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1. Introduction

Lithium-ion cells form the backbone of ener-
gy storage in electromobility and are a central
component of modern electric vehicles. Their
high energy and power density, as well as their
advanced level of development, make them the
preferred technology in both the consumer and
automotive sectors. Important factors in this
context are the service life and reliability of ve-
hicle batteries, which will play a decisive role in
the economic efficiency and everyday usability
of future mobility solutions. In order to better
understand and predict the aging behavior of
these energy storage systems under realistic
operating conditions, robust testing procedures
and comprehensive analysis concepts are of
central importance.

2. Lithium-lon Cells
2.1 Electrochemical Structure

A lithium-ion cell consists of a negative and a
positive electrode, which are separated by a
separator and immersed in an electrolyte. The
two electrodes contain the active material of the
cell, whereby various material pairings are used
in practice. The positive electrode frequently
consists of metal oxides such as manganese
(Mn), cobalt (Co), and nickel (Ni) combined
with oxygen, or combinations thereof. Other
common material classes include lithium nickel
cobalt aluminum oxide (NCA) and lithium iron
phosphate (LFP). For the anode material, carbon
compounds in the form of parallel graphene
layers with a hexagonal structure, also referred
to as graphite, are predominantly used today.

During operation of the cell, lithium ions can
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pass through the separator and migrate back
and forth between the electrodes. In this
process, intercalation and deintercalation of
Li+ occur within the host lattices of the active
materials. The lithium ions release electrons,
which can subsequently flow through the two
current collectors of the cell via an externally
closed electrical circuit (Fig. 1).
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2.2 Aging of Lithium-lon Cells

Like other electrochemical storage systems, lith-
ium-ion batteries are also subject to various ag-
ing processes that limit their service life. In this
context, the term aging describes the entirety of
electrochemical, mechanical, and chemical pro-
cesses within the cell that, over time and with
increasing cycle numbers, lead to deterioration
of the battery parameters of the cell. Different
stress factors can act on the system boundary
of a cell. They can trigger a wide variety of aging
mechanisms within the cell, which can be classi-
fied into the aging modes loss of active material
(LAM) and loss of cyclable lithium ions (LLI). Ul-
timately, all conceivable aging mechanisms lead
to two possible aging effects: loss of cell capacity
and increase in internal resistance. In principle,




aging of a lithium-ion cell is divided into cyclic
aging and calendar aging (Fig. 2).
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Calendar Aging

Time-dependent aging of the lithium-ion
cell in the unloaded state. It mainly plays a
role during storage of battery cells. Chemi-
cal processes, for example in the context of
self-discharge, also occur here.

Cyclic Aging

Includes all aging processes that may arise
from dynamic loading during operation of
the cell. It depends, among other things, on
the number of cycles, charging and discharg-
ing current rates, and temperature.

3. Novel Test Concept
3.1 Parameter Cycling

As part of the investigations conducted by the
Mobility Technology Center (MTC), long-term
tests on lithium-ion cells were carried out at in-
tech GmbH over a period of several months. For
the design of the test cases and test architec-
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ture, a novel approach, the so-called parameter
cycling, was established for conducting aging
tests in order to obtain the best possible meas-
urement points within the parameter space. In-
stead of using mixed cycling to cover many rel-
evant stress factors and aging mechanisms of a
cell through one test scenario, the design of sev-
eral individual test cases is intended to specifi-
cally address individual influencing factors and
their effect on the intensity and speed of cell ag-
ing. This parameter cycling approach therefore
aims to break down the aging behavior of lithi-
ume-ion cells as effectively as possible according
to the individual aging mechanisms rather than
across a single operating point. (Fig. 3).
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Parameter cycling is intended to enable more
comprehensive predictions through interpola-
tion of the individual test parameters. Depend-
ing on the number “n” of previously defined
test parameters, an n-dimensional parameter
space becomes available for linking individual
stress factors. Using various mathematical and
physical modeling approaches, the real effect
paths of the stress factors can be approximated
(Fig. 4a und b).
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3.2 Experimental Setup and Test Cases

Two types of lithium-ion pouch cells from the
manufacturers LG Chem (nominal capacity 78
Ah) and SK Innovation (nominal capacity 55.6
Ah) with NMC/graphite electrode composition
were investigated. In total, 40 cells were tested
at three different temperature levels: room tem-
perature (RT = 25 °C), low temperature (LT = 15
°C), and high temperature (HT = 35 °C). Both cy-
clic and calendar aging were taken into account.

Each test case was developed individually in or-
der to represent a specific operating point with-
in the parameter space. The objective was to
sufficiently test all operationally relevant aging
mechanisms as well as user-oriented load cas-
es in the context of electromobility. The long-
term tests were implemented on three identical
test benches consisting of a cell tester, climate
chamber, and recirculating chiller.

intech

an Infosys company

Cell testers from the LBT21 product series by
Arbin Instruments were used, featuring a usa-
ble voltage range of 0 to 5V and a maximum
current of 300 A. The climate chambers (ACS
DM1200) with a volume of approximately 1 m3
enabled stable thermal test conditions at dif-
ferent temperature levels. Active cooling of the
cells was realized through liquid cooling using
recirculating chillers (Julabo FL) with a flow rate
of 4to 6 I/min. (Fig. 5).
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Circulating cooler

The electrical contacting and mechanical com-
pression of the tested cells were implemented
through an in-house design by in-tech GmbH.

Via a modular cell compression fixture, the two
current collectors of the test cells are contacted
through copper busbars and connected to the
power terminals of the cell testers through exter-
nal screw connection points. For corresponding
measurement accuracy according to standards,
contact points for four-wire voltage measure-
ment are provided. The cell is subsequently
clamped between two laminate plates in order
to prevent excessive volume changes of the cells
during testing. Through integrated internal cool-
ant channels and contact surfaces made of cop-
per and aluminum, active cooling and therefore




targeted heat flows can be enabled in addition
to the passive cooling of the climate chamber.
The objective of active liquid cooling was to re-
produce real systems and environmental con-
ditions for battery modules as accurately as
possible with regard to thermal management in
electromobility applications. (Fig. 6).
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new evaluation routines. This way of working
accelerated development and facilitated docu-
mentation of the analysis processes. Extensions
to the evaluation routines, such as monitoring
Coulombic efficiency over the cycles or addition-
al functions, can therefore be integrated easily.
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4. Measurement Data Analysis
4.1 Data Science

Python was used for evaluating the measure-
ment data from the MTC long-term tests on
lithium-ion cells. The combination of NumPy,
pandas, SciPy, and matplotlib enabled efficient
data preparation, analysis, and visualization
of large measurement datasets. Through the
use of Jupyter notebooks, the analysis process
could be designed iteratively and transparent-
ly, which was particularly advantageous when
validating intermediate results and developing

Automated data analyses during runtime addi-
tionally enable rapid determination of the cur-
rent condition for monitoring the actual state.

4.2 Non-Invasive Test and Analysis Methods

Evaluation of the MTC long-term measure-
ments was carried out exclusively using non-in-
vasive methods of battery analytics. In contrast
to invasive methods, which render a battery
cell unusable for further operation, these anal-
ysis methods allow non-destructive, cost-effec-
tive, and reliable evaluation of cell aging over
the entire service life.
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Parameter Test

By conducting the so-called Reference Parame-
ter Test (RPT), the battery parameters at the time
of testing can be experimentally determined. The
RPT represents a standardized testing procedure.
It consists of a sequence of complete charging
and discharging phases followed by short current
pulses. From the results, important quantities
such as actual capacity and internal resistance can
be derived from the cell behavior, which are sub-
sequently required for determining the State of
Health (SoH) of a battery cell (Fig. 8).

Differential Voltage Analysis (DVA) and
Incremental Capacity Analysis (ICA)

The methods of DVA and ICA are based on
differential evaluation of voltage curves from
charging and discharging processes of lithi-
um-ion cells under constant current. Depend-
ing on the chemical composition (e.g., LiFePO4
or LiNiMnCo) and proportional distribution
(e.g., NMC333 or NMC622) of the electrode ma-
terials, these exhibit a voltage signature char-
acteristic for the cell type. Through so-called
OCV or pOCV measurement, the voltage char-
acteristic of a lithium-ion cell can be represent-
ed particularly well.
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OCV (Open-Circuit-Voltage) ‘

The open-circuit voltage of a battery is de-
scribed by the term Open-Circuit Voltage
(OQV). It refers to the equilibrium state of
the cell voltage in the current-free state.
An approximation (pOCV) can be achieved
through charging/discharging at very low
current rates.

Aging of a lithium-ion cell leads to a lasting and
progressive change of the OCV curve. However,
these changes are often difficult to recognize
with the naked eye. Through numerical differen-
tiation of the voltage curves, these slight changes
can be visualized and analyzed in amplified form.



Differential Voltage Analysis describes the
derivative of voltage U with respect to charge
Q. Incremental Capacity Analysis, with the
derivative of charge Q with respect to voltage
U, represents the reciprocal value of DVA. Both
calculation methods therefore provide differ-
ent approaches for representing the existing
voltage signature of a lithium-ion cell. This en-
ables the best possible condition assessment
of the cell through complementary use of both
analysis approaches (Fig. 9).

The extrema of DVA and ICA represent thermo-
dynamic states within the lithium-ion cell, which
can be assigned to phase transitions within the
active materials of the positive and negative
electrodes. A change in the extrema enables re-
liable analysis of the aging characteristics.

Through intermediate measurements, changes
within the cell over time and/or cycles can also
be visualized.

( Open-circuit voltage (OCV) curve]

DVA ICA
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5. Results and Interpretation

A comprehensive evaluation of all test cases
was carried out using the described non-inva-
sive testing and analysis methods. By repeated-
ly conducting parameter tests (RPT) over the en-
tire testing period, a meaningful representation
of aging progressions could be achieved. For im-
proved comparability, the total charge through-
put of the two tested cell types was converted
into equivalent full cycles.

In the analysis of aging modes and aging mech-
anisms using DVA and ICA, the two cell states
before the beginning and after completion of
the long-term tests were taken into account.

5.1 Cell Parameters

The test cells at high temperature were cycled
over a testing period of 107 days. The aging be-
havior shows the expected deviations in the ca-
pacity behavior of the cells due to the individual
design of the test cases. This indicates good cov-
erage of the parameter space within the frame-
work of parameter cycling (Fig. 10).

5.2 Aging Mechanisms

Based onthe states of the lithium-ion cells before
and after testing, extensive conclusions about
the existing aging mechanisms can be drawn
through changes in the characteristic features
of Differential Voltage Analysis and Incremental
Capacity Analysis. Taking scientific evaluation
approaches into account, the observed changes
can indicate loss of active material (LAM) at the
negative electrode (NE) and positive electrode
(PE), as well as loss of cyclable lithium ions (LLI).
The different signal progression of the LG and
SKI cell types is also clearly recognizable in both
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DVA and ICA. This can be explained by the dif-
ferent nickel contents in the positive electrode
of the two cell types (Fig. 11).
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6. Summary

The investigations carried out show that target-
ed cycling for addressing individual parameters
in combination with non-invasive analysis meth-
ods enables differentiated evaluation of the ag-
ing mechanisms of lithium-ion cells. Through
targeted variation of individual stress factors,
specific influences on cell aging could be identi-
fied and quantified. The methods used, particu-
larly Differential Voltage Analysis and Incremen-
tal Capacity Analysis, allow non-destructive and
continuous monitoring of cell condition over
the entire life cycle. The findings obtained make
an important contribution to optimizing testing
strategies and developing longer-lasting battery
systems for electromobility.
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