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a b s t r a c t

In this report, cycling induced capacity fade of a LiFePO4 battery was studied and cycle-life models were
established. Cell life data for establishing the model were collected using a large cycle-test matrix. The test
matrix included three parameters, temperature (−30 to 60 ◦C), depth of discharge (DOD) (90–10%), and
discharge rate (C-rate, ranging from C/2 to 10C, with the 1C rate corresponding to 2A). At the low C-rates,
vailable online 1 December 2010
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experimental results indicated that the capacity loss was strongly affected by time and temperature,
while the DOD effect was less important. At the high C-rates, the charge/discharge rate effects became
significant. To establish a life model, we adopt a power law equation in which the capacity loss followed
a power law relation with time or charge throughput while an Arrhenius correlation accounted for the
temperature effect. This model, when parameters were allowed to change with C-rates, was found to
represent a large array of life cycle data. Finally, we discuss our attempts in establishing a generalized

coun
ycle life battery life model that ac

. Introduction

At present, lithium-ion batteries are increasingly being used to
eet the energy and power demands of current consumer electron-

cs. These batteries are also being targeted for use in the automotive
nd space industries. However, not knowing a battery’s rate of
apacity loss or useful life in these applications poses a significant
usiness risk. For the automotive industry, this information is criti-
al in determining the performance and durability of the battery in
raction applications; for the space industry, the battery must last
or the life of the mission as service and/or replacement is rarely an
ption.

Over the past few years there have been substantial efforts
ocused on the development of models to predict capacity fade in
ithium ion batteries [1–12]. Different models have been developed
o account for various scenarios responsible for capacity fade such
s parasitic side reactions [5,13,14], SEI formation [6], and resis-
ance increase [1,15,10]. However, experimental data are essential
or the study of the aging processes of a battery system and the val-

dation of the capacity fading mechanisms. To provide the required
nformation, a significant amount of testing and a systematic mod-
ling effort is needed to develop a reliable model to describe the
actors effecting battery life. Very few groups have attempted to

∗ Corresponding author. Tel.: +1 310 317 5155; fax: +1 310 317 5840.
E-mail address: jswang@hrl.com (J. Wang).
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oi:10.1016/j.jpowsour.2010.11.134
ts for Ah throughput (time), C-rate, and temperature.
© 2010 Elsevier B.V. All rights reserved.

develop a life prediction model using a large experimental data
set. Wright et al., [16–18] presented the testing results and life
modeling of lithium-ion batteries with Ni based lithium insertion
cathodes including LiNi0.8Co0.2O2 and LiNi0.8Co0.15Al0.05O2. These
results underscore the importance of using large testing matrix to
investigate and validate the life modeling of lithium ion batteries.

LiFePO4 (lithium iron phosphate) based lithium ion battery has
been considered as one of most promising candidates for large
scale applications in the automotive and space industries because
of its excellent chemical and thermal stability and low cost [19–23].
However, capacity fade behavior and life modeling for this bat-
tery has not been well established. More importantly, there is little
insight regarding the aging mechanisms associated with this type
of battery [24–28]. We evaluated the aging mechanisms of LiFePO4
lithium ion battery cells using both destructive physical analysis
and non-destructive electrochemical analysis. The results indicate
that capacity fade is primarily the result of loss of active lithium
that is most likely associated with anode degradation [28].

This paper focuses on developing a semi-empirical life model
based on this mechanism. The effects of four experimental
parameters—time, temperature, depth of discharge (DOD), and dis-
charge rate—were investigated. At low charge/discharge rates, the

results suggest capacity loss is strongly affected by time and tem-
perature, and the DOD effect is less important. A general power
law equation described by Bloom et al. [29], where capacity fade
follows a power law relation with time, was adopted as a start-
ing point to develop our model. Initial results demonstrated that

dx.doi.org/10.1016/j.jpowsour.2010.11.134
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jswang@hrl.com
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ig. 1. Test matrix for accelerated cycle life study. Two cells were tested at each con
ells highlighted in green were still cycling when this manuscript was written, and
f the references to color in this figure legend, the reader is referred to the web ver

he power law relationship can represent most of the life cycle
ata. Furthermore, the power law relation was used to establish
model to account for effect of C-rate over the range of C/2, 2C, 6C,
nd 10C.

. Experimental

.1. Test matrix

The commercially available 2.2 Ah, 26650 cylindrical cells were
urchased from A123 Systems in which the material chemistry is
omposed of LiFePO4 cathode and carbon anode. These lithium-
on cells were tested under the conditions given in the test matrix
hown in Fig. 1. Two cells were tested at each of the conditions.
hese conditions include five different temperatures (−30, 0, 15,
5, 45, 60 ◦C), five levels of DOD (90%, 80%, 50%, 20% and 10%), and
our discharges rates (C/2, 2C, 6C and 10C). In defining the DOD
nd C rates, the cell is de-rated to 2 Ah. Consequently, C rate cor-
esponds to a current of 2 A. The cut-off voltages for the cycle test
f all the cells were at 3.6 and 2.0 V. The constant current charge
ates were C/2 for the C/2 discharge rate and 2C for higher dis-
harge rates. The cells were charged to 3.6 V and held at 3.6 V
ntil the current dropped below 0.1 A for a maximum of 2 days.

he numbers in the matrix represent the cycle numbers that have
een performed at each of those conditions. The cells highlighted in
reen are still being tested, and the cells highlighted in red indicate
hat they have reached End of Life (EOL) which is defined as fail-
ng to deliver the required capacity before reaching a cell voltage
f 2.0 V.
. The numbers in the test matrix indicate the number of cycles attained by the cell.
ighlighted in red have reached the defined end of life condition. (For interpretation
f the article.)

2.2. Characterization

Prior to cycling tests, each cell was characterized using these
four techniques: (1) capacity characterization, (2) relaxation test,
(3) electrochemical impedance spectroscopy (EIS), and (4) hybrid
pulse power characterization (HPPC). Detailed procedures of each
technique are described in the following: (1) For capacity charac-
terization, the cell was fully charged and then discharged at rates
of 6C, C/2 and C/20. At each rate, two cycles were recorded and the
capacity from the second cycle was used as the cell capacity. (2) For
the relaxation test, a fully charged cell was discharged for a period
of 24 min at C/2 rate, and then followed by a 2 h rest before the
subsequent discharge. The test was complete when the discharge
voltage reached 2 V. (3) The EIS characterization was performed at
40% state of the charge (SOC) which was defined as 72 min of dis-
charge at C/2 rate of a fully charged cell. The EIS measurement was
carried out in a frequency range between 0.01 and 100 kHz and AC
amplitude of 5 mV. (4) For HPPC characterization, prior to a pulse
power sequence, a fully charged cell was discharged to 10% DOD
at 1C rate, and then rested for 1 h. The pulse power sequence was
composed of three steps: (1) 5C discharge for 18 s, (2) rest at OCV
for 32 s, and, (3) 3.75C charge for 10 s. After the pulse sequence, the
cell was immediately discharged to 20% DOD and rested for 1 hr
before the pulse power sequence was repeated. The cell was tested
at 10% DOD increments until reaching the cut-off voltage of 2 V.
During life cycle test, cells were stopped periodically for char-
acterization using the procedures described above. For example, at
a low rate of C/2, the characterization procedures were performed
for every 1 or 2 months between cycling test. At high rates, the time
intervals for characterization were shorter.
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Fig. 2. Discharge curves of the battery cells cycled at three different conditions: (Cell
A) 90% DOD, C/2, 0 ◦C; (Cell B) 90% DOD, C/2, 45 ◦C; and (Cell C) 90% DOD, C/2, 60 ◦C.
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For each of the cells tested, the cell capacity measured at a C/2
ate during characterization was used for the subsequent modeling
ork. The capacity loss was normalized with its initial cell capacity.

. Results and discussion

The large test matrix, comprehending time, temperature, DOD
nd rate (Fig. 1), permits statistical evaluation of the factors effect-
ng cycle life (capacity fade) and provide sufficient data for model
evelopment. Test conditions (2C through 10C) were chosen by
erforming a design of experiment (DOE) analysis [20], while all
onditions were studied at C/2 discharge rates. In both cases, two
ells were cycled at each condition to improve the robustness of
he results. Many of the cells cycled at higher rates had reached the
efined end of life condition (highlighted in red). Capacity fade at
igh discharge rates was accelerated as compared to C/2 discharge
ates. Many cells cycled at the lower discharge rate were still cycling
t the time of publication (highlighted in green). As shown in Fig. 1,
ells at the extreme temperatures also performed poorly; i.e., they
xhibited a high rate of capacity fade. The data indicate cells used
t strenuous conditions, such as elevated temperatures and fast
ischarge rates, tend to have a shorter useful life.

Capacity characterization data were used to quantify the capac-
ty fade rate for the model development. As an example, Fig. 2 shows
he discharge curves obtained at a C/2 rate (after different number
f cycles) for the cells cycled under the following conditions: A, 90%
OD, C/2, 0 ◦C; B, 90% DOD, C/2, 45 ◦C; and C, 90% DOD, C/2, 60 ◦C. As
ells age upon cycling, the measured capacities decrease steadily,
hile the shape of discharge profiles remained unchanged. These

ycle number dependent capacity loss data were collected for the
ycle life model development. The functional form of the life model
an be expressed as:

loss = f (t, T, DOD, Rate) (1)

here t is the cycling time, T is the test temperature, DOD is the
epth-of-discharge, and Rate is the discharge rate for the cycle
esting.

In the following sections, the effect of each parameter on cell life
s investigated and described. In addition a model to describe the
mpact of these factors at low and high discharge rates is presented.

.1. DOD and temperature effects

At a given C-rate, cells cycled at DODs greater than 50% were
hown to reach the defined end of life condition sooner than those
ycled at lower DODs (<50%). This observation is illustrated in Fig. 3,
here capacity retention as a function of cycle number at various
ODs for the cells at 60 ◦C and C/2 rate is plotted. When plotted in

his manner capacity fade appears to be a function of DOD. How-
ver, when the same data is plotted as a function of time as shown in
ig. 4, the results indicate DOD has very little effect on capacity fade.
he capacity fade rate was found to be approximately the same at
ach DOD indicating that the effect of cycling time is more signifi-
ant than DOD. After a closer examination of all the DOD data at C/2
ate, we concluded that the DOD effect was not important for the
onditions investigated. Thus, the DOD effect was not considered
or formulating a model for at low discharge rates.

After eliminating DOD, capacity fade can only be affected by time
t) and temperature (T), at C/2 discharge rate (Eq. (1)). In this case,
e adopt the following battery life model [29]:
loss = B · exp
(−Ea

RT

)
tz (2)

Instead of using time, we chose Ah-throughput as a parame-
er for the life modeling. Ah-throughput represents the amount of

0 2000 4000 6000 8000 10000

Cycle Number

Fig. 3. Capacity retention at 60 ◦C and a discharge rate of C/2 plotted as a function
of cycle number, data shown for 90(�), 80( ), 50( ), 20( ), and 10( )% DOD.
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0.5 which represents a square-root of time dependence. Previous
reports [6,17,30] have indicated that this square-root of time rela-
tionship with capacity fade represents the irreversible capacity loss
due to solid electrolyte interface (SEI) growth that consumes active
lithium and is often controlled by a diffusion process.
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ig. 4. Capacity retention at 60 ◦C and a dischare rate of C/2 plotted as a function of
ime (days), data shown for 90(�), 80( ), 50( ), 20( ), and 10( )% DOD.

harge delivered by the battery during cycling. At each C-rate, Ah-
hroughput is directly proportional to time; however, the merit of
sing Ah-throughput is that it allows us to quantify and correlate
he capacity fading behaviors for different C-rates. The life model
an be expressed as:

loss = B · exp
(−Ea

RT

)
(Ah)z (3)

In Eq. (3), Qloss, is the percentage of capacity loss, B is the
re-exponential factor, Ea is the activation energy in J mol−1,

is the gas constant, T is the absolute temperature, and Ah
s the Ah-throughput, which is expressed as Ah = (cycle num-
er) × (DOD) × (full cell capacity), and z is the power law factor.1

learly, the exponent term represents that the temperature follows
rrhenius Law. For analytical purposes, we rearrange this slightly

o

n(Qloss) = ln(B) −
(

Ea

RT

)
+ z ln(Ah) (4)

In Fig. 5, the percentage of capacity loss is plotted as a function
f Ah-throughput on a logarithmic scale at 0, 15, 45 and 60 ◦C. The
ines represent the linear fit at each temperature. −30 ◦C data were
ot plotted because the cells at this temperature generally do not
ycle long enough to produce sufficient data (we note that given the
anufacturer specifications the cells were not expected to perform

t some of the conditions, e.g. 90% DOD). According to Eq. (4), the
lope of the each line at each of the temperatures evaluated rep-
esents the power law factor, z. As shown in Fig. 5, the fitted lines
re parallel to each other at 15, 45 and 60 ◦C, indicating that the
lopes of these lines are very similar. These results suggest that the
emperature effect is independent of the power law factor z. At 0 ◦C,
he steep slope suggests that other mechanisms maybe responsible
or the observed accelerated capacity loss. AC impedance data (not
hown) also revealed that the charge transfer resistance was sig-
ificantly higher at 0 ◦C than at room temperature, which could

ntroduce other decay mechanisms. Consequently, the 0 ◦C data
as excluded at this stage of the empirical fitting.
.2. Life model development for C/2 rate

To determine the fitting parameters, we implemented a single
tep optimization process using Equation 4 with a slight rearrange-

1 Cells were de-rated to 2Ah for the full cell capacity.
Fig. 5. Fit achieved when using equation to predict capacity loss as a function of
temperature. Capacity loss is plotted as a function of Ah throughput at 0( ), 15(
), 45( ) and 60( ) ◦C. Substantial linearity is achieved at each temperature. (Data
from each DOD and C/2 discharge rates are shown.)

ment of the terms. The graphical representation of this method
is shown in Fig. 6 where ln(Qloss) + Ea/RT is plotted as a function
of ln(Ah). The activation energy Ea was obtained from the inter-
cept values of the best-fit nonlinear regression curves. Applying the
experimental data from 15, 45 and 60 ◦C at C/2 discharge rates, Ea

was found to be close to 31,500 J mol−1. Judging from the fitted lin-
ear relations, the effect of temperature indeed follows an Arrhenius
relation, which often corresponds to a thermally activated chem-
ical process, such as a chemical side reaction that occurs during
cycling, potentially SEI layer formation [6,30]. The pre-exponential
factor B can be determined from the intercept of the linear fittings
shown in Fig. 6. The slope of line represents the power law factor
z, which is equal to 0.552. Interestingly, this value is very close to
Ln (Ah_throughput) / Ah

Fig. 6. Use of Eq. (4) to determine the fitting parameters for the life prediction model
in which ln(Qloss) + Ea/RT is plotted as a function of ln(time). (Data from all levels of
DOD at C/2 rate are included.) The activation energy Ea was obtained from the best-
fit values determined by nonlinear regression, R2. The slope and intercept of the
linear fitting correspond to the power law factor, z, and the pre-exponent value, A,
respectively.
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Table 1
Equation to predict capacity fade at a given discharge rate.

C-rates Life model

C/2 Q = 30, 330 · exp( − 31, 500/RT) · (A )0.552
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Table 2
Average actual cell temperatures, measured during cycling, conditions indicated
below.

% DOD 0 ◦C 15 ◦C 25 ◦C 45 ◦C 60 ◦C

90 7.76 – 26.40 – –

2C
80 7.59 – 26.41 – –
50 6.92 – 26.33 – –
10 4.54 – 26.06 – –

90 13.90 18.60 27.82 47.24 –

6C
80 13.95 18.42 27.71 47.18 –
50 13.34 17.95 27.51 46.99 –
10 9.03 16.98 27.00 46.69 –

90 17.90 19.32 28.71 48.16 63.20

using Eq. (6). The results are summarized in Table 3. Using this uni-
fied life model equation, we are able to describe qualitatively the
capacity fading behaviors for all conditions. In Fig. 8, simulation
results obtained with the life model equation are compared with

Table 3
Generalized life model for all C-rates.
loss h

2C Qloss = 19, 300 · exp( − 31, 000/RT) · (Ah)0.554

6C Qloss = 12, 000 · exp( − 29, 500/RT) · (Ah)0.56

10C Qloss = 11, 500 · exp( − 28, 000/RT) · (Ah)0.56

As a result, the capacity loss life model is expressed as:

loss = 30, 330 exp
(−31, 500

8.314T

)
Ah

0.552 (5)

Using the life model in Eq. (5), we are able to simulate qual-
tatively the capacity fade under various conditions. In Fig. 7,
imulations of the capacity fade at different temperatures are com-
ared to experimental data. Overall, the life model appears to be in a
eneral agreement with the experimental data. The model slightly
nderestimates capacity loss at 60 ◦C and overestimates capacity

oss at 45 ◦C. Our results demonstrate that at the low rates, time
nd temperature are the two parameters that substantially affect
apacity fade and that DOD has a negligible effect on capacity fade.

.3. Life modeling for high C-rates

We further examined whether this function form of the life
odel could predict capacity fade behavior at high discharge rates

>C/2). First, we proceeded to use Eq. (4) to fit the capacity fade
rofile at each discharge rate (2C, 6C and 10C). We found that the
xperimental data do follow the power law relation. At a 2C dis-
harge rate the Ea and z values obtained (Table 1) are comparable
o those values for C/2 rate suggesting that the factors effecting
apacity fade are similar at low and high discharge rates. There-
ore, we used this power law relation as a basis to fit the capacity
oss at 6C and 10C discharge rates as well. For 6C and 10C rates,
ecause there are fewer data points collected (from the capacity
haracterization data) prior to the cell reaching the defined EOL
ondition, curve fitting techniques were used to numerically fit the

xperimental data with the power law equation (Eq. (3)) at each of
he cycling conditions. Specifically, using Eq. (3), we fit each of the
ycle conditions simultaneously to obtain the values of B, Ea, and z.
or each constant C-rate, we find the optimal parameter values of
, Ea, and z, by minimizing the total error. This total error is defined
10C
80 17.99 19.22 28.59 48.02 63.04
50 17.47 19.01 28.29 47.78 62.74
10 11.62 17.94 27.58 47.30 62.60

as:

εopt =
∑
j=N

[Q measured
loss,j − Q model

loss,j ]2 (6)

where j represents each of the cycled conditions. The optimal values
were found for each rate using Newton’s iteration method with the
aid of the SOLVER function in EXCEL. The results are summarized
in Table 1.

We note that actual cell temperatures (instead of environmen-
tal temperatures) were used for numerical fitting of the life model
equation at the high discharge rates. Cell heating during cycling
becomes more significant when the cell is discharged at a high rate.
Table 2 shows the average temperatures measured at the surface
of the battery cell during cycling. Particularly at low environmen-
tal temperatures, the real cell temperatures increase considerably
during the discharge. In addition, the cells cycled at higher DODs
tend to heat up more than those cycled at lower DODs.

While the above analysis indicates that we are able to establish
a life model using the power law relation at each C-rate (Table 1),
it is of great interest to develop a generalized equation to describe
the capacity fade behavior for all conditions. A closer examination
on the magnitudes of activation energy Ea values revealed that we
could be fit the data if Ea decreased with increasing C-rate. This
trend allowed us to establish a mathematical correlation to account
for the rate effects. The power law factor z, on the other hand,
remained fairly constant at all C-rates. Therefore, we set the z value
at 0.55 for all conditions. The function form of the life model can be
expressed as:

Qloss = B · exp
[−31700 + 370.3 × C Rate

RT

]
(Ah)0.55 (7)

It appears that there is a general trend for the pre-exponent fac-
tor B, in which the value decreases with increasing C-rate. However,
it is difficult to quantitatively describe this relationship by using a
simple mathematical correlation. Instead, using Eq. (7), we simul-
taneously fitted the experimental data for all C-rates. The optimal
values of B were found for each C-rate by minimizing the total error
Qloss = B · exp[( − 31, 700 + 370.3 × C Rate/RT](Ah)0.55

Ah = cycle number × DOD × 2

C-rate C/2 2C 6C 10C
A values 31,630 21,681 12,934 15,512
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ig. 8. Model simulation results (lines) and experimental results (dots) at 2C (a), 6C
b) and 10C (C) discharge rates.

he measured capacity loss data for 2C, 6C and 10C rates. The model
rojections are consistent with the experimental data for all the
-rates.

A closer examination of the established model reveals additional
nsight relative to aging mechanisms responsible for the capacity
ade. For example, the power law factor, z is very close to 0.5, lead-
ng to a square-root of time relationship. Previous reports have
ndicated that the rate of lithium consumption at the negative
arbon electrode due to SEI formation has a square root of time
ependence [6,17,30]. In addition, our prior findings using destruc-
ive physical analysis and non-destructive electrochemical analysis
stablished that the capacity fade is caused by the loss of active
ithium most likely associated with the carbon anode degradation
28]. Consequently, our modeling results are consistent with the

ging mechanism that the active lithium is consumed to repair
nd/or grow the SEI layer when the carbon anode is cracked due
o anode degradation. In addition, there is also a C-rate effect. The
rrhenius law used in the model equation represents the kinetics of
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[
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the chemical processes for the undesired side reactions such as for
SEI formation. The inverse relationship of the magnitude of acti-
vation energy with the C-rate suggests that higher rates produce
higher diffusion induced stress field [31] on the particles which
accelerates the chemical processes that cause irreversible active
lithium consumption.

We have demonstrated that this rather simple life model
represents qualitatively the experimental data for all the rates
investigated. It is also recognized that the accuracy of the life model
predictions at the high rates produce slightly more error than at the
low rates. Overall, this generalized approach allows us to present
quantitative projections of capacity fading behaviors for a wide
range of cycling conditions.

4. Conclusion

In this report, we have presented the cycling test results from an
accelerated cycle life study on commercially available LiFePO4 bat-
teries. The effects of test parameters (time, temperature, DOD, rate)
were investigated and described. The results show that the capacity
loss is strongly affected by time and temperature, while the effect of
DOD is less important at a C/2 discharge rate. A life model was devel-
oped to describe the time and temperature dependence of capacity
fade at this low discharge rate. Using a curve-fitting technique, we
demonstrated that capacity fade followed a power law relationship
with charge throughput between 15 ◦C and 60 ◦C. The established
power law model was used as a basis to develop a model equa-
tion to describe capacity fade at each higher discharge rate (2C, 6C
and 10C). For all C-rates, the model equations indicated that power
law factors were valued very close to 0.5. This square-root of time
dependence is consistent with the aging mechanisms that involve
diffusion and parasitic reactions leading to loss of active lithium.
Overall, we were able to establish a simple battery life model that
accounts for Ah throughput (time), C-rates, and temperature and
achieves qualitative agreement with experimental data. We note
in closing that the model should be applicable to other lithium ion
batteries as long as the aging mechanisms are similar. In contrast,
we excluded data from 0 ◦C in the present study in formulating the
current model. Experimental observations indicate a change in the
decay mechanism might be operative at lower temperatures, and
this remains an open question.
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