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Abstract 

Incremental capacity analysis (ICA) is a widely used method of characterising state of health (SOH) in 

secondary batteries through the identification of peaks that correspond to active material phase 

transformations. For reliable ICA, cells are cycled under low constant currents to minimise resistance 

and diffusion effects, making deployment into applications such as electric vehicle charging 

unfeasible. 

In this work, the influence of charge/discharge rate on ICA is quantitively analysed through peak 

detection algorithms on two lithium-ion cells with different positive electrodes. Based on these 

results, a new robust method for faster ICA is introduced which corrects peak shift through SOC 

dependant resistance measurements using current interrupt. The new technique is evaluated 

through degradation tests on a Li(NiCoAl)O2/graphite cell. Results demonstrate that ICA during a 6-

hour (C/6) charge represents an ideal compromise between diagnostic accuracy and realistic 

application charge times. ICA at C/6 can predict peak location within 0.59% of a 48-hour charge 

(C/48) using resistance correction, compared to 1.90% without correction. Under aging, the C/6 

charge was able to correctly identify the trend of each peak compared to C/24 charge and maintain 

peak location to within 2.0%.  

At rates higher than C/6, the number of identifiable peaks in the ICA reduce, most noticeably in aged 

cells. After 200 cycles, only one identifiable peak was seen at 1C charge compared to four at C/6 and 

five at C/24.  

 

Keywords: Differential capacity analysis; Incremental capacity analysis; battery; diagnostics; state of 

health 

1. Introduction 

Energy storage applications ranging from consumer electronics to electric vehicles and grid energy 

storage share a common requirement for high performance, low cost, durable and reliable lithium-

ion batteries. With current technology, the lifetime of the battery is often less than the desired 

product lifetime, meaning the battery may need to be replaced or the product capability is reduced. 

One way to improve battery lifetime and device safety is through understanding how usage effects 

state of health (SOH) and managing its operation to reduce degradation rates. Due to the complex 

degradation mechanisms in batteries and varied duty cycles, SOH is not a directly measurable 

quantity but is inferred from current and historic measurements taken from the cell during its 

lifetime [1]. An ideal on-board SOH estimator should:  

• Not negatively impact consumer use 

• Have a low computational effort  

• Utilise existing sensors 

• Isolate degradation mechanisms  
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Many different methods for SOH estimation have been explored in the literature, reviewed by [2], 

including coulomb counting, current interrupt, electrochemical impedance spectroscopy (EIS), 

incremental capacity analysis (ICA), differential voltage analysis (DVA) and empirical models. 

However, there is still significant scope for further development in this area, especially in the 

identification of degradation modes.  

ICA, otherwise known as differential capacity analysis (DCA), is a widely used technique to elucidate 

understanding of mechanisms occurring in the electrodes of a battery under constant current charge 

or discharge. Defined as the rate of change of charge with voltage (dQ/dV), peaks in the ICA, caused 

by plateaus in the voltage profile, correspond to phase transitions in the active electrode material 

due to intercalation [3]. Through monitoring the location, magnitude, width and area of these peaks, 

it is possible to study how the cell electrochemistry changes over the lifetime of a battery and to 

estimate its SOH [4].  

The use of ICA was first introduced in the late 1960s [5] and has since evolved into a standard tool 

for non-destructive performance analysis of lithium-ion batteries. More recently, attempts have 

been made to directly correlate the change in ICA peaks to degradation mechanisms for improved 

SOH management. Dubarry [4], [6]–[18] has conducted significant work in this area, including the 

development of a mechanistic model which has been used to correlate experimental ICA to 

degradation mechanisms such as loss of active material (LAM), loss of lithium inventory (LLI) and 

ohmic resistance increase (ORI) [4] .  

 

Differentiating experimental data amplifies noise present in the measurement signals, masking small 

changes in the ICA profile between consecutive cycles, leading many researchers to smooth data 

before processing [2]. An alternative approach taken by Smith et al. [19] was to develop high 

precision battery cyclers, enabling both accurate coulombic efficiency and determination of the 

change in ICA between two consecutive cycles, referred to as delta differential capacity analysis [20]. 

 

Weng et al. [21] extended the use of ICA from the cell to the pack level, addressing the problem of 

characterising multiple cells connected in series and parallel, and battery pack modules with aged 

cells and unequal current distribution. A methodology for tracking peaks in the ICA curve of battery 

modules was presented which utilised a support vector regression algorithm derived in previous 

work [22]. 

 

A key advantage of ICA over other in-situ characterisation techniques, such as electrochemical 

impedance spectroscopy (EIS), is that no additional equipment is required other than voltage sensing 

and current control, making it suitable for widespread use in many applications [23]. However, a 

potential drawback of using ICA in applications is that the cell needs to be cycled at a low current to 

minimise ohmic resistive effects altering the voltage at which peaks occur. The most widely used 

rates in the literature for ICA are C/24 [19], [20] and C/25 [10], [14], representing a compromise 

between quasi-steady-state open circuit voltage across the whole state of charge (SOC) and 

experiment time [7]. This can present challenges in high power transient applications like electric 

vehicles where usage patterns are user controlled and low rate constant current operation over a 

long period would negatively impact the user experience.  

 

Several authors have used higher C-rates for ICA [7], [8], [24]–[27] predominately during aging 

studies. Merla et al. [25] compared ICA to differential thermal voltammetry for a NixMnyCoz/graphite 

cell under 2C constant current charge, identifying two distinct peaks in the ICA. The temperature 

response was then used to identify an aged cell in a 4-cell pack. Samad et al. [28] compared force-
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based ICA to voltage-based ICA over cycles up to 1C, correlating the pressure change in cells to 

volume changes in the active material due to intercalation. Dubarry et al. [7] used ICA to study the 

degradation of LiFePO4/graphite cells. ICA was presented at rates ranging from C/25 to C/2 and 

polarisation compensation applied to the voltage using resistance calculated from the linear section 

of the Tafel equation. ICA peak magnitude reduced, and peak width widened as current increased, 

potentially losing information for SOH analysis. Whilst this work introduced the concept of 

polarisation compensation at higher currents, comparing their relative accuracy and ability to 

analyse SOH was beyond the scope of work. Furthermore, a methodology for obtaining a 

polarisation corrected ICA from a single charge/discharge event was not presented.  More recently 

Riviere et al. [27] investigated the change in a single ICA peak area with C-rate on a LiFePO4/Graphite 

cell to estimate cell capacity through aging. To avoid changes in ICA peak area with C-rate, a 30-

minute pause was implemented into the charging procedure at 50% SoC to allow the cell to reach 

thermodynamic equilibrium. Scindler et al. [29] conducted a combined experimental and model 

based study into how C-rate and temperature kinetic effects can be replicated in ICA using the Alawa 

model. They concluded that C-rate and temperature could be compensated through fitting of the 

ORI and rate degradation factor (RDF) degradation parameters.       

 

DVA (dV/dQ) is the inverse of ICA, with peaks in the DVA corresponding to phase equilibria [30]. DVA 

is widely used for degradation studies in lithium-ion cells, and like ICA requires low constant current 

rates for accurate results. Dahn et al. [31] used DVA at C/20 and C/24 to estimate electrode slippage 

under aging by combining full cell and half-cell data. Bloom et al. [30] used full and half-cell DVA at 

C/25, to diagnose degradation mechanisms in calendar aged 18650 cells. Higher C-rate DVA was 

demonstrated by Lewerenz et al. [32], who used DVA at C/4 to characterise calendar aging in 

LiFePO4/graphite cells with a focus on inhomogeneous distribution of lithium in the anode, which 

was correlated to DVA peak height characteristics. This work was then extended to calendar and 

cycling aging of LiNiMnCoO2/graphite pouch cells by [33] and [34] respectively.  

Despite the widespread use of ICA, there are very few quantitative studies on how charge/discharge 

rates in fresh and aged cells influence its accuracy as a tool for predicting battery SOH. The scope of 

this paper is to investigate the influence of C-rate on ICA and establish the maximum C-rate at which 

useful information can be extracted for degradation diagnostics. Two lithium-ion batteries utilising 

different positive electrode materials are quantitively studied, and a new method of increasing the 

rate of ICA whilst minimising peak voltage shift based on polarisation compensation is presented 

based on current interrupt. Finally, the ability of the new method to estimate SOH will be evaluated 

through degradation tests. 

2. Experimental setup 

 

Two different commercial 18650 cells were used to study the influence of positive electrode 

material on ICA at different currents. Cell A: 3350 mAh LiNiCoAlO2/graphite cell (NCR18650b, 

Panasonic) and cell B: 1200 mAh LiFePO4/graphite cell (818-3005, RS components). It is believed that 

both cells use a similar LiPF6 /EC+DMC electrolyte, although the exact composition of each cell is not 

available in the public domain.   

 

 Nominal 
capacity (mAh) 

Nominal 
voltage (V) 

Positive 
electrode 

Negative 
electrode 

Cell A 3350 3.7 LiNiCoAlO2 Graphite 

Cell B 1200 3.2 LiFePO4 Graphite 
Table 1- Cell specification 
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Cells were cycled using a Keithley 2461 four-quadrant source measure unit (SMU) in a four-wire 

setup and current and voltage sampled at 4 Hz with C-rates ranging from C/72 to 1C. As identified by 

[19], high accuracy voltage measurement and current control with low noise are important for 

reliable ICA. The current source error ranged from ±0.014% to ±0.620% depending on the C-rate 

used, increasing for higher currents. The maximum voltage measurement error was ±0.065%. 

  

Cells were placed in a high current aluminium fixture and placed in a thermal chamber set to 25±1.0 

°C for all tests. Temperature was recorded using three type-K thermocouples, two to record the cell 

surface temperature and one for the chamber temperature surrounding the cell. Temperature data 

was recorded using a PICO TC-08 datalogger at a 0.5 Hz sample rate. Electrochemical impedance 

spectroscopy tests were conducted using a Solartron 1280c.  

 

A constant current – constant voltage (CC-CV) charging procedure was used with a 100 mA cut-off 

threshold. Cell A was charged to 4.2 V and cell B to 3.65 V. Cells were discharged at constant current 

until the manufacturer’s minimum voltage (cell A 2.5 V, cell B 2.0 V). A rest period of 30 minutes was 

undertaken after each charge and discharge. Prior to testing, all fresh cells were conditioned using 

two initial charge and discharge cycles at 500 mA following the above procedure.  

 

For the aging test, a fresh cell A was first conditioned, cycled at C/24 and C/6, then underwent 

cycling at 1C with CC-CV charge and constant current discharge.  The C/24 and C/6 characterisation 

cycles were repeated after every 100 cycles. All C-rates are based on the manufactures quoted 

nominal capacity. C/6 was selected based on the results of the C-rate study (section 4.1) and 

because it represents a realistic time that an electric vehicle may be plugged in for continuous 

standard charging, either at a workplace or at home (overnight). A 30-minute rest period is included 

at the end of every charge and discharge event. This rest period is sufficient to allow for thermal 

equilibrium and voltage relaxation, but does not provide sufficient time for lithium diffusion into and 

out of the negative electrode overhang as discussed by [35], [36].  

 

3. Methodology and data processing 

 

3.1. Incremental capacity analysis 

ICA was obtained from the voltage and current time histories during constant current charge and 

discharge. Each charge and discharge was split into 200 sections of equal time and the voltage and 

capacity change across each time period calculated. The incremental capacity change for each 

section was then calculated using equation 1, no smoothing of data was performed to obtain the ICA 

plots. 

 

 (
𝑑𝑄

𝑑𝑉
)
𝑛
=
𝑄𝑛 − 𝑄𝑛+1
𝑉𝑛 − 𝑉𝑛+1

 1 

 

Peak identification was performed on the ICA profiles using the ‘findpeaks’ function in MATLAB [37],  

with the minimum distance between adjacent peaks of four data points and minimum peak width of 

two data points (out of the 200 data points per ICA). Peak width is defined as the width of a peak at 

the vertical distance equal to half the peak prominence, where the prominence of a peak is its 

measured height relative to other surrounding peaks [37]. Peak area is calculated using trapezoidal 

integration of the ICA curve across the width of the peak, centred at the peak location. To reduce the 
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number of false peaks identified through measurement noise, data was smoothed using a moving 

average of 5 points prior to identifying peaks. 

 

In this work, peak location is identified as the voltage at which the local maximum absolute dQ/dV 

value occurs. Utilising the absolute value ensures that peaks locations correspond during charge 

(positive current) and discharge (negative current) ICA curves. Deviations between the charge and 

discharge peak locations will be influenced by polarisation and kinetic effects which will increase 

with C-rate. 

 

3.2. Peak shift compensation 

To compensate for polarisation losses shifting the voltage at which ICA peaks occur at higher C-rates, 

resistance-based compensation can be applied to the voltage using Ohm’s law (V=IR) [7]. Current 

interrupt, or current pulse, is frequently used to measure resistance of ohmic devices and their 

connections by applying a step change in current and measuring the voltage response. The 

technique has been applied to batteries for onboard diagnostics were laboratory techniques such as 

EIS are not feasible [38], [39]. In this work, peak shift compensation is automated into the charge 

procedure to calculate the cell resistance using current interrupt and correct for voltage shift in the 

ICA. Permitting accurate ICA within charge times permissible for high power applications. 

 

Current interrupt is performed at the start of the constant current charge and the resistance 

calculated as the voltage change over a fixed time period divided by the change in charge current.  

At the end of charge, the calculation is repeated as the constant voltage charge current cut-off 

threshold is reached and the cell enters a rest period. Using this method, two resistances can be 

calculated, one at the start of charge and one at 100% SOC and the variation in resistance with SOC 

accounted for using a linear interpolation. Furthermore, this method requires no additional 

equipment to perform and adds no time to the charging of the battery beyond the measurement 

time constant after charging has completed since both resistance measurements are incorporated 

into the charging procedure.      

 

Unlike a conventional interrupt, where short time constants are used to isolate different dynamic 

effects [40], a longer time period is used to also encompass part of the kinetic polarisation effects 

which contribute to peak shift in ICA. The influence of time periods ranging from 0.5 s to 2.0 s on 

calculated resistance are discussed in section 4.2 and shown in Figure 6. Durations beyond 2.0 s 

were not considered, as diffusion and SOC effects will lead to overestimation of the resistance. The 

different steps of the peak shift correction during charge are summarised below:    

 

1. Apply constant current charge, measure resistance using charging current interrupt. 

2. Constant current charge until voltage threshold (ICA). 

3. Constant voltage charge until minimum current threshold. 

4. Remove charging current, measure resistance using current interrupt during voltage 

relaxation. 

5. Compute ICA and compensate voltage by linearly interpolating resistance (ΔV=IR). 

Figure 1 illustrates the current interrupt technique applied to the start (a) and end (b) of a charge 

event. In constant current charge at the start of a charging event (a) ΔI refers to the charge current, 

at the end of a constant voltage charge (b) ΔI refers the charge cut-off current. 
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(a)  (b)  
Figure 1 - Current interrupt technique applied at (a) beginning of constant current (CC) charge and (b) at end of constant 

voltage (CV) charge. 

 

4. Analysis 

4.1. Influence of C-rate on incremental capacity analysis 

 

4.1.1. LiNiCoAlO2/graphite 

The ICA for cell A (LiNiCoAlO2/graphite) under constant current charge and discharge at different C-

rates is shown in Figure 2 (b) and (d) respectively. For clarity only four C-rates are shown, data from 

all C-rates used in this work are available in the underlying research data accompanying this paper. 

Peaks are labelled using the same convention as [25] and [12] with filled numbering (e.g. ❶) 

referring to phases in the negative electrode and unfilled numbering (e.g. ①) referring to phases in 

the positive electrode; ★ denotes the convolution of phases between the positive and negative 

electrode. 

 

As the charge/discharge current increases, the peak locations shift to higher voltage during charge 

and lower voltage during discharge due to resistive and diffusion polarisation effects. In addition, as 

current increases, the peaks generally reduce in magnitude and become broader, losing definition 

and reducing the diagnostic ability of ICA. These trends are illustrated in Figure 3 which shows the 

evolution of peak properties with C-rate during charge.  One exception to this trend is the first peak 

during charge (3.3 -3.4 V, Peak F), where peak magnitude increases from C/72 to C/6 before 

deceasing again at higher currents (Figure 3c). ICA on an NCA half-cell performed by [41] shows a 

similar sharp peak at the onset of charge, suggesting this behaviour is likely due to de-intercalation 

at the positive electrode. Half-cell tests on the same positive electrode chemistry by [12] also 

showed an increase in the first charge peak magnitude from C/40 to C/5, followed by a reduction at 

1C. One potential mechanism is that increased polarisation effects at low SOC reduce the amount of 

charge transferred in the low voltage region (2.8-3.3 V) prior to the first peak at higher C-rates, this 

then increases the amount of charge transferred during the first voltage plateau, increasing the peak 

magnitude. 

  

Table 2 demonstrates how the number of identifiable peaks change with C-rate using the fitting 

method discussed in section 3. As C-rate increases, the number of peaks in the ICA reduces from a 

maximum of six peaks at C/48 charge to three peaks at 1C charge and discharge. High 
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charge/discharge rates increase the concentration gradients in the electrodes and reduce the 

relaxation time available for phases to equalise, increasing the probability of inhomogeneous lithium 

distribution [32]. Inhomogeneous lithium distribution can lead to multiple different intercalation 

phases co-existing across the electrode thickness, broadening and reducing the heights of the peaks 

in the ICA. As current continues to increase, adjacent peaks will combine, reducing the number of 

identifiable peaks, as seen in Figure 2. 

 

Changes in temperature caused by Joule heating at high C-rates will also influence the cell 

behaviour, effecting the accuracy of the ICA [19]. Whilst the test chamber temperature was 

maintained to 25.0±1.0 °C throughout all tests, the cell was not actively cooled. During the 1C charge 

of cell A, cell surface temperature increased from the chamber temperature to a peak of 38.8 °C at 

the end of constant current charge. During the C/72 charge, temperature remained within the ±1.0 

°C tolerance of the chamber.       

 

Only five peaks were identified during the C/72 cycle, one less than at C/48; this is likely because the 

C/72 cycle was conducted as the last test and the small amount of degradation from use has 

influenced the shape of the ICA. Overall, very little difference was seen in the ICA performed at C/72, 

C/48 and C/24, suggesting that the widely used rates of C/24 and C/25 represent a good 

compromise between accuracy and time for ICA in a laboratory setting. In an application-based 

setting where faster charging is required, such as an electric vehicle, C/6 represents a reasonable 

compromise between ICA accuracy and time available for uninterrupted constant current charge; for 

example, overnight or workplace charging of an electric vehicle. The validity of this will be evaluated 

using ageing tests in section 4.3.  

 

 
 

(a)  (b)  
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(c)  (d)  
Figure 2 – LiNiCoAlO2/graphite cell cycled at different rates (a) charge (CHG) profile, (b) charge ICA, (c) discharge (DSC) 
profile and (d) discharge ICA (inverted y-axis). Peak labelling in (b) and (d) corresponds to C/72. 

  

(a) (b) 
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(c) (d) 
Figure 3 - LiNiCoAlO2/graphite (cell A) peak properties as a function of C-rate during charge (a) Peak position, (b) Peak 
width, (c) Peak height and (d) Peak area. Dashed lines represent IR corrected values. Vertical dashed line to illustrate C/6. 

 

C-rate C/72 C/48 C/24 C/12 C/6 C/3 C/2 C/1 

Cell A 
Charge 5 6 6 6 4 4 - 3 

Discharge 4 4 4 4 4 3 - 3 

Cell B 
Charge - 5 4 4 4 3 3 3 

Discharge - 5 5 5 4 3 3 2 
Table 2 - Number of unique peaks identified in ICA as a function of C-rate 

 

4.1.2. LiFePO4/graphite 

LiFePO4 is widely used as a positive electrode in ICA studies since 95% of the capacity change occurs 

across a single voltage plateau. Through identifying the ICA peak caused by the transition from de-

lithiated FePO4 to fully lithiated LiFePO4 it is reasonable to conclude that the other peaks are due 

phase transformations in the negative electrode [9]. 

Figure 4(b) and (d) show the charge and discharge ICA respectively for cell B at different C-rates. As 

with cell A, the same general trends of peak shifting and broadening at higher currents is observed 

but condensed into a narrower voltage range with more distinct peaks of higher magnitude. The 

graphite negative electrode undergoes five distinct stages from C6 to LiC6 as Li+ is intercalated 

between carbon layers [42]. At C/48, five peaks can be identified in the ICA of the LiFePO4/graphite 

cell, likely corresponding to the four phase transformations in negative electrode and one phase 

transformation in the positive electrode. Table 2 shows that as C-rate increases, the number of 

identifiable peaks for cell B reduce. As with cell A, C/24 shows little loss of information compared to 

C/48 and C/6 represents a reasonable compromise between time and accuracy for applications such 

as electric vehicle charging, with no loss of peaks during charge compared to C/24. 

  
(a) (b) 
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(c) (d) 
Figure 4 - LiFePO4/graphite cell cycled at different rates (a) charge (CHA) profile, (b) Charge ICA, (c) discharge (DSC) profile 
and (d) discharge ICA (inverted y-axis). Peak labelling in (b) and (d) corresponds to C/48. 

Comparing the peak properties in Figure 5, peak B shows the greatest change in shape at higher C-

rates, significantly reducing in height, widening and increasing in area. This peak jointly corresponds 

to the deintercalation of LiFePO4 to FePO4 and one of the negative electrode intercalation stages. 

Higher C-rates imply greater concentration gradients within the electrodes, leading to less 

pronounced peaks with greater width. As with Cell A, the remaining peak properties show a 

consistent trend from C/48 up to C/6 (vertical dashed line in Figure 5). At charge currents above C/6, 

peak properties do not reflect the behaviour seen at lower currents, especially in the heights and 

area of peaks C and D in Figure 5. The maximum cell temperature during the 1C discharge was 30.7 

°C.  

 

  
(a) (b) 
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(c) (d) 
Figure 5 - LiFePO4/graphite cell peak properties as a function of C-rate during charge (a) Peak position, (b) Peak width, (c) 
Peak height and (d) Peak area. Dashed line is IR corrected. Vertical dashed line to illustrate C/6. 

Neither cell A nor B are optimised for high power output over high energy. Reduced resistances and 

thinner electrodes seen in power optimised cells may mean that ICA can be performed at higher C-

rates compared to energy optimised cells, provided concentration gradients within the electrode do 

not become too large and temperature increase is controlled.  

 

4.2. Polarisation compensated ICA 

 

Two different methods of determining cell resistance for peak shift compensation were explored, 

current interrupt, and EIS. Figure 6 compares the resistances obtained to the measured peak shift. 

The measured peak shift is determined as the voltage shift of peaks at different C-rates divided by 

the current difference (R = V/I), performed on cell A at C/6 charge. Due to the varying shape and 

change in number of the peaks, it is not possible to determine an effective resistance for every peak.  

 

It can be seen from Figure 6 that the effective resistance increases with reducing SOC, with the peak 

shift calculated resistance showing the most significant increase. As such, any peak shift correction 

should also account for the change in resistance with voltage. The EIS high frequency intercept 

underestimates the amount of voltage shift required at all SOC levels. This is because the high 

frequency intercept, which typically occurs around 1 kHz, only accounts for the electrical resistance 

and electrolyte ionic conductivity, not diffusive polarisation losses which take longer to establish. EIS 

at 1.0 Hz shows an increase in measured real resistance with reducing frequency, especially at low 

SOC, but not to the extent of the peak shift. Further reducing the frequency to 0.1 Hz is seen to give 

a result more in line with that observed in the peak shift, showing a large resistance increase 

between 3.3 and 3.6 V. However, despite some lab based studies, the application of low cost on-

board EIS diagnostics is still not well developed [23] [43], and the time taken to obtain accurate 

measurement at the start and end of charging would impact the vehicle charging time.     

 

To account for polarisation losses and better represent the true behaviour of the cell, current 

interrupt resistance, measured from the voltage change at different time constants after the charge 

current has been applied/removed (section 3.2), is shown in Figure 6. As the time constant 

increases, the amount of diffusive polarisation accounted for increases, however excessive time 
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after applying a current could also account for the voltage increase during charge, overestimating 

the resistance. The influence of time constant at low SOC is significant as diffusive polarisation 

dominates in this region [40]. At high SOC the time constant makes little difference to the resistance.  

 

Figure 6 - Measured resistance as a function of voltage for cell A 

Based on these results, current interrupt with a time constant of 1.0 s is chosen for the remainder of 

this work as it takes into consideration a sufficient amount of the polarisation losses whilst not 

taking an excessive time that may lead to state of charge effects being considered. A sample period 

of 1.0 s is also likely to be wholly divisible by the battery management sample frequency (i.e. 1 Hz, 2 

Hz etc), reducing measurement error between consecutive cycles.  Resistances are measured at the 

onset of charge and at the end of charge (after the minimum current threshold) as part of the 

charging procedure described in section 3.2 and illustrated in Figure 1. Linear interpolation is then 

used to express the resistance as a function of voltage throughout the SOC range.  

 

Considering the robustness to error in the resistance calculation, a ±0.25 s error in the current 

interrupt time constant would lead to a 7.48% and 2.39% maximum error in the calculated 

resistance value for the lowest and highest voltage peak location of cell A respectively. At C/6, this 

equates to a maximum voltage shift error of 3.85 mV at the low voltage peak (peak F) and 0.78 mV 

at the high voltage peak (peak A). 
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(a) (b) 

  
(c) (d) 

Figure 7- ICA with polarisation compensation applied (indicated with IR in legend) (a) Cell A and (b) Cell b 

 

Figure 7 shows the ICA of cell A and B with polarisation compensation applied, demonstrating the 

effectiveness of the proposed method. Correcting for peak shift also better illustrates how the shape 

of ICA changes with C-rate. For cell A, between C/72 and C/3 the general shape of the ICA is 

preserved but with reductions in peak magnitude and a loss of definition. At 1C a new peak is seen 

to form at 3.45 V, whereas the same voltage at lower C-rates coincides with a trough. The distinct 

change in shape from the quasi-OCV tests at C/24 implies that conventional correlations between 

voltage and phase transformations cannot be applied to such high C-rates for this cell, even with 

polarisation compensation. A similar trend is also seen in cell B, where the location of the three main 

peaks is maintained up to C/3, but a large shift is seen to occur at 1C.  

 

The influence of the proposed current interrupt method on peak location, width and area is shown 

in Figure 3 and Figure 5 for cell A and B respectively. For a C/6 charge using polarisation 

compensation, the peak voltages are within 0.59% and 0.10% of C/48 for cell A and B respectively 

compared to 1.90% and 0.67% without compensation. This technique therefore represents an 

accurate method to reduce the time taken for ICA to be performed with no additional equipment 

requirements and minimal computation. Polarisation compensation is also seen to have a small 
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influence on the peak area and peak width. This occurs because the peak shift method accounts for 

resistance change across a single peak using a linear interpolation between the resistance at the 

beginning and end of charge as shown in Figure 6. The change in peak width then affects the 

calculated peak area, as shown in Figure 3(d) and Figure 5(d). Polarisation compensation allows for 

peak voltage location at higher C-rates to be better correlated to peak locations obtained from 

laboratory-based studies at lower C-rates or from steady state simulations. This can aid with the 

identification of phase change behaviour and degradation mechanisms, especially when peaks are 

close in voltage and shape. Furthermore, polarisation compensation helps to remove the 

contribution of ORI to the ICA, improving the ability to diagnose LAM or LLI, especially when these 

degradation modes result in a voltage shift of specific peaks.      

 

4.3. Incremental capacity analysis for degradation analysis 

 

One of the primary uses of ICA is to analyse the SOH over the useable lifetime of the battery. To 

analyse the ability of ICA at different C-rates to characterise SOH with and without a polarisation 

compensation as a diagnostic tool, cell A was aged over repeated 1C cycles with characterisation 

cycles at C/24, C/6 and 1C every 100 cycles.  Figure 8 shows the C/24 discharge curve and ICA 

throughout the lifetime of the cell and different C-rates without polarisation compensation. Peak 

locations obtained from peak fitting are highlighted using dots in Figure 8 (b, c and d).  

 

  
(a) (b) 
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(c) (d) 

Figure 8- Influence of C-rate on ICA for a cycled cell without polarisation compensation applied (a) discharge curves at C/24, 
(b) ICA at C/24, (c) ICA at C/6, (d) ICA at 1C 

The cell is seen to lose 10.4% and 17.5% of its capacity after 100 and 200 cycles respectively, which is 

very close to the 18.0% predicted by the manufacturer’s datasheet after 200 cycles under similar 

conditions [44]. The cell resistance at 100% SOC, measured using current interrupt, increased by 

22.8 mΩ and 37.3 mΩ after 100 and 200 cycles respectively relative to the fresh cell. Comparing the 

three different ICA rates, C/24 and C/6 demonstrate a very similar trend in the evolution of peak 

shape and location over time, whereas the 1C ICA loses a significant amount of definition and is 

reduced to only one identifiable peak after only 100 cycles. The height, voltage (with and without 

polarisation compensation), width and area of each peak throughout the degradation study is shown 

in Table 3, where C/24 is taken as the reference current for polarisation compensation. The change 

in peak properties with cycling are shown in Figure 9 where the solid line represents C/24 and the 

dashed line C/6. Properties at 1C are not shown for simplicity since only one peak was identified, 

likewise peak D is omitted since it was not identified at C/6 after aging.   

Table 3 - Peak information from ICA of cycled Cell A at different rates: H = Peak height (AhV-1), V = Peak voltage (V), IR = 
polarisation compensated peak voltage (V), W = Peak width (mV) and A = Peak area (mAh) 

C-Rate Peak 
0 cycles 100 cycles 200 cycles 

H V IR W A H V IR W A H V IR W A 

C/24 

A 3.85 4.11 43 159 3.57 4.11 49 188 3.23 4.11 50 123 

B 4.32 3.90 199 769 3.77 3.89 153 555 3.59 3.89 87 352 

D 6.29 3.61 149 825 5.18 3.63 186 739 4.61 3.66 407 1208 

E 2.68 3.48 20 53 2.85 3.49 17 55 3.03 3.51 22 82 

F 7.06 3.36 49 178 3.56 3.39 28 49 2.53 3.42 17 16 

C/6 

A 3.39 4.15 4.12 51 167 2.85 4.16 4.13 37 95 2.51 4.14 4.10 29 47 

B 4.04 3.93 3.89 92 363 3.74 3.93 3.90 78 282 3.45 3.93 3.89 65 197 

D 5.73 3.62 3.58 152 757 4.61 3.68 3.64 205 767 4.10 3.71 3.67 376 1012 

E 2.80 3.50 3.46 10 28 - - - - - - - - - - 

F 6.97 3.41 3.37 56 163 3.48 3.48 3.44 39 81 2.97 3.53 3.49 34 50 

1C 

A 4.55 4.13 3.95 57 250 - - - - - - - - - - 

B 4.91 3.80 3.62 223 994 3.93 3.84 3.81 151 493 2.95 3.91 3.88 102 221 

D 4.25 3.69 3.50 23 99 - - - - - - - - - - 
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(a) (b) 

  
(c) (d) 

Figure 9 - Change in peak properties after 200 1C cycles, solid lines from C/24 ICA and dashed lines from C/6 ICA. (a) Peak 
position no IR correction applied, (b) Peak width, (c) Peak height and (d) Peak area. 

To relate the change in ICA peak to the underlying degradation modes, and investigate the influence 

of C-rate, the relationships observed by Devie and Dubarry [12] for the same LiNiCoAlO2/graphite 

18650 cell will be used. This technique used half-cell data from the cell to deconstruct the whole cell 

ICA into contributions from the separate electrodes. They then analysed the half-cell data in the 

Alawa toolbox to observe how degradation mechanisms will affect the whole cell ICA response [4]. 

This technique considers the influence of LAM, LLI and ORI. LAM is further split into the positive 

electrode (LAMPe) and negative electrode (LAMNe), during lithiation (LAMli)and de-lithiation (LAMde). 

For example, LAMliPe corresponds to loss of active material during lithiation of the positive electrode.  

 

LAMdePe and LAMliPe can be separated from other degradation modes by a reduction in height of peak 

A and B [12], both of which can be seen to occur at C/24 and C/6. LAMdePe is more prominent than 

LAMliPe in the aging tests as the voltage of peaks A and B are preserved, combined with a large 

reduction in height of peak F. This is observed at both C/24 and C/6 where the height of peak F 

(3.36-3.53 V) reduces significantly compared to other peaks (Figure 8b). However, this diagnosis 



17 
 

cannot be made at 1C as peak A is only identified for the fresh cell, disappearing after 100 cycles, 

and peak F was not identified as a unique peak. 

 

LLI is identified as a shift in peak F to higher voltages combined with a reduction in height of peak D 

[12]  which can be clearly seen in the C/24 (Figure 8b) and C/6 (Figure 8c). Once again, this behaviour 

cannot be seen in the 1C ICA (Figure 8d) as peak D was only identified in the fresh cell.  

 

LAMliNe has a similar ICA signature to LLI with the difference being that peak C remains unchanged for 

LLI but becomes separated from peak B in the case of LAMline [12]. Since peak C could not be 

identified after aging at any of the C-rates tested, it is not possible to separate LLI and LAMliNe from 

the full cell ICA. LAMdeNe, exhibited as a disappearance of the high voltage peak A, cannot be seen in 

Figure 8b, indicating that this degradation mode does not have a significant influence on the 

observed capacity loss. ORI can be directly determined from the current interrupt method discussed 

in section 4.2. 

 

Comparing ICA at C/24 (Figure 8b) and C/6 (Figure 8c), there are several identifiable differences with 

aging. Peak E (3.48-3.53 V), the narrowest of all the peaks could not be identified in the C/6 ICA from 

100 cycles onwards and peak A (4.10-4.15 V) was seen to lose prominence with aging at C/6 whist at 

C/24 only a small reduction in height was observed. The latter observation, occurring at the end of 

charge, may be due to concentration gradients within the electrolyte or electrodes that occur at the 

higher C/6 rate. 

 

Overall, the main degradation modes identified in the aged cell are LAMdePe and either LAMliNe or LLI. 

Whilst the peaks are more defined at C/24, the trends required to identify the degradation modes 

discussed can still be seen at C/6. At 1C, the loss of peak definition and number of identifiable peaks 

makes ICA unsuitable as an effective diagnostic tool for the cell chemistry tested. It is anticipated 

that the findings from this cell will extend to aging studies of other cells with different chemistries 

and form factors at similar C-rates. Cells with simpler phase change behaviour, such as LiFePO4 and 

power optimised cells may be capable of ICA at higher C-rates after aging. Consideration should also 

be given to additional rest periods prior to constant current charging in large format pouch cells due 

to the increased ionic pathway distance between the anode overhang and cathode [33]. Depending 

on the battery condition prior to charging, it may take multiple days of resting for homogeneous 

lithium distribution to occur and to separate reversible from irreversible capacity loss. The 

relationship between reversible and irreversible capacity loss will also change throughout the 

lifetime of the cell [45]. Fully accounting for inhomogeneity and reversible effects through extended 

rest periods may lead to a shift in the negative electrode voltage profile relative to the positive 

electrode which in turn could influence the ICA shape. In the current work, the same rest period was 

used prior to each cycle and the difference between reversible and irreversible capacity reduction 

not considered.  

 

4.4. Polarisation compensated ICA on aged cell 

 

Under the aging test, the addition of polarisation compensation is seen to reduce the voltage 

difference between the C/6 and C/24 ICA at all identifiable peaks compared to without 

compensation (Table 3), demonstrating the viability of this method throughout the operating 

lifetime of the cell.   
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Figure 10(a-c) shows how the different C-rates perform with polarisation compensation at C/24, C/6 

and 1C respectively at different stages of ageing. The results show that C/6 provides a good 

compromise between maintaining the accuracy of ICA at slow C-rates whilst satisfying the time 

constraints of conventional charging procedures for applications such as electric vehicles. It can also 

be seen that ICA must be performed at the same C-rate throughout the lifetime of the cell to obtain 

meaningful information about peak height and width evolution. For example, a corrected C/6 after 

100 cycles cannot be compared to a C/24 after 200 cycles to measure SOH. The application of 

polarisation compensation also indicates that the sole identifiable peak in the 1C ICA of the aged cell 

corresponds to peak D in the C/24 and C/6 ICA. 

 

  
(a) (b) 

 

 

(c)  
Figure 10 – ICA at different C-rates with polarisation compensation after (a) 0 cycles, (b) 100 cycles and (c) 200 cycles 

 

Conclusions 

 

The influence of current on the accuracy of ICA as a diagnostic tool has been studied quantitively on 

two different lithium-ion battery chemistries through identification of peak location, height, width 

and area. Results show that as current increases and the cell deviates further from the open circuit 
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voltage the number of identifiable peaks reduce, peaks become lower in magnitude, broader and 

shift in voltage. These effects were seen to be more prominent in a cell that had undergone ageing, 

demonstrating the need to consider ageing when selecting an appropriate C-rate for ICA. This work 

represents the first quantitative study linking rate-dependency to peak properties in both unaged 

and aged lithium-ion cells.  

 

Based on these findings, a new method has been presented to correct peak shift in ICA at higher 

currents by using current interrupt to estimate cell resistance with linear interpolation. Using this 

technique, ICA obtained over a 6-hour charge (C/6) is shown to predict peak location voltage to 

within 0.59% of a 48-hour (C/48) quasi steady state charge. This method also helps to remove 

resistance induced peak shift in aged cells from ICA at higher currents, simplifying the diagnostics of 

other degradation modes.  

 

Comparison of ICA performed at different C-rates shows that lower C-rates provide more defined 

peaks and are therefore better for SOH diagnostics. However, reliable identification of degradation 

mechanisms can still be performed up to C/6 using existing diagnostic tools. This work demonstrates 

that ICA can be obtained over a conventional overnight or workplace electric vehicle charging period 

for use in SOH diagnostics for lithium-ion batteries.  
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