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 A long-term cycle life study on graphite/LiCoO2 pouch cells.
 Inﬂuence of SOC range and C-rate on cell capacity is investigated.
 Capacity loss is found to be affected by mean SOC, DSOC and C-rate.
 A power law model for capacity loss is developed using testing results.
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Lithium-ion batteries are used for energy storage in a wide array of applications, and do not always
undergo full charge and discharge cycling. This study quantiﬁes the effect of partial charge-discharge
cycling on Li-ion battery capacity loss by means of cycling tests conducted on graphite/LiCoO2 pouch
cells under different state of charge (SOC) ranges and discharge currents. The results are used to develop
a model of capacity fade for batteries under full or partial cycling conditions. This study demonstrates
that all of the variables studied including mean SOC, change in SOC (DSOC) and discharge rate have a
signiﬁcant impact on capacity loss rate during the cycling operation. This study is useful in identifying
the SOC ranges with slow degradation rates.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Lithium-ion (Li-ion) batteries are a popular type of rechargeable
battery due to their high speciﬁc energy and voltage, low maintenance, and absence of memory effect. However, like other battery
chemistries, Li-ion batteries undergo aging. That is, there is an
irreversible capacity loss due to various physical and chemical
changes that depend on the life cycle environmental and use conditions of the battery [1,2]. The capacity loss limits the lifetime of
batteries and may prevent their reliable operation in the designated
applications. Under certain operating and abusive conditions, the
failure mechanisms of batteries can result in catastrophic failure
and safety issues as well.
The cycling operation reduces the capacity of a battery through a
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variety of concurrent failure mechanisms. Charge-discharge cycling
of a battery puts mechanical stresses on the electrodes, causing
particle fracture, reducing electrode porosity, and loss of active
material connectivity [1,3,4]. Combined with electrochemical sidereactions between the electrodes and electrolyte such as formation
and thickening of solid electrolyte interphase (SEI) layer, the cell
gradually loses its energy storage capabilities [1e3]. In most practical applications, batteries undergo charge-discharge cycling only
for partial SOC ranges as opposed to the full SOC (0%e100%) range.
Hence, it is important to study the effects of partial SOC range
cycling on battery life.
In the past, various studies have been conducted to investigate
the effects of SOC and change in SOC (DSOC) on the cycle life of Liion batteries. These studies have been conducted for different
cathode materials and different operating conditions. Bloom et al.
[5] conducted an accelerated cycle life study on graphite/LiNi0.8Co0.2O2 cells under two SOCs (60% and 80%) and two DSOCs (3% and
6%). At 25  C they observed that cycle life, deﬁned as time to 20%
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power loss, decreased with increased DSOC. However, they surprisingly found a signiﬁcant improvement in cycle life on
increasing the SOC from 60% to 80% and concluded that further
testing would be necessary to elaborate on these results. Also the
DSOC used in their testing was small enough to understand its effects on cycle life. In another cycle life study limited to 500 cycles on
graphite/LiCoO2 cells by Choi and Lim [6], they concluded that high
charge cut-off voltages and a long ﬂoat-charge period at 4.2 V or
above had the most severe effects on cycle life. However, they
found that the depth of discharge (DOD or DSOC) did not affect the
cycle life. Hall et al. [7] conducted a life qualiﬁcation study on
lithium-ion cells for geosynchronous satellites and concluded that
operational capacity loss linearly depended on DOD (DSOC).
However, they did not observe any decisive effect of end-of-charge
voltage (EoCV) on life in the examined EoCV range (4.1 V, 4.0 V and
3.9 V).
Ning and Popov [8] developed a ﬁrst-principle model based on
experimental data obtained for a mesocarbon microbead (MCMB)/
LixCoO2 pouch cell. Based on the simulation of this model under
two EoCVs (4.2 V and 4.0 V) and two DODs (40% and 60%), they
concluded that increasing the EoCV or DOD (DSOC) increased the
capacity loss. Wang et al. [9] studied the cycle life of graphite/
LiFePO4 cells under ﬁve DODs (90%, 80%, 50%, 20% and 10%), six
temperatures and four discharge rates and found a power law
relation between capacity fade and charge throughput. They
deﬁned the charge throughput as the amount of charge delivered
by the battery during cycling. Their results showed that the capacity loss was strongly affected by time and temperature, while
the effect of DOD (DSOC) was less important at C/2 discharge rate.
Belt et al. [10] conducted a cycle life study on carbon/physicallyblended LieNieMneCo layered-oxide and LieMneO spinel cathode cells. They found that under charge-sustaining cycle proﬁle [11]
rate of capacity fade increased with increasing SOC.
Hoke et al. [12] used their charge power proﬁle optimization
[13] for lithium-ion batteries in electric vehicles to minimize the
time spent by batteries at high SOC. A signiﬁcant lifetime increase
of nearly 4 years was observed in simulation when the batteries
spent a majority of their operating time between 20% and 40% SOC
as compared to between 70% and 90% SOC during a typical weekly
driving proﬁle. Lam and Bauer [14] cycled LiFePO4 cells to study the
effects of SOC, DSOC, temperature and discharge rates on capacity
fade rate. They concluded that the both average SOC and SOC deviation from the average SOC affect the capacity fading rate. They
also modiﬁed the Millner's crack propagation theory based model
[15] relating average SOC and SOC deviation to capacity fade, since
it deviated up to 30% from their measurements.
Watanabe et al. [16] cycled the cylindrical graphite/LiAl0.10Ni0.76Co0.14O2(NCA) lithium-ion cells in two different voltage
ranges of 2.5e4.2 V (0%e100% SOC) and 3.48e4.05 V (30%e90%
SOC) and found that batteries with a reduced voltage range, and
thus SOC range, exhibited signiﬁcantly slower capacity loss rate.
Ecker et al. [17] conducted an accelerated study on carbon/
Li(NiMnCo)O2 cells to analyze the inﬂuence of cycle depth and
mean SOC on cycle aging. They observed that rate of aging
increased with increasing cycle depth (DSOC) almost linearly. Also
they found that for a given cycle depth, minimum aging occurred in
cells cycled around 50% mean SOC. However, the generalization of
these results to other cathode materials and cell technologies requires more investigation. Wang et al. [18] investigated the inﬂuence of DOD (DSOC), temperature and discharge rate on the cycle
life of graphite/LiNi1/3Co1/3Mn1/3 þ LiMn2O4 cells. They found that
although capacity loss increased at higher DODs, temperature and
discharge rate had more signiﬁcant impacts on capacity fade. Also
they observed a linear relation between capacity loss and charge
throughput as opposed to power relation found in Ref. [9].
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It is clear from the literature review that there exist a lot of
dissimilarities in the results, conclusions and the models regarding
the effects of mean SOC and DSOC on the degradation of lithiumion battery. Also even though graphite/LiCoO2 is a widely used Liion chemistry, there is no extensive and long-term study available
investigating the effects of SOC ranges (mean SOC as well DSOC) on
LiCoO2 cell capacity loss. This paper presents an experimental study
aimed at quantifying the effects of mean SOC, DSOC and discharge
rate on graphite/LiCoO2 battery capacity. Also, the experimental
results have been used to develop a capacity fade model. This study
is useful in identifying the SOC ranges with slow degradation rates.
These ranges can be used in real-life applications to minimize
battery degradation.
The remainder of the paper is organized as follows: Section 2
outlines the experimental test procedure for performing the
initial characterization and the cycling study. Section 3 discusses
the capacity results from the experiments. Section 4 presents a
capacity fade model followed by Section 5 which provides the
conclusions from this work and identiﬁes limitations of current
work and possible areas for future study.
2. Experimental test procedure
Commercial graphite/LiCoO2 pouch cells with a nominal capacity of 1.5 Ah (at C/5 rate) and a nominal voltage of 3.7 V were
used in the study. An end-of-charge voltage of 4.2 V and an end-ofdischarge voltage of 2.75 V were speciﬁed by the manufacturer. The
charging and discharging of the cells were carried out using an
Arbin BT2000 Battery Tester with 16 independent channels. All the
tests were conducted in a semi-temperature controlled room with
temperature of 25±2  C.
As Li-ion batteries are used as electrical energy storage systems,
various electrical parameters and characteristics are associated
with them. These parameters and characteristics were determined
initially to deﬁne standards for a comparison analysis later in this
study. The determination of these parameters and characteristics
also helped in checking the performance of the cells compared to
the manufacturer speciﬁcation sheet. The initial characterization
tests for the cells included constant current constant voltage
(CCCV) charge - constant current (CC) full discharge (4.2V-2.7 V) at
C/2 rate to determine battery discharge capacity.
2.1. Test matrix
Different SOC ranges with different mean SOC and DSOC values
were selected between 0% and 100% to understand the battery
degradation behavior in different regions of full SOC range. The
primary objective of this study is to ﬁnd the effects of SOC ranges on
battery cycle performance at a constant discharge rate of C/2.
However, for the SOC ranges with mean SOC of 50%, the tests were
conducted at two different discharge rates of C/2 and 2C. The
purpose behind using two different discharge rates is to ﬁnd if the
relative performance of cells cycled under different SOC ranges gets
affected from discharge rate. For 1.5 Ah cells used in this study, C/2
and 2C rates refer to 0.75 A and 3 A, respectively. Five SOC ranges
were selected while keeping in mind the requirement of having
enough data points to ﬁnd the capacity loss model constants.
Table 1 provides the number of cells that were tested under each of
the mean SOCs, DSOCs and discharge C-rates.
2.2. SOC estimation
The conventional Coulomb counting method was used to estimate the SOC of test cells during cycling. The SOC estimation was
done using following equation:
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Table 1
Sample distribution in the test matrix for this study.
SOC range

0%e100%
20%e80%
40%e60%
40%e100%
0%e60%

DSOC

Mean SOC

50%
50%
50%
70%
30%

100%
60%
20%
60%
60%

Z

Discharge C-rate
C/2

2C

2
2
2
2
2

2
2
2



t

Idt
SOCfinal ð%Þ ¼ SOCinitial ð%Þ 

0

Q

*100

(1)

where I is the current that is considered positive during discharge, t
is the charge/discharge time and Q is the discharge capacity of the
battery. Due to the aging of the battery, the value of the discharge
capacity continuously decreases. This SOC estimation method suffers from the cumulative error introduced due to drop in the
discharge capacity. To avoid this error and to ﬁnd the capacity loss
trend, the true value of the discharge capacity was determined after
every 50 or 100 partial cycles by performing a full cycle (CCCV
charge/CC discharge) at C/2 rate between ﬁxed voltages of 2.75 V
and 4.2 V. The true value of the discharge capacity was then
updated in Equation (1) to achieve an accurate estimation of SOC
and to calculate the desired charge and discharge durations to
correctly maintain the required SOC ranges during the testing. The
cycling in this testing was conducted to utilize a speciﬁed usable
capacity (Ah) rather than between ﬁxed voltages as is typically
performed. For example, for 20%e80% SOC partial cycling, chargedischarge is always performed so that only the middle 60% of the
battery's usable capacity is charged and discharged every partial
cycle. For 1.5 Ah cells, this results in cycling of cell between 0.3 Ah
(20% SOC) to 1.2 Ah (80% SOC) and thus utilizing only 0.9 Ah capacity initially. As the battery ages and the overall discharge capacity decreases, so too will the middle 60%.
2.3. Partial/full cycle testing
Cells were initially charged to 100% SOC using the CCCV proﬁle
at C/2 rate. After reaching 100% SOC, the cells were discharged
using constant C/2 current until they reached the lower limits of
their assigned SOC ranges (i.e., 20% for 20%e80% range) for partial
cycling. Constant current charge (always C/2) and constant current
discharge (C/2 or 2C) were applied to the cells for cycling between
the desired upper and lower limits of SOC (i.e., 20%e80%). Also a
rest period of 30 min was applied to allow the cells to relax after
every charge and discharge steps. Fig. 1 shows the current and
voltage proﬁles for 20%e80% SOC range at C/2 discharge current.
For full cycling between 0% and 100% range, standard CCCV
charge (C/2 rate) and CC discharge (C/2 or 2C rate) proﬁle was used.
For 40%e100% partial range also, CCCV charging was used to make
sure that cells reached the upper limit of 100% SOC. It is important
to note that cells reaching end-of-discharge voltage of 2.75 V were
considered to be at 0% SOC.
During the constant current charge at C/2 rate, it is possible that
the cells under 20%e80% SOC range may reach the upper cut-off
voltage (4.2 V) ﬁrst before reaching the upper SOC limit of 80%. In
that case, the charging is stopped to avoid an overvoltage condition.
The battery SOC in that case is slightly lower than the desired upper
SOC limit of 80%. This issue does not exist with other SOC ranges
included in the test matrix.
Since the cells under partial SOC ranges did not undergo full

Fig. 1. Current and voltage proﬁles for 20%e80% SOC range cycling at C/2 rate.

cycles, the number of cycles for them could not be properly deﬁned.
This issue also exists with 0%e100% range at 2C discharge rate due
to signiﬁcantly reduced value of discharge capacity at 2C discharge
rate. Hence, the equivalent full cycles have been used for assessing
the cycle life performance of the cells. The number of equivalent full
cycles is obtained by dividing the cumulative discharge (Ah) with
true battery discharge capacity after every 50 or 100 full/partial
cycles and adding the quotients over the entire cycle testing period.
Cumulative discharge is a measure of the total amount of charge
(Ah) delivered by the battery during a cycling period.

3. Results and discussion
The capacity loss results from the testing at different SOC ranges
are presented in this section. In Figs. 2e5, normalized discharge
capacity is plotted against equivalent full cycles. The normalized
discharge capacity denotes the percentage ratio of the discharge
capacity of a degraded battery to the initial (ﬁrst cycle) battery
discharge capacity. It is an indicator of battery state of health (SOH).
The testing results are presented here up to around 800 equivalent
full cycles (approximately 1000 Ah cumulative discharge) for all the
SOC ranges except 40%e60% range. For the 40%e60% range results
only up to around 450 equivalent full cycles (approximately 600 Ah
cumulative discharge) have been presented considering a slow
cumulative discharge (Ah) accumulation rate. Intuitively, it may
seem that for a given time period, no. of partial cycles for 40%e60%
SOC range should be three times that for 20%e80% SOC range.
However, that is not the case in the testing due to the inclusion of
30 min rest period after every charge and discharge steps.
In Fig. 2, the mean SOC during cycling is ﬁxed at 50% for the
three cycling ranges (0%e100%, 20%e80%, and 40%e60%). DSOC is
the varying parameter with values 100%, 60%, 20% respectively. Also
two discharge rates of C/2 and 2C are used. The results presented
are the average values of two cells chosen for each cycling range. It
is evident from Fig. 2a) that cells cycled at 40%e60% range
outperform the cells cycled at the other two ranges up to 450
equivalent cycles. The performance of 20%e80% range cycled cells
either falls below by a small percentage or overlaps with the 0%e
100% range cycled cells up to around 500 equivalent cycles. Since
the sample size for each condition is limited to 2 cells that may also
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Fig. 2. Capacity fade results for Mean SOC ¼ 50%, DSOC ¼ 100%, 60%, 20%, (a) C/2 rate, (b) 2C rate.

Fig. 3. Capacity fade results for Mean SOC ¼ 30%, 50%, 70%, DSOC ¼ 60%, C/2 rate.

be the reason for less distinction between two ranges up to 500
equivalent cycles. However, if we look at the long term cycling
operation at C/2 rate, the 20%e80% cells outperform the 0%e100%
cells in terms of retaining their capacity by an 8% margin after
approximately 800 equivalent full cycles. Also beyond 500 equivalent cycles, the capacity loss curve for 0%e100% range is steeper
than that for 20%e80% range suggesting a faster degradation rate in
the 0%e100% range. After 500 equivalent cycles the capacity loss
rate for cells cycled in the 0%e100% ranges suddenly increases by a
large amount suggesting the activation of a new degradation
mechanism.
For cells discharged at 2C (Fig. 2b)), the cells cycled in the 40%e
60% range perform far better than the cells under the other two

ranges up to 450 equivalent cycles. However, the capacity loss (%)
difference between cells under 20%e80% and 0%e100% ranges is
almost negligible at the end of 800 equivalent cycles. This is quite
different from what is observed at C/2 rate. At high discharge rates
such as 2C, cells see a signiﬁcant temperature rise due to ohmic
heating. The temperature measurements of all the cells being
cycled at a C/2 rate do not exceed the ambient temperature by more
than 6  C. This is also true for the cells discharged at a 2C rate between 40% and 60% SOC, as the discharge period is very small.
However, for cells at a 2C rate and under 20%e80% or 0%e100%
ranges, the temperature rise is signiﬁcantly high and exceeds the
ambient temperature by more than 15  C. Temperature affects the
capacity loss during cycling in lithium-ion batteries as suggested in
various studies [9,14,18,19]. The high temperature may be playing a
larger role than DSOC, and hence diminishes the performance gap
between the cells cycled in the 20%e80% and 0%e100% ranges.
Fig. 3 shows average results for three cycling ranges (0%e60%,
20%e80% and 40%e100%) with a ﬁxed DSOC value of 60% and
varying mean SOC values of respectively 30%, 50% and 70% at a C/2
discharge rate. It can be observed that lowering the mean SOC reduces the rate of degradation. These observations are different from
Ref. [17] where the cells cycled around 50% mean SOC showed the
least capacity loss (%). The cells cycled at 0%e60% perform far better
than the other cells in terms of retaining the capacity. Even after
700 equivalent cycles the capacity retention is more than 97% for
0%e60% range. However, the degree of performance improvement
in case of 0%e60% range is quite unexpected. The results suggest
either the absence of a degradation mechanism for 0%e60% range
that is present in other SOC ranges or the presence of a different
degradation mechanism with a very slow degradation rate.
Capacity fade data for individual cells for different lower and
upper SOC limits at C/2 cycling rate are presented in Figs. 4 and 5.
Fig. 4a) and b) show the effects of changing the lower SOC limits
while keeping the upper SOC limits constant at 60% and 100%
respectively. For a ﬁxed upper SOC limit of 60% increasing the lower
limit from 0% to 40% results in higher capacity loss (%) for cells.
Similar results are found for ﬁxed upper SOC limit of 100% as well
up to 500 equivalent cycles. These observations seem counterintuitive as increasing the lower SOC limit from 0% to 40% will
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(b)

(a)

Fig. 4. Capacity fade results for (a) Lower SOC ¼ 0%, 40%, Upper SOC ¼ 60%, (b) Lower SOC ¼ 0%, 40%, Upper SOC ¼ 100%, all at C/2 rate.

(a)

(b)

Fig. 5. Capacity fade results for (a) Lower SOC ¼ 0%, Upper SOC ¼ 60%, 100%, (b) Lower SOC ¼ 40%, Upper SOC ¼ 60%, 100%, all at C/2 rate.

result in reduction of DSOC and hence the capacity fade (%) should
be lower for cells with 40% lower SOC limit. However, a closer look
at the data shows that increasing the lower limit from 0% to 40% for
ﬁxed upper SOC limits of 60% and 100% results in an increase in the
mean SOC values from 30% to 50% and 50% to 70% respectively. The
results up to 500 equivalent cycles suggest that the mean SOC has a
major effect on capacity fade as compared to DSOC during cycling.

However, after 500 equivalent cycles, DSOC seems to be playing a
major role and hence resulting in decreased capacity loss (%) in cells
cycled in a 40%e100% range as compared to those cycled in the 0%e
100% range.
Sometimes the rest periods during testing have been longer due
to non-availability of testing equipment, which may be a factor that
affects the variations in capacity measurements (Fig. 4a). However,
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4. Capacity fade modeling
Based on the experimental observations from the cycle life
testing of lithium-ion cells under different mean SOC and DSOC
conditions, a model for capacity fade of graphite/LiCoO2 cell is
developed and presented in this section. At constant temperature
and C-rate, the three parameters: mean SOC, DSOC and equivalent
full cycles have been considered for modeling the trends in capacity
fade (%) during cycling operation. Normalized discharge capacity
(%) is obtained by subtracting capacity fade (%) from 100% (Equation
(3)).

Capacity Fade ð%Þ ¼ f ðmean SOC; DSOC; equivalent full cyclesÞ
(2)
Normalized Discharge Capacity ð%Þ ¼ 100  Capacity Fade ð%Þ
(3)
As mentioned in Section 3, the temperature rise in cells being
cycled under 20%e80% or 0%e100% range at 2C discharge rate is
more than 15  C from the ambient temperature. Since the constant
temperature assumption cannot hold for a 2C discharge rate, only
the C/2 discharge rate cycling data has been used for modeling.
Also, only the experimental capacity loss data up to the ﬁrst 500
equivalent full cycles has been used for modeling for all of the SOC
ranges. There are two reasons behind this: ﬁrstly the data for 40%e
60% range is limited to less than 500 equivalent cycles, and hence,
using data beyond 500 equivalent cycles for other SOC ranges will
bias the model parameters towards the other SOC ranges; secondly,
after nearly 500 equivalent cycles the capacity loss rate for 0%e
100% range suddenly increases by a large amount (Fig. 2a)) suggesting a different degradation mechanism and hence a different
model. Based on curve ﬁtting of test data up to 500 equivalent full
cycles, a power law equation depicts the relation between
normalized discharge capacity (NDC) and equivalent full cycles
(EFC) properly except for 0%e60% range. Power law based models
ﬁt the cycle life data in other studies [5,9] as well.

b

NDCð%Þ ¼ 100  A, EFC 100

(4)

=

In Equation (4) A is the power law factor and b is the power law
exponent. The values of A and b for different combinations of mean
SOC and DSOC have been calculated using the curve ﬁtting toolbox
in MATLAB, and their values are presented in Table 2. For the 0%e
60% range (mean SOC: 30%, DSOC: 60%), data points with a
normalized discharge capacity greater than 100% (Fig. 3) have been
discarded in ﬁtting the curve.
It is clear from Table 2 that value of b is nearly constant for all
SOC ranges suggesting its independence from parameters: mean
SOC and DSOC. Hence an average value of 0.453 has been taken for

Table 2
Values of A and b for different mean SOC and DSOC values.
SOC range

Mean SOC

DSOC

A

b

R2

0%e100%
20%e80%
40%e60%
40%e100%
0%e60%

50%
50%
50%
70%
30%

100%
60%
20%
60%
60%

3.244
3.708
2.538
4.723
0.213

0.454
0.452
0.454
0.451
0.452

0.98
0.95
0.96
0.99
0.42

b. Various models [20,21] in the literature show that SEI layer
growth has a square root of time dependence. Since the value of b is
close to 0.5 and parameter equivalent full cycles is proportional to
time, the derived power law model suggests the presence of SEI
layer growth failure mechanism at least for the ﬁrst 500 equivalent
full cycles. This conclusion is valid for all the cells except the ones
cycled in 0%e60% range. The value of A obtained for 0%e60% range
is quite less compared to values obtained for the other ranges. As
discussed in Section 3, results obtained for 0%e60% range showing
a minimal amount of capacity fade suggest either the absence of a
degradation mechanism that is present in other SOC ranges or the
presence of a different degradation mechanism. One possible
reason for minimal capacity degradation for 0%e60% range may be
the formation of highly stable SEI layer protecting the electrode
from further side reactions with electrolyte. Hence value of A obtained for 0%e60% range has been discarded in ﬁtting the equation
for A as a function of mean SOC and DSOC. Based on the values of A
for all the SOC ranges except 0%e60%, a curve ﬁt for A has been
obtained and presented in Equation (5). In Equation (5) mean SOC
and DSOC are used as a fraction rather than as a percentage. The R2
value for curve ﬁtting of A is 0.97. A ﬁnal normalized discharge
capacity model is presented in Equation (6). Values of constant k1,
k2 and k3 are respectively 3.25, 3.25 and 2.25 in Equation (6).



A ¼ 3:25,SOCmean , 1 þ 3:25,DSOC  2:25,DSOC 2

(5)


NDCð%Þ ¼ 100  k1,SOCmean , 1 þ k2,DSOC
0:453
 
þ k3,DSOC 2 , EFC 100

(6)

=

the rest period at room temperature is not a major factor with
regards to long-term degradation of the cells. Also initial kick-in
period, during which the cell still has to be stabilized, and structural change at low SOCs (such as 0%e60% range) may lead to capacity rise during few measurements [14]. However, the
subsequent recovery in capacity insures the capturing of relevant
long-term capacity loss trends.
The results for ﬁxed lower SOC limits of 0% and 40% are shown in
Fig. 5a) and b) respectively. The upper SOC limit has two different
values of 60% and 100%. It is clear from Fig. 5 that increasing the
upper SOC limit increases the capacity fade (%). Increasing the
upper SOC limit increases both mean SOC and DSOC, thus resulting
in higher capacity loss rate.
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Fig. 6 shows the experimental data from testing as well as the
curve ﬁts from power law model (Equation (6)). It is clear that
power law model ﬁts the experimental observations for the ﬁrst
500 equivalent full cycles for all the SOC ranges except 0%e60%.
Even after 500 equivalent full cycles, normalized discharge capacity
trends for the SOC ranges 20%e80% and 40%e100% seem to follow
the derived power law model. However, 0%e100% range shows a
sudden acceleration in capacity loss rate after 500 equivalent full
cycles suggesting the initiation of a new degradation mechanism
with almost linear capacity fade model. Hence the developed power law model cannot ﬁt the experimental data for 0%e100% range
after 500 equivalent full cycles. One of the possible causes behind
this increase in degradation rate in 0%e100% may be the generation
of cracks in electrode and SEI layer and thus providing the fresh
new sites for side reactions with electrolyte to cause loss of active
lithium. Since 0%e60% SOC range exhibits a quite unexpected capacity fade behavior with the minimal capacity loss (%) among all
the tested ranges, more testing in low mean SOC region will be
required to extend the developed model to all possible SOC ranges.
The current model is suitable for only static SOC range cycling
conditions where the battery is being cycled under nearly constant
SOC ranges. The future work will concentrate on developing models
that can be applied to dynamic SOC range cycling which is closer to
real-life application proﬁles.
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trends that are consistent with previous work.
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Fig. 6. Comparison of experimental data with the power law model curve ﬁt.

5. Conclusions
The results from this study show that graphite/LiCoO2 battery
degradation is affected by mean SOC as well as the change in SOC
(DSOC) during the cycling operation. For the ﬁrst 500 equivalent
full cycles mean SOC is found to have major effect on the capacity
fade of cells as compared to DSOC. However, towards the end of the
testing (600e800 equivalent cycles) DSOC becomes the major
factor affecting the capacity loss rate of the cells. The mean SOC as
well as the DSOC during cycling should be minimized to reduce the
long-term capacity fade rate and achieve higher number of equivalent full cycles or higher amount of cumulative discharge capacity
over the battery's useful life. Cells cycled under 0%e60% SOC range
at C/2 rate show the least capacity loss (%) in the testing. At a high
discharge rate of 2C, the difference in capacity loss rates between
cells under 20%e80% and 0%e100% ranges diminishes. The reason
for this is believed to be the high temperature rise in these cells.
A power law model for capacity fade of graphite/LiCoO2 cells
under different SOC ranges is found to ﬁt the experimental data
well up to ﬁrst 500 equivalent full cycles. However, this model is
not able to capture the unexpected capacity loss behavior of 0%e
60% SOC range. Future testing for low mean SOC regions is required
to understand and model the cell degradation in all possible SOC
ranges. Also this model is suitable for conditions where the battery
is being cycled under nearly constant SOC ranges. Extension of this
model to dynamic SOC cycling conditions is also the subject of
future work.
The main focus of the paper is on capacity degradation of Li-ion
cells and the role that mean state of charge and state of charge
range (DSOC) play in reducing the energy storage capabilities of the
cells. A more detailed study of the effects of mean state of charge
and state of charge range on power degradation in Li-ion cells is the
subject of ongoing research. Possible failure mechanisms have been
discussed in this paper based on the inferences from the obtained
capacity fade data and previous research studies. There is no
destructive analysis; however, the modeling reveals underlying
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