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Abstract 
For a reliable integration of batteries into the vehicle, knowledge about battery behavior and especially the 

lifetime of the battery in the application is indispensible. This work aims at the development of a lifetime 

prediction approach based on an aging model for lithium-ion batteries. Extended accelerated lifetime tests 

are performed at different temperatures and states of charge (SOC) to investigate the impact of these 

conditions on the impedance rise and capacity loss. The results are used to find mathematical expressions 

describing the impact of storage time, temperature and voltage on aging, to build up a model coupling an 

impedance-based electric-thermal part with a semi-empirical (physically motivated) aging model. Based on 

these models different drive cycles, use patterns and management strategies can be analyzed with regard to 

their impact on the lifetime. This is an important tool for vehicle designers and for the implementation of 

business models. The strength of this paper is the good data basis and the detailed modeling approach. 
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1. Introduction 
Lifetime prediction for lithium-ion batteries 
under real operation is a key issue for a reliable 
integration of the battery into the vehicle and for 
warranty issues. As aging tests using real 
operation conditions are very time and cost 
intensive, accelerated aging tests are discussed to 
be a powerful method. To extrapolate data 
obtained from accelerated aging test to real life 
conditions, aging models are required. So far 
simple model approaches for lifetime predictions 
have been reported in literature, like e.g. 
approaches based on neuronal networks [1]. 
These approaches usually lack the ability to 
make extrapolations to conditions that were not 
used in the learning test set. This work aims to a 
more physically based approach, able to 

extrapolate the data from accelerated aging tests to 
get real life condition lifetime predictions. 
Aging in lithium-ion batteries leads to increase of 
inner resistance, capacity and power loss as well as 
to changes in impedance spectra due to 
electrochemical and mechanical processes. Aging 
strongly depends on temperature, SOC or rather 
electrode potential, cycling depth and charge 
throughput [2-4]. Few studies are reported in 
literature, investigating the calendar and cycle life 
of different cells using large test matrixes [4-7]. 
These studies illuminate the aging characteristics 
of lithium-ion batteries. But so far, this knowledge 
has not been utilized to develop an aging model 
that is able to predict the lifetime cycle of real 
application. Aging models based on mathematical 
functions obtained from extended aging tests can 
be directly linked to impedance-based models, 
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which determine electrical and thermal behavior 
of the battery [8, 9]. Coupling of impedance-
based thermo-electrical battery models with 
aging models enables investigation of the 
dynamical interaction between thermal, electrical 
and aging behavior of the battery. A higher 
temperature for example causes a faster aging 
and therefore a faster increase in the inner 
resistance, affecting the electrical performance of 
the battery. These relations have been 
investigated in [10] but lacking a profound 
parameterization of the developed model using 
aging test results. This work will focus on the 
parameterization of the aging model by 
experimental data using extended aging test 
results. 
 
2. Experimental 
To parameterize impedance-based aging models, 
extensive aging tests are necessary. In this work 
a lithium-ion high power pouch cell with a 
nominal capacity of 6 Ah and a nominal voltage 
of 3.6 V was used. The anode consists of hard 
carbon, the cathode of LiNi1/3Mn1/3Co1/3O2 
(NMC) as active material. Cells with similar 
characteristics are typically used in HEV 
applications. 
 
Extended accelerated calendar aging tests have 
been performed by storing batteries at constant 
voltage at different temperatures and different 
SOC. The test matrix is shown in Table 1. Three 
cells have been tested under the same condition 
in order to get statistic relevance. At regular 
intervals of 6 weeks capacity tests, measurements 
of the inner resistance of the battery and 
electrochemical impedance spectroscopy (EIS) 
were performed at room temperature. Some cells 
were stored at float conditions (constant voltage), 
whereas for other cells storage conditions were 
applied (open circuits). The cells stored with 
open circuits showed self-discharge processes 
over time. Therefore, the average voltage during 
the 6 weeks of storage is used for evaluation of 
the data. In general, aging tests performed at float 
conditions are more desirable for the 
parameterization of aging models, as they ensure 
constant conditions. 
 
The capacity was determined by a 1C discharge 
following a standard charge of the cell. For 
calculation of the inner resistance a high pulse 
power characterization profile as defined by 
VDA (German association of the automotive 
industry) [11] at different depths of discharge 

was used. Therefore a 18s 4 C-rate discharge pulse 
followed by a 40 s rest period and a 10s 3 C-rate 
charge pulse also followed by a 40 s rest period 
was employed. In this work the so called overall 
discharge resistance at 20 % DOD calculated by 
the ratio of voltage change and current during the 
40 s rest period after the 4 C-rate discharge pulse is 
used for the aging analysis. 
 
T / SOC 20 % 

(3,05 V) 
50% 

(3,51 V) 
80 % 

(3,92 V) 
100 % 

(4,10 V) 

25 °C   X  

35 °C X X  X 

50 °C X X X X 

65 °C  X  X 

Table 1: Test matrix of calendar aging tests 
performed on 6Ah high power lithium-ion batteries 
with NMC as cathode material. 

 
Impedance spectra were measured at room 
temperature at different DOD (0%, 20%, 50%, 
80%) in galvanostatic mode using frequency range 
from 5 kHz to 10 mHz. All spectra were measured 
without superposed DC current at 23°C.  
 
3. Calendar Aging Results 
In order to develop and parameterize an aging 
model, the calendar aging tests were evaluated. In 
this section the most important results of the aging 
data are discussed and summarized in order to 
support the assumptions made for the setup of the 
model. 
It is widely known from literature, that electrolyte 
decomposition and the corresponding formation of 
solid electrolyte interphase (SEI), is the dominant 
aging process in most graphite-based lithium-ion 
batteries during storage leading to capacity decline 
(due to loss of active lithium) and impedance rise 
(due to increase in film layer thickness) [3, 12-14]. 
Theoretical derivations of the time dependency of 
the SEI growth rate are quite opposing. Broussely 
et al. [3] for example describe a formation process 
taking place at the SEI/electrolyte interface, 
leading to the conclusion, that the electronic 
conductivity of SEI is the rate limiting step of 
formation. Ploehn et al [12] in contrast state a SEI 
formation that takes place at the anode/SEI 
interface and is limited by solvent diffusion 
process. Nevertheless all theories lead to the 
conclusion that the formation process evolves with 
a square root of time dependency. A similar trend 
can be seen in the aging behavior of capacity loss 
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V
VV

VT
TT

T ccVTA Δ
−

Δ
−

⋅=
00

),(   (4) 
 
The first factor describes the temperature impact 
on the aging rate, the second one the impact of 
the potential. cT and cV are fitting parameters, 
describing the impact of temperature and voltage 
on aging, respectively. T0 and V0 are reference 
temperature and voltage and can be chosen 
arbitrarily. For the following we chose T = 25°C 
and V0 = 3.5V. ΔT was set to 10°C, meaning, that 
an increase in temperature by 10°C results in an 
increase in aging by a factor cT compared to 
reference conditions T0. Similarly ΔV was set to 
0.1V. Similar equations have been also used by 
Bohlen et al. [8, 9] to describe the aging behavior 
of super capacitors. 
The only exception has been found in the aging 
evolution of the impedance parameter Rser, where 
a parabolic dependency on voltage has been 
detected (see Figure 4b). Therefore to describe 
the aging evolution of Rser eq. (4) was substituted 
by: 
 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+⎟

⎠
⎞

⎜
⎝
⎛

Δ
−

⋅⋅= Δ
−

1),(
2

00

V
VVccUTA VT

TT

T

       
(5) 

 
Eq. (2) was used to fit the extended aging data, 
leaving the parameters ca, cT and cV free for 
regression analysis. Non-linear least square 
algorithm was used for regression. The fits 
include data of the test matrix, introduced in 
section 3, containing about 30 batteries stored at 
different temperatures and voltages. For 
comparison, beside square root of time 
dependencies also combinations of square root of 
time and linear time dependencies as well as 
combinations of square root of time and 
logarithmic time dependencies have been 
investigated in fittings. To assess the goodness of 
fit an analysis of correlation coefficient R² was 
carried out. Table 1 compares the fit results of 
the different approaches for the capacity fade. 

Especially considering the linear behavior, it can 
be seen, that the linear contribution to the fit is 
very small or even zero. Therefore apart from 
increasing the number of free parameters the linear 
term did not yield significant improvement 
compared to eq. (2). The fitting results for the 
functions including a logarithmic term show, that 
also logarithmic time dependency can be an 
approach to describe calendar aging. The 
difference to the square root dependency is that the 
logarithmic time dependency is steeper in the 
beginning and becomes flatter later. Therefore it 
overestimates the aging at the beginning, but yields 
better results after some time. As the logarithmic 
behavior lacks of physical explanation, we will 
focus on the square root dependency in the 
following. Square root function on time can be 
directly derived from theoretical investigation of 
SEI formation. The physical process behind the 
mathematical expression is the critical issue to 
ensure the ability of the model for extrapolations. 
 
In Table 2 the values of the resulting fitting 
parameters for capacity fade, resistance increase 
and impedance parameters using eq. (2) and the 
corresponding correlation coefficients R² are 
shown. The parameters describing the capacity 
evolution indicate an acceleration of aging by a 
factor of cT = 1.55 caused by a temperature 
increase of ΔT= 10°C compared to T0. For 
potential dependency of the capacity, fitting 
reveals an acceleration factor of cV = 1.15 for an 
increase of ΔV = 0.1 V. This differs from the rule 
of thumb, predicting that aging rate doubles by 
increasing the temperature by 10°C or the voltage 
by 0.1 V. The aging rate at reference conditions T0 
and U0 becomes ca = 0.0064. Similar results are 
received for the inner resistance and the impedance 
parameters Rser, R1, C1, differing slightly as they 
are impacted by different aging effects. Thus this 
approach convinces due to its simplicity and its 
physical correspondent. 
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Table 1: Fit results for different mathematical functionalities for the capacity fade are shown. 
 
 
 
 

 ca cV cT R² 

Capacity -0.0064 1.1484 1.5479 0.934 

Resistance 0.0484 1.0670 1.5665 0.96 

Rser 0.0206 0.0471 1.7586 0. 85 

R1 0.0766 1.0618 2.1437 0.89 

C1 -0.0457 1.0258 1.2248 0.79 

Table 2: Fitting parameters for capacity fade, 
resistance increase and impedance parameters 
Rser, R1 and C1 using eq. (2) and the 
corresponding correlation coefficients R² 
 
Fitting results for the evolution of capacity and 
overall resistance during storage at 50% SOC at 

different temperatures are shown exemplarily in 
Figure 6. The fittings for these values yield good 
results, with a R² of 0.934 and 0.96, respectively. It 
has to be kept in mind that data of about 30 cells at 
a variety of storage conditions have been fitted 
using one set of parameters. This of course yields 
deviations of the fit from the data at certain 
conditions. Nevertheless the overall fitting result is 
unquestionable. 
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