no noticeable difference. The average surface temperatures during 
cycling for tested NMC and LTO cells were in the range of 28–32 ◦C, 
which was 4–7 ◦C higher than the ambient temperature at the same 

Fig. 1. IC curve smoothed with moving average (MA) filter and Gaussian filter. 
The data is from LFP cell C/3 charging. 

Fig. 2. Determination of the integrated voltage from LFP cell C/3 
charging data. 
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time. Maximum surface temperatures were reached at the end of the 
charging, and for the NMC and LTO cells they were 39–41 ◦C and 38–42 
◦C, respectively. When comparing the maximum surface temperatures, it 
should be noted that the NMC and LTO cells did not have active cooling 
unlike the LFP cells. The results show that without proper cooling high 
C-rate charging or discharging heats the cells significantly, which may 
accelerate battery degradation. 

4.1.1. LFP cells 
The cycle ageing test results for tested LFP cells are presented in 

Fig. 3. The six cells tested with 2.5C charge/2.5C discharge cycle 
reached 80% of initial capacity between 1430 to 1710 equivalent full 
cycles (EFCs). One of the cells (LFP2) cycled with 100% depth of 
discharge (DOD) experienced a sudden death by losing 33.3% of its 
capacity during the last 250 cycles. A significant increase in the lifetime 
was observed with the six cells cycled with asymmetric cycles. The three 
cells tested with 1C charge/2.5C discharge cycle reached 80% of initial 
capacity between 3040 to 3880 EFCs. The manufacturer specifies the 
lifetime of the cell to be over 3000 before 80% of initial capacity is 
reached with 100% DOD and 1C charge/2C discharge cycle. Therefore, 
it can be said that the cells performed as promised because with 100% 
DOD 1C charge/2.5C discharge cycle the capacity was 80.4% from 
initial at 3000 cycles. The three cells tested with 2.5C charge/1C 
discharge reached 80% of initial capacity between 2090 to 3300 EFCs. 

The results, presented in Fig. 3, show clearly that high charging and 

discharging currents close to the maximum currents defined by the 
manufacturer speed up the cell degradation. Lowering either the 
charging or the discharging current extended the cell lifetime signifi-
cantly. High charging current seems to be more detrimental than high 
discharging current. Decreasing the charging rate from 2.5C to 1C 
approximately doubled the cycle life of the cell even though the dis-
charging rate was kept at 2.5C. For some tested cells the narrower SOC 
window resulted in longer cycle life, but the effect was not observed for 
all the cells cycled at 0–80% SOC or 20–100% SOC. A similar phe-
nomenon was observed for the average SOC. Cycling the cell at 0–80% 
SOC was observed to lead to decreased capacity fade compared to the 
cell cycled at 20–100% SOC, but a clear difference was observed only in 
combination with high charging current (LFP8 and LFP12). For the cells 
with high charging current and high discharging current there was no 
notable difference. Overall, for most of the LFP cells the capacity fade 
accelerated after 80% SOH. 

4.1.2. NMC cells 
The cycle ageing test results for tested NMC cells are presented in 

Fig. 4. Three NMC cells were tested with 3C charge/1C discharge cycle 
with 100% DOD. The cells reached 80% of initial capacity between 4040 
to 4510 cycles. The cell manufacturer specifies the cycle life of the cells 
to be up to 5000 cycles with 1C charge/1C discharge and 80% DOD, 
which is in line with the results obtained with the performed more 
demanding cycling. The capacity fade of all three cells was linear during 

Table 3 
Cycle ageing test results for all tested LFP, NMC and LTO cells. The SOH value corresponds to the end of the cycling test, and the performed cycles are reported in actual 
cycles and equivalent full cycles (EFC). In addition, cycles (EFC) at 80% SOH are reported.  

Cell SOC range Charge rate (þ)/discharge rate (-) SOH Cycles Cycles (EFC) Total test duration (d) Cycles at 80% SOH (EFC) 

LFP1 0–100% +2.5C/− 2.5C 79.2% 1750 1750 260 1680 
LFP2 0–100% +2.5C/− 2.5C 46.9% 1750 1750 190 1500 
LFP3 0–100% +1C/− 2.5C 68.2% 3797 3797 630 3040 
LFP4 0–100% +2.5C/− 1C 68.2% 3000 3000 730 2420 
LFP5 0–80% +2.5C/− 2.5C 79.6% 2000 1600 250 1570 
LFP6 0–80% +2.5C/− 2.5C 78.4% 2000 1600 250 1460 
LFP7 0–80% +1C/− 2.5C 74.9% 5227 4182 740 3880 
LFP8 0–80% +2.5C/− 1C 63.0% 4400 3520 670 3300 
LFP9 20–100% +2.5C/− 2.5C 79.0% 2250 1800 240 1710 
LFP10 20–100% +2.5C/− 2.5C 78.0% 2000 1600 220 1430 
LFP11 20–100% +1C/− 2.5C 69.7% 4750 3800 1020 3340 
LFP12 20–100% +2.5C/− 1C 72.4% 3000 2400 630 2090 
NMC1 0–100% +3C/− 1C 78.2% 4500 4500 420 4300 
NMC2 0–100% +3C/− 1C 52.7% 4500 4500 360 4040 
NMC3 0–100% +3C/− 1C 49.5% 4860 4860 400 4510 
LTO1 0–100% +4C/− 1C 70.8% 5500 5500 410 5120 
LTO2 0–100% +4C/− 1C 71.8% 4500 4500 350 4220 
LTO3 0–100% +4C/− 1C 77.2% 5500 5500 420 5340  

Fig. 3. Cycle ageing test results for LFP cells.  
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first 4000 cycles, after which one cell experienced a sudden death by 
losing 29.8% of its initial capacity during the last 500 cycles. The other 
two cells lasted a little longer before the accelerated capacity fade. For 
the NMC cells a so-called knee point, after which the degradation rate 
clearly increases, is very clear and is located approximately at 80% SOH. 

4.1.3. LTO cells 
The cycle ageing test results for tested LTO cells are presented in 

Fig. 5. Three LTO cells were tested with 4C charge/1C discharge cycle 
with 100% DOD. The capacity fade of the cells was quite uniform during 
the first 3500 cycles. At 500 cycles, a slight capacity increase compared 
to the initial capacity was detected, but after that the capacity fade was 
continuous and fairly linear. After 3500 cycles, the degradation rates of 
the cells diverged. The cells reached 80% of initial capacity between 
4220 to 5340 cycles. The manufacturer reports a cycle life of over 
10,000 cycles with 1C charge/1C discharge and over 5000 cycles with 
4C charge/4C discharge, both with 100% DOD. Thus, the observed cycle 
life was somewhat shorter than would be expected based on the man-
ufacturer’s reports. For the LTO cells, the knee point is not as distinctive 
as for the NMC cells (Section 4.1.2), but an increase in the degradation 
rate can be observed around 85% SOH. 

4.2. SOH estimation 

4.2.1. Incremental capacity analysis 
The C/3 charging data from the reference performance tests of the 

cycle-aged cells was analysed with incremental capacity analysis at 
different stages of ageing. The evolution of the IC curves as a result of 
battery ageing for studied LFP, NMC and LTO cells is presented in Fig. 6. 

Each Li-ion chemistry has unique IC curve shape, but in all of them, 
there are characteristic peaks that decrease as the battery ages. The IC 
curve of the LFP cell (Fig. 6a) has two distinctive peaks: one around 3.34 
V and another around 3.38 V. Up to five peaks have been reported in the 
literature when the LFP cell is charged with a really low C-rate [37,45]. 
However, in this case already the third peak around 3.25 V is almost 
unnoticeable when charged with C/3. Both the largest and the second 
largest peak decrease as a function of charge-discharge cycles, but the 
change in the location of the peaks is not significant. The correlation of 
the height and area of the two largest peaks with the available discharge 
capacity of the cell was studied and the best correlation was observed 
with the area of the second largest peak (around 3.38 V). The best 
method for determining the area of the second largest peak was found to 
be the method introduced by Riviere et al. [39], in which the area under 
the IC curve in a constant voltage range starting from the maximum of 
the largest peak and covering the second largest peak is calculated. For 
the studied LFP cells, a voltage range of 0.065 V was used. The corre-
lation between the area of the second largest peak and the SOH of the 
cell is presented in Fig. 7. The SOH was calculated based on the 
discharge capacity of the battery. A second-degree polynomial curve 
was fit to the data to model the correlation. When the charging rate is 
increased, the second largest peak begins to merge with the largest peak. 
With 1C charging the second largest peak is almost undetectable, but the 
results obtained by calculating the area under the IC curve with the 
aforementioned method still correlate with the SOH of the cell, albeit 
with lower accuracy. The root mean square error (RMSE) of the fitted 
model is 2.12% for C/3 charging and 2.33% for 1C charging. With 2C 
charging the obtained data points scatter even more resulting in poor 
accuracy. 

In the IC curve of the NMC cell (Fig. 6b), there are two clear peaks: 
the main peak around 3.7 V and a smaller side peak around 3.55 V. Both 
peaks decrease and shift clearly towards higher voltages as the cell ages. 
Similar IC curve shape has been detected for NMC cells in [42] and [40], 
especially for the largest peak. In [40], Berecibar et al. observe that the 
largest peak decrease and shift is mainly related to the loss of lithium 
inventory. The shift of the peaks towards higher voltages may also be 
due to increase in cell internal resistance. The height of the largest peak 
in the IC curve was observed to correlate with the available discharge 
capacity of the studied NMC cells. The correlation is good with the ac-
curacy of 1.37% (RMSE) for C/3 charging and 1.60% (RMSE) for 1C 
charging, but with 2C charging the data points begin to disperse from 
the fitted model as can be seen in Fig. 7. 

In the IC curve of the LTO cell (Fig. 6c), there is only one wide peak, 
which covers virtually the entire voltage range of the charging. The 
maximum of the peak is around 2.2 V, which corresponds to approxi-
mately 20% SOC. As the peak is so wide, calculating the area of the peak 
would require data from a full 0% to 100% SOC charge. If only partial 
charging data is available, which is often the case in practical applica-
tions, either the height of the peak or the area of the peak in certain 
voltage interval can be examined. For the studied LTO cells, a good 
correlation between the height of the peak and the available discharge 
capacity of the cell was observed. Additionally, a clear correlation be-
tween the area of the peak within various limited voltage intervals (e.g. 
voltage interval corresponding to 40–60% SOC) and the discharge ca-
pacity of the cell was observed. This relation can be exploited if the 
maximum of the IC curve peak is outside the voltage range of the partial 
charging data available. The correlation between the height of the IC 
curve peak and the SOH of the studied LTO cells is presented in Fig. 7. 
The results obtained from C/3 charging follow the fitted model with 
0.85% (RMSE) accuracy. With 1C and 2C charging the data points are 
slightly more scattered, but still follow the fitted model with reasonable 
accuracy of 1.58% and 1.57% (RMSE). 

The results presented in Fig. 7 show that in general increasing the 
charging current decreases the accuracy of the ICA method. The sensi-
tivity of the ICA method to the utilized C-rate depends on the cell type. 
When the C-rate is increased, the characteristic peaks in the IC curve 

Fig. 4. Cycle ageing test results for NMC cells.  

Fig. 5. Cycle ageing test results for LTO cells.  
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gradually become less distinctive. LFP cells have significantly narrower 
characteristic peaks than NMC or LTO cells, and therefore the increase in 
C-rate is more strongly reflected in the decrease in the accuracy of the 
ICA method. The results for the studied LFP cells start to scatter already 
with 1C charging, whereas the results for the studied NMC cells with 1C 

and the studied LTO cells with 2C are still relatively accurate. In addi-
tion, it was observed that the utilized voltage (or SOC) range affects the 
accuracy of the results if SOH is estimated based on the area of the IC 
curve peak. If the observed IC curve peak is only partially covered by the 
available voltage range, the accuracy of the method decreases. If SOH is 

Fig. 6. Evolution of incremental capacity curve as a function of charge-discharge cycles for a) LFP cell, b) NMC cell, c) LTO cell.  

Fig. 7. The results of the incremental capacity analysis method for LFP cells (a-b), NMC cells (c-e) and LTO cells (f-h) with different C-rates. The root mean square 
error (RMSE) of the fitted model is marked on each figure. 

S. Jenu et al.                                                                                                                                                                                                                                     



Journal of Energy Storage 46 (2022) 103855

8

estimated based on the height of the IC curve peak, the extent of the 
voltage range available does not affect the accuracy of the method as 
long as the maximum of the peak is within the voltage range. 

4.2.2. Integrated voltage method 
Integrated voltage method was applied to C/3, 1C and 2C charging 

data from all the examined cells at different stages of ageing. The cor-
relation between the integrated voltage and the SOH of the battery was 
studied by fitting a polynomial curve (1st, 2nd or 3rd degree) to the data. 
The SOH was calculated based on the discharge capacity of the battery. 
The utilized C-rate and the selection of voltage range were found to 
significantly affect the accuracy of the IV method. The effect of voltage 
range on the accuracy of the IV method for different chemistries at a 
charging rate of 1C is presented in Fig. 8. As can be seen from Fig. 8a, the 
method is particularly sensitive to selecting the correct voltage range for 
LFP cells. To achieve accurate results for LFP cells, the upper voltage 
limit should be close to the voltage corresponding to 80% SOC, and the 
lower voltage limit should correspond to 30% SOC or lower. For NMC 
cells (Fig. 8b) the accuracy of the IV method does not depend signifi-
cantly on the upper voltage limit, but the lower the lower voltage limit, 
the better. For LTO cells (Fig. 8c) the voltage range does not appear to 
have a significant effect on the accuracy of the IV method, for in all 
voltage ranges tested the accuracy was good, although the accuracy 
decreased slightly in the narrowest voltage ranges. 

The results of the integrated voltage method for LFP, NMC and LTO 
cells are presented in Fig. 9. For LFP and NMC cells, the selected voltage 
range corresponds to approximately 20–80% SOC, which provides ac-
curate results for both chemistries and is still feasible in real applica-
tions. For LTO cells, the good accuracy of the method does not require as 
wide a voltage range, so a voltage range corresponding to approximately 
40–80% SOC was selected as it is easier to implement in applications. 

As can be seen from Fig. 9, the integrated voltage calculated from 
partial C/3, 1C and 2C charging data of the studied LFP cells has a clear 
correlation with the SOH of the cell (subfigures a-b). The root mean 
square error of the fitted models for all studied C-rates is below 2%: 
1.83% with C/3, 1.67% with 1C, and 1.91% with 2C. For NMC and LTO 
cells (subfigures d-i) the results from C/3 charging follow the fitted 
model with an accuracy as high as 0.58% (RMSE) for NMC and 0.72% 
(RMSE) for LTO. The accuracy with 1C and 2C is slightly lower: 0.91% 
and 1.70%, respectively, for NMC, and 1.02% and 1.58% for LTO. 
Overall, the results show that the accuracy of the integrated voltage 
method is better with lower C-rates, but the accuracy is relatively good 
even with 2C charging. 

Another factor affecting the accuracy of the method is the utilized 
voltage (or SOC) range. In this study, it was observed that a wider 
voltage range leads to more accurate results. From an application point 
of view, the narrower the required voltage range, the better. Therefore, 
the voltage range selected needs to be a compromise between accuracy 
and applicability of the method. To obtain high accuracy, relatively 

wide voltage range was used in this study: a voltage range corresponding 
to approximately 20–80% SOC for tested LFP and NMC cells, and a 
voltage range corresponding to approximately 40–80% SOC for tested 
LTO cells. Depending on the application-specific limitations, a smaller 
voltage range can also be used. In addition to the C-rate and voltage 
range, the temperature of the cell may also affect the accuracy of the IV 
method by changing the shape of the voltage curve during charging. The 
measurements in this study were performed at room temperature, so the 
effect of temperature remains a topic for future research. 

4.2.3. Comparison of incremental capacity analysis and integrated voltage 
method 

The accuracies of the ICA method and the IV method for different cell 
chemistries and C-rates are collected in Table 4. The accuracy of both the 
ICA and IV methods was found to depend on the magnitude of the 
charging current. The results for the ICA method indicate an accuracy of 
0.9–2.1% (RMSE) with C/3 charging, depending on the cell chemistry. 
The IV method produced slightly more accurate results with C/3 
charging: the accuracy of the method is 0.6–1.8% (RMSE). When the 
charging current was increased, the accuracy of the ICA method suffered 
more than that of the IV method. The results of the ICA method for the 
LFP cells started to scatter already with 1C, and a similar phenomenon 
was observed for the NMC cells with 2C. The decrease in the accuracy of 
the ICA method is related to the shrinkage of the characteristic IC curve 
peaks as the charging current is increased. The accuracy of the IV 
method did not suffer from increasing charging current as heavily as the 
accuracy of the ICA method, and the SOH estimation error remained 
below 2.0% (RMSE) with all studied cell types up to 2C charging. 

In addition to the C-rate, another key factor influencing the accuracy 
and applicability of the SOH estimation methods is the required voltage 
range. For the ICA method the required voltage range depends on the 
location of the characteristic peak in the IC curve, and if the peak area is 
calculated, also of the width of the peak. The voltage range used in the IV 
method can be chosen more freely, but especially in the case of LFP cells 
the selected voltage range greatly affects the accuracy of the method 
(Section 4.2.2). In general, the IV method achieves higher accuracy than 
the ICA method, and the better accuracy of the IV method is emphasized 
if a wide voltage range is available. However, in real applications the 
available voltage range is often limited. If only a narrow voltage range is 
available, the ICA method can produce more accurate results than the IV 
method as long as the characteristic peak is within the voltage range. 
The second characteristic peak for LFP cells is located at 3.38 V 
(approximately 40% SOC), which is within a typical operating area, 
whereas accurate results for LFP cells with the IV method require rather 
wide voltage range (approximately 25%− 80% SOC). For NMC and LTO 
cells the maximums of the characteristic peaks are at relatively low 
voltages (approximately 20–25% SOC), which places constraints on the 
data applicable for the ICA method. Achieving good accuracy with the 
IV method for NMC cells also requires relatively low voltage range 

Fig. 8. The effect of voltage range on the accuracy of the IV method for LFP cells (a), NMC cells (b) and LTO cells (c). The approximate SOC corresponding to the 
voltage is indicated in parenthesis. 

S. Jenu et al.                                                                                                                                                                                                                                     



Journal of Energy Storage 46 (2022) 103855

9

(approximately 25–60% SOC), while for LTO cells accurate results can 
be obtained even with a narrow voltage range at low or high voltage 
(Fig. 8). 

5. Conclusions 

In this study, two battery SOH estimation methods were tested: in-
cremental capacity analysis (ICA) and integrated voltage method (IV). 

The applicability of the methods for higher C-rates was examined uti-
lizing partial charging data from C/3, 1C and 2C charging of commercial 
large format LFP, NMC and LTO cells at different stages of ageing. 

The accuracy of both the ICA and IV methods was found to depend on 
the magnitude of the charging current. The results for the ICA method 
indicate an accuracy of 0.9–2.1% (RMSE) with C/3 charging, depending 
on the cell type. The IV method produced slightly more accurate results 
with C/3 charging: the accuracy of the method is 0.6–1.8% (RMSE). 
When the charging current was increased, the accuracy of the ICA 
method suffered more than that of the IV method. The results of the ICA 
method for the LFP cells started to scatter already with 1C, and a similar 
phenomenon was observed for the NMC cells with 2C. The accuracy of 
the IV method did not suffer from increasing charging current as heavily 
as the accuracy of the ICA method, and the SOH estimation error 
remained below 2.0% (RMSE) with all studied cell types up to 2C 
charging. 

Another factor influencing the accuracy and applicability of the ICA 
and IV methods is the required voltage range. For the ICA method the 
required voltage range depends on the location of the characteristic peak 
in the IC curve. On the contrary, for the IV method the utilized voltage 
range can be chosen more freely, but especially in the case of LFP cells 

Fig. 9. The results of the integrated voltage method for LFP cells (a-c), NMC cells (d-f) and LTO cells (g-i) with different C-rates. The root mean square error (RMSE) 
of the fitted model is marked on each figure. 

Table 4 
Comparison of ICA method and IV method in terms of SOH estimation accuracy.  

Cell chemistry C-rate ICA method RMSE IV method RMSE 

LFP C/3 2.12% 1.83% 
LFP 1C 2.33% 1.67% 
LFP 2C – 1.91% 
NMC C/3 1.37% 0.58% 
NMC 1C 1.60% 0.91% 
NMC 2C 4.72% 1.70% 
LTO C/3 0.85% 0.72% 
LTO 1C 1.58% 1.02% 
LTO 2C 1.57% 1.58%  
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the selected voltage range greatly affects the accuracy of the method. For 
NMC cells, a wide voltage range is not as important as for LFP cells, but 
lower voltages are required for accurate results. For LTO cells the ac-
curacy of the IV method does not significantly depend on the utilized 
voltage range. In general, the IV method achieves higher accuracy than 
the ICA method, but if only a narrow voltage range is available, the ICA 
method can be more accurate than the IV method as long as the char-
acteristic peak is within the voltage range. 

The experiments for this study were performed at room temperature, 
and therefore the effect of temperature on the accuracy of the SOH 
estimation methods remains a topic for future research. As no destruc-
tive post mortem analyses were done on the cells, the same is true with 
insights into the actual degradation processes and their possible de-
pendency on the C-rates and operation schemes. 

The results of this study show that both the ICA method and the IV 
method can be used for battery SOH estimation utilizing partial charging 
data with relatively high C-rates. Especially the IV method has potential 
to be implemented on a BMS due to its simple implementation, 
requirement for voltage data only, and relatively good accuracy with 
even higher C-rates. 
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The authors thank Mr. Ville Erkkilä for his contribution to this work 
during the B4B project. 

References 
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