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Abstract

A statistically designed accelerated aging experiment was conducted to investigate the effects of aging time, temperature, and state-of-
charge (SOC) on the performance of lithium-ion cells. In this experiment, a number of cells were stored in a variety of static aging
environments ranging from 25◦C and 60% SOC to 55◦C and 100% SOC. The power output of each cell was monitored regularly over the
course of 44 weeks via a low current level hybrid pulse power characterization test. A single empirical model of power fade, involving two
concurrent degradation processes, was found to be applicable over a wide range of experimental conditions. The first degradation process
is relatively rapid (nearly complete within 4 weeks) and is accelerated by temperature with unknown kinetics. The second degradation
process (accelerated by temperature and SOC) is less rapid and exhibits time3/2 kinetics.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In conjunction with the Partnership for a New Generation
of Vehicles (PNGV), the Advanced Technology Devel-
opment (ATD) Program was initiated in 1998 by the US
Department of Energy Office of Advanced Automotive
Technologies to find solutions to the barriers that limit the
commercialization of high-power lithium-ion batteries for
hybrid electric vehicle (HEV) applications. In 2003, this
program was superseded by the Freedom Cooperative Au-
tomotive Research (FreedomCAR) program that seeks to
develop fuel cell based vehicles. As part of this effort, the
ATD Program is supporting the development of lithium-ion
batteries for hybrid electric vehicles. A major goal of this
work is to determine the mechanism(s) of power fade and
develop methods for predicting the life of lithium-ion bat-
teries in the HEV environment. The ATD Program has been
evaluating the performance of lithium-ion cells in support of
this goal. A statistically designed accelerated aging experi-
ment was performed to investigate the effects of aging time,
temperature, and state-of-charge (SOC) on the performance
of 18650-size cells. Analysis of the experimental data re-
sulted in a parsimonious empirical model that is accurate
over a wide region of the experimental space (temperature
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and state-of-charge). This paper describes details of the ex-
perimental work (cell chemistry, experimental design, power
measurement) as well as the analysis and modeling of the
experimental data.

2. Experimental

2.1. Cell chemistry

Gen 2 lithium-ion 18650-size cells were built specifically
for the ATD program. These cells were designed for high
power HEV applications. The specific chemistry used in
these cells is shown inTable 1. No fuses or positive temper-
ature coefficient (PTC) devices were built into the cell so
that performance would not be limited by the safety devices.
The cells were also well sealed to prevent leaks during ag-
gressive aging conditions.

In order to increase the pulse power performance the
cells were designed to minimize the thickness of the ac-
tive material layers and to decrease the ohmic resistance
of the electrical paths. The coating thickness of both anode
and cathode were reduced to 35�m on each side of the
double-side coated current collectors and multiple electrical
tabs were used to contact with the current collectors. This
design resulted in total cell impedance in the 20–40 m�

range and a nominal cell capacity of 1 Ah.
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Table 1
Gen 2 cell chemistry

Cathode
PVDF binder (8 wt.%)
SFG-6 graphite (4 wt.%)
Carbon black (4 wt.%)
LiNi 0.8Co0.15Al0.5O2 (84 wt.%)

Anode
PVDF binder (8 wt.%)
MAG-10 graphite (92 wt.%)

Electrolyte
LiPF6 (1.2 M) in EC:EMC (3:7 wt.%)

Separator
PE (Celgard, 25�m thick)

Abbreviations of cell materials used in table are explained as: ethylene
carbonate (EC), ethyl methyl carbonate (EMC), poly(vinylidene fluoride)
(PVDF), polyethylene (PE).

2.2. Experimental design

The experiment involved two controlled accelerating fac-
tors (aging temperature and state-of-charge). A full facto-
rial experimental plan was developed involving four levels
for temperature (25, 35, 45, and 55◦C) and three levels for
SOC (60, 80, and 100%). Twelve experimental conditions
were investigated with a total of 42 cells. The amount of
replication varied from three to five cells per experimental
condition (seeTable 2). More replication was introduced at
the most highly accelerated conditions as extra cell-to-cell
variation was expected at these conditions.

Prior to being placed in the isothermal temperature
chambers, baseline performance tests were conducted on
each cell. These Reference Performance Tests (RPTs)
were used to quantify the capacity, resistance, and power
of each cell [1]. During aging, the cells were clamped
at an open-circuit voltage corresponding to 60, 80, or
100% SOC and underwent a once-per-day pulse profile
[2]. These RPTs were repeated every 4 weeks and the ex-
periment continued up to 44 weeks. Measurement of cells
that had experienced 50% or more power degradation (e.g.
55◦C @ 100% state-of-charge) was discontinued prior to
44 weeks.

2.3. Low current hybrid pulse power characterization
(L-HPPC) test

The L-HPPC test consists of a constant-current discharge
and regeneration pulse (to simulate capture of energy by

Table 2
Replication at each experimental condition

25◦C 35◦C 45◦C 55◦C

60% State-of-charge 3 3 3 3
80% State-of-charge 3 3 3 5
100% State-of-charge 3 3 5 5
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Fig. 1. HPPC test profiles showing degradation of power capability for a
cell aged at 55◦C, 100% SOC.

“regenerative braking” of automobile) with a 32 s rest pe-
riod in between, for a total duration of 60 s[3]. The 18 s
constant-current discharge pulse is performed at a 5 A rate.
The 10 s regeneration pulse is performed at 75% of the dis-
charge rate (i.e. 3.75 A). This profile is repeated at every
10% depth-of-discharge (DOD) increment, with a 1 h rest at
OCV at each DOD increment to ensure that the cells have
electrochemically and thermally equilibrated (Fig. 1). All of
the L-HPPC testing was performed at 25◦C regardless of the
aging temperature. The power fade metric used was derived
from the HPPC test results and projects the power capability
at the 300 Wh available energy value.Fig. 2 shows plots of
the resulting power versus energy removed for both the dis-
charge and regenerative charge pulses. The crossing point is
called the maximum power and the separation between the
two curves is the available energy. InFig. 3, available en-
ergy is plotted against power for a series of measurements
on the same cell after different aging times. The intersection
points of these curves with the 300 Wh line shown on the
graph is the metric used to track power fade.
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Fig. 2. Power capability vs. energy removed for a fresh cell and a cell
aged 20 weeks at 55◦C, 100% SOC.
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Fig. 3. Available energy vs. power showing progressive loss of power capability with increased aging time (up to 20 weeks) at 55◦C and 100% SOC.

3. Analysis and modeling of the experimental data

3.1. Modeling philosophy

The overriding philosophy of the modeling effort is to
seek a single model that operates over a wide (and clearly
understood) range of temperature and SOCs. Desired char-
acteristics of the model include simplicity (minimal number
of model parameters) and high fidelity in regions where high
fidelity is required. High fidelity much beyond the point of
degradation that defines the end of useful cell lifetime (be-
lieved to be 23% power fade in the application of interest)
is not a high priority. Note that our model was found to be
accurate up to 40% power fade.

Additionally, we sought to determine when the accelera-
tion parameters caused different observable aging behavior
in the cell. When this occurs, we believe that a different ag-
ing mechanism may dominate leading to cell aging behav-
ior that is not representative of aging under “normal” use
conditions. Thus, one of our goals was to determine the test
conditions that give predictable aging behavior.

The model building process included the following steps.
First, the time dependence of power fade was investigated.
In particular, graphical analyses were performed in order to
determine a transformation of time (via a time exponent) that
linearizes the relationship of power fade with transformed
time. Theslope andintercept of the linear relationship were
estimated for each aging condition as determined by temper-
ature and SOC. Next, the estimated intercept and slope were
modeled as a function of temperature and SOC. Regions in
the temperature/SOC plane where the estimated slope and
intercept are consistent with simple models were identified.
Finally, a global model of power fade (as a function of tem-
perature and SOC) was developed based on forms of the
slope andintercept models and the experimental data within
the consistent regions in the temperature/SOC plane.

3.2. Time dependence of power fade

Fig. 4 illustrates the relationship between relative power
and time in the case of 60% SOC for the various aging
temperatures. Graphical analysis, investigating various frac-
tional powers of time as potential transformations, was used
to determine a transformation of time (tρ) thatlinearizes the
relationship of power fade with transformed time for all ag-
ing conditions. This analysis led to the selection ofρ = 3/2
as a useful transformation.Figs. 5–7illustrate the utility of
t3/2as a linearizing transformation over all states-of-charge
and temperatures. Although this relationship breaks down
when the power fade exceeds 40%, good model fidelity is
maintained well beyond the point of degradation that defines
cell lifetime. For purposes of visual reference, solid lines are
overlaid on the data to indicate the quality of the linearizing
transformation.
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Fig. 4. Relative power vs. time (60% state-of-charge).
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Fig. 5. Relative power vs. time3/2 (60% state-of-charge).
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Fig. 6. Relative power vs. time3/2 (80% state-of-charge).
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Fig. 7. Relative power vs. time3/2 (100% state-of-charge).
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Fig. 8. Logit(A) vs. 1/temperature and SOC.

3.3. Generalized model of power fade

Motivated by the observed time dependence, a general
model form for power fade isY(t; T, SOC) = A(T, SOC) −
B(T, SOC) · t3/2, whereY(t; T, SOC) is the relative power
of a cell (compared to its initial state) after aging the cell at
temperature (T) and state-of-charge for timet ≥ 4 weeks.
Appropriate forms forA(T, SOC) andB(T, SOC) were de-
termined by the analysis that follows.

By definition,Y(0; T, SOC) = 1. The difference between
Y(0; T, SOC) andA(T, SOC), represents the cumulative ef-
fect of a relatively rapid degradation process that depends
on T and SOC. Apparently, this rapid degradation is nearly
complete within 4 weeks. Concurrently, there is a second
degradation process that is operating at a much slower rate.
The relative power lost in this second process is represented
by −B(T, SOC)· t3/2.

In order to make this model form useful, we need to de-
velop models that reflect how the intercept (A) and the slope
(B) vary over the aging conditions given by temperature and
SOC. For each aging condition (and limited to cases where
the observed power fade is less than 40%), a robust regres-
sion procedure was used to estimate the slope and intercept
of the observed time dependence. The robust regression pro-
cedure is based on minimizing the sum of the absolute value
of deviations about the fitted line rather than minimizing
the sum of the squared deviations about the fitted line (least
squares). Thus it is relatively unaffected by discordant ex-
perimental data.Figs. 8 and 9illustrate transformations of
the estimated values of the intercept and slope versus the
various aging conditions.

As seen inFig. 8, the logit transformation was found to
provide auseful means to represent the relationship between
the estimated intercept (A) and the various aging conditions.
The logit ofA is defined as log(A/(1− A)). A useful prop-
erty of the logit transformation (that facilitates the modeling
process) is that it maps an input (like relative power) that



258 E.V. Thomas et al. / Journal of Power Sources 124 (2003) 254–260

3 3.1 3.2 3.3 3.4 3.5
-7.5

-7

-6.5

-6

-5.5

-5

-4.5

-4

(Degrees K)-1 x 103

lo
g(

B
)

60% SOC
80% SOC
100% SOC

Fig. 9. Log (B) vs. 1/temperature and SOC. Dashed line surrounds ex-
perimental region with consistent degradation behavior.

varies in the interval (0, 1) to the real line (−∞, ∞). In
general, the estimated intercepts associated with the 60 and
80% SOC data relate well to the model that is represented
by the solid line inFig. 8. That is, log(A/(1 − A)) =
a0 +a1 · (1/T). The clear exception is the 35◦C data (which
exhibit some behavior that is not understood, see the stair-
case degradation inFigs. 5–7). Nevertheless, we consider
that all of the 60 and 80% SOC data are consistent in the
modeling sense and that the intercept is thus independent of
SOC in this range. Clearly, the 100% SOC data are incon-
sistent with the other data indicating that another degrada-
tion mechanism may be operative at high SOC. Note that
the inverted logit transform is:

A = exp(a0 + a1 · (1/T))

1 + exp(a0 + a1 · (1/T))
.

In terms of the estimated slope (B), a useful model is
given by log(B) = b0 + b1 · (1/T) + b2 · SOC, orB =
exp(b0 + b1 · (1/T) + b2 · SOC). This model explicitly in-
cludes the effects of temperature and SOC.Fig. 6 illustrates
the utility of this model for the portion of the tempera-
ture/SOC plane that is within the dashed rectangle. The
parallel lines (one per SOC) added for visual perspective
and superimposed on theBs indicate that the effect of tem-
perature on theBs is consistent across SOCs. The fact that
the parallel lines are roughly equidistant supports the linear
dependence on SOC that is provided throughb2. Substitut-
ing the expressions forA andB into the expression for rel-
ative power,Y(t; T, SOC) = A(T, SOC) − B(T, SOC) · t3/2,
yields the global model form, which is:

Y(t; T, SOC) = exp(a0 + a1 · (1/T))

1 + exp(a0 + a1 · (1/T))

−(exp(b0 + b1 · 1

T
+ b2 · SOC)) · t3/2.

This global model, involving five parameters (a0, a1, b0,
b1, andb2), is be valid within the region defined by 60%

SOC (25–55◦C) and 80% SOC (25–45◦C) for t ≥ 4
weeks. Degradation at the other experimental conditions
(100% SOC (all temperatures) and 80% SOC (55◦C)) was
not consistent with the global model. Values for the model
parameters were estimated by robust nonlinear regression
using data within the aging conditions identified and further
restricted such that observations with power fade exceeding
40% were omitted. Estimates of the model parameters (with
estimated standard errors) are:

â0 = −21.01(0.72), â1 = 7.585× 103 (2.3 × 102),

b̂0 = 4.0387(0.24), b̂1 = −3.547× 103 (73), and

b̂2 = 0.01331(0.00063).

The estimated standard errors were obtained by a boot-
strapping process[4]. The global model provides a predic-
tion of the relative power of cells as a function of time,
temperature and SOC:

Ŷ (t; T, SOC) = exp(â0 + â1 · (1/T))

1 + exp(â0 + â1 · (1/T))

−exp(b̂0 + b̂1 · 1

T
+ b̂2 · SOC) · t3/2.

Figs. 10 and 11illustrate the degree to which the model
(solid line) represents the observed % power fade= (1 −
Y) × 100 (symbols) over the region defined earlier. Clearly
the model provides a good representation of the 60 and 80%
SOC experimental data.

Note that this model can be used as the basis for estimating
the mean cell lifetime. In the HEV application, the cell life
is defined to be the time to reach 23% power fades (Ylife =
0.77). The estimate of cell life (weeks), which is dependent
on aging temperature and SOC is:
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Fig. 11. % Power fade vs. time: 80% SOC.

t̂life =




((exp(α̂0 + α̂1 · (1/T)))/

(1 + exp(α̂0 + α̂1 · (1/T)))) − Ylife

exp(b̂0 + b̂1 · (1/T) + b̂2 · SOC)




2/3

.

For example, when the aging conditions are 60% SOC and
25◦C, t̂life = 40.3 weeks. A bootstrapping process could
also be used to develop uncertainty bounds for estimates of
cell life.

4. Discussion

Statistical analysis of the power fade data has led to the
development of a general power fade model (involving dual
concurrent degradation processes) that is applicable over a
range of aging conditions. Degradation associated with the
first process is relatively rapid and appears to be substantially
complete within 4 weeks. For SOCs between 60 and 80%,
the initial degradation is very consistent and appears to be
driven solely by temperature. At 100% SOC, the degradation
is more severe and has a different temperature dependence.
The second degradation process exhibits degradation that is
proportional to time3/2. This process appears to be consis-
tent within the region defined by 60% SOC (25–55◦C), 80%
SOC (25–45◦C), and 100% SOC (25–35◦C). The global
model that was developed provides a very accurate repre-
sentation of the observed power fade data to the point where
60% of the original power remains for all 60 and 80% SOC
aging conditions except for 55◦C at 80% SOC. Beyond 40%
power fade, the model does not predict well. This could be
due to consumption of reactants. In any event, there is little
current interest in understanding power fade beyond 40%.

The precise time dependence of the first degradation pro-
cess is unknown since it had a rapid onset and completion.
It would be useful to investigate more fully the nature of
the rapid, temperature-dependent degradation that was ob-
served. An experiment such as the following could provide

some significant insight. Choose a single SOC (60 or 80%),
three aging temperatures (say 25, 40, and 55◦C), and three
cells per temperature. After measuring the power of the nine
fresh cells, subject them to isothermal aging and re-measure
the power after (0, 0.5, 1, 2, 4) weeks of aging. The dynam-
ics of the resulting power loss could give insight into early
loss mechanisms.

This investigation was limited to static aging conditions.
Since hybrid electric vehicle aging conditions are not static
there is motivation to understand whether the developed
model is useful for predicting performance degradation in
dynamic environments. For example, consider aging in a
dynamic environment whereT(τ) and SOC(τ)are the aging
temperature and SOC at timeτ. Let R̂(τ; T(τ), SOC(τ), Θ)

be the estimated rate of degradation (of relative power) at
timeτ, whereΘ are the model parameters relating the rate of
degradation to temperature and SOC. Following[5], the cu-
mulative degradation at timet is predicted by the model to be

D̂(t; T [0, t], SOC[0, t], �)

=
∫ t

0
R̂(τ; T(τ), SOC(τ), Θ) dτ,

where T[0, t] and SOC[0,t] represent the paths of tem-
perature and SOC over the time interval (0,t). Therefore,
the predicted relative power iŝY(t; T [0, t], SOC[0, t]) =
1 − D̂(t; T [0, t], SOC[0, t], Θ). In the case of the model
developed using data from static aging conditions,
R̂(τ; T(τ), SOC(τ)) = d/dτ(Ŷ(τ; T, SOC)). To assess whe-
ther the model developed for static aging is valid for dynamic
environments, one would compare the power degradation
that is observed experimentally over a variety of dynamic
aging environments with the model predictions based
on those same aging environments:D̂(t; T [0, t], SOC[0, t],
Θ). Currently, methods for selecting the dynamic aging
environments to be used for developing and/or validating
degradation models are unavailable and thus could be the
subject for some valuable research.

5. Conclusions

This paper presents the development of an empirical ac-
celerated degradation model that accurately describes the
power degradation of Li-ion cells over time for a range of
aging conditions (temperature and SOC). The development
of the model involved a statistical experimental design fol-
lowed by analysis that was influenced by the experimental
data rather than by a specific mechanistic model. Two degra-
dation processes are clearly apparent from the analysis of
the experimental data. However, physical/chemical mecha-
nisms have yet to be experimentally associated with these
processes. While the developed model accurately reflects
power degradation in static aging environments, its efficacy
in dynamic aging environments (such as would be expected
in HEVs) needs to be evaluated.
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