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Kurzfassung

Der Antriebsstrang und insbesondere das Lithium-Ionen-Batteriepack stellen die entscheidenden Kos-
tentreiber fiir Elektroautos dar. Fiir die Wettbewerbsfahigkeit gegentiber Autos mit Verbrennungsmo-
toren ist die vollstdndige Ausnutzung der Batteriepacks daher mafigeblich. Grofie Batteriepacks um-
fassen bis zu Tausende von Lithium-Ionen Zellen und sind in der Leistungsfidhigkeit durch die schwéch-
ste Zelle begrenzt. Aufgrund von Fertigungstoleranzen weisen Lithium-Tonen Zellen eine Streuung
in der Kapazitat, Impedanz und den Selbstentladungsraten auf. Trotz gleicher Betriebsbedingungen
zeichnen sich Unterschiede im Alterungsverhalten der Zellen ab, was die Streuung der Zellparameter
iber die gesamte Lebensdauer erhoht. Dieses Verhalten fithrt zu einer verminderten Ausnutzung des
Batteriepacks, was mit unausgeglichenen Spannungen innerhalb der Serienschaltung zusammenhéngt
und somit die Nutzung von Zellausgleichsystemen erfordert. Der Fokus dieser Arbeit liegt auf der Un-
tersuchung wesentlicher Einflussfaktoren auf das Spannungsungleichgewicht in grofien Lithium-Ionen-
Batteriepacks. Diese sind verschiedene Selbstentladeraten, unterschiedliche Entropien und Enthalpien

aufgrund von unterschiedlichen Alterungsraten, sowie das Lithium-Plating.

Fiir die experimentelle Evaluierung wurde eine flexible Plattform fiir Batteriemanagementsysteme
(EES-BMS) entwickelt und aufgebaut. Zur Quantifizierung der reversiblen Selbstentladung wurde
zudem eine neue spannungsbasierte Messmethode entwickelt. Diese Methode wurde bei 24 Zellen
angewandt, um den Einfluss der Streuung der Selbstentladung auf das Spannungsungleichgewicht zu
untersuchen. Dariiber hinaus wurde eine prazise spannungsbasierte Messmethode der Entropie erar-
beitet, mit der der Einfluss der unterschiedlichen Alterungsraten auf die Zellentropie analysiert werden
konnte. Des Weiteren wurde ein ganzheitliches Simulationsframework fiir Batteriesysteme entwickelt
und implementiert, welches die Streuung der Zellparameter, unterschiedliche Alterungs- und Selb-
stentladeraten, Temperaturverteilungen innerhalb des Batteriepacks und verschiedene Ausgleichsalgo-
rithmen abbildet. Unter Verwendung des Frameworks wurde eine Monte Carlo Simulation durchge-
fithrt, um die Auswirkungen der Einflussfaktoren auf das Spannungsungleichgewicht ganzheitlich zu
analysieren. Abschlielend wurde der Einfluss unterschiedlicher Betriebsbedingungen innerhalb eines

6s1p Moduls auf das Spannungsungleichgewicht evaluiert.

Die Ergebnisse der Arbeit zeigen, dass das Spannungsungleichgewicht sowohl durch unterschiedliche
Selbstentladungsraten, als auch durch verdnderte Entropien und Enthalpien aufgrund von ungleichen
Verlusten des zyklisierbaren Lithiums in einer Serienschaltung verursacht werden kénnen. Diese Effekte
tragen im Vergleich zum Lithium-Plating jedoch wesentlich weniger zu einem moglichen Spannungsun-
gleichgewicht bei. Es liegt daher nahe, auf die Ausgleichsysteme zu verzichten, falls ein Batteriesystem
weit unter den maximalen Grenzen betrieben wird und die Lithium-Ionen Zellen eine geringe Streuung
der intrinsischen Alterungsraten aufweisen. Batteriepacks mit bereits integrierten Ausgleichssystemen
kénnen von einem zusétzlichen Signal profitieren, da die kumulierte Ausgleichsladung als Indikator fiir

Lithium-Plating im untersuchten 6s1p Modul verwendet werden konnte.



Abstract

In current electric vehicles (EVs), the powertrain and the battery pack in particular, represent the
main contributors to overall cost. With this in mind, full utilization of available battery pack capacity
is indispensable if EVs are to compete on price with internal combustion engine (ICE) vehicles. Large
battery packs, which can potentially be composed of thousands of cells are usually limited by the
performance of the weakest cell. Due to manufacturing tolerances, lithium-ion cells vary slightly in
capacity, impedance and self-discharge rates. Furthermore, even under the same operational conditions,
such cells exhibit slightly different aging behaviors, aggravating the parameter variations even more.
Such behavior results in diminished pack utilization, which is closely linked to voltage imbalance
between cells connected in series and provides the motivation for cell balancing. Therefore, the goals
of this thesis were to investigate the influence of different self-discharge rates, varying reaction entropies
and enthalpies induced through non-identical aging and lithium plating on the voltage imbalance within

large lithium-ion battery packs.

For the purpose of the experimental evaluation, a new flexible prototyping platform for battery man-
agement systems (EES-BMS) was designed and constructed. In order to quantify the reversible self-
discharge, a new voltage-based measurement method was developed. This method was applied to 24
cells, which allowed the investigation of how self-discharge variations influence the voltage imbalance.
A novel, precise voltage-based entropy determination method was developed in order to analyze the
influence of different aging rates on full-cell entropy profiles. Furthermore, a holistic battery pack
lifetime simulation framework was designed and implemented. The framework included cell-to-cell pa-
rameter variations, differing aging and self-discharge rates, temperature gradients among the cells and
various balancing strategies. A Monte Carlo simulation using this framework was performed in order
to investigate the possible interaction between the influencing factors and the voltage imbalance. The
outcomes of four studies were verified in the final work presented here, which experimentally evaluated

the influence of differing operational conditions within a 6s1p module.

The results presented in this thesis show that voltage imbalance can be caused by both differing
self-discharge rates and varying reaction entropies and enthalpies due to non-identical loss of lithium
inventory (LLI) in series- connected cells. However, both of these phenomena contribute far less to
voltage drift than lithium plating. Therefore, it stands to reason that if the battery system is operated
far below the absolute maximum ratings set by the cell manufacturer and the lithium-ion cells exhibit
low intrinsic aging variations, balancing circuits can be omitted. Furthermore, battery systems, which
are already equipped with balancing hardware or with to retain cell balancing, might profit from
utilizing an extra signal, as cumulated balancing charge was successfully used as an indicator of lithium

plating in the investigated 6s1p module.

II



Acknowledgment

This thesis originates from my time as a research associate at the Institute for Electrical Energy Storage
Technology (EES) at Technical University of Munich (TUM). First of all, T would like to express my
gratitude to Prof. Dr.-Ing. Andreas Jossen for giving me the opportunity to carry out the research
work and for supporting me throughout my time at the institute. Furthermore, I would like to thank
Prof. Dr.-Ing. Julia Kowal for the co-evaluation of my thesis and Prof. Dr.-Ing. Hans-Georg Herzog

for the chairmanship of the defence committee.

During my time at the EES, I was very fortunate to work with many talented and inspiring people.
I thank all my colleagues at EES for a consistently pleasant working environment and motivating
discussions. I would particularly like to thank Simon Erhard and Andreas Noel for always advising
me to identify the right and not the obvious questions and Alexander Rheinfeld for supporting me on
finding the path to the corresponding answers. I would also like to thank the whole team BMS for highly
valuable exchange and in particular Sebastian Ludwig for steady support during the experimental
work. Furthermore, without the technical assistance especially from Korbinian Schmidt, presented

experimental results would not have been possible.

Finally, I would like to express my special thanks to Camilla, my family and friends. I was very
fortunate to receive unceasing support and love throughout all ups and downs. Without you, this

journey would not be possible.

II1



List of Publications

Conference Contributions

(1) I. Zilberman, A. Jossen. Influences of the cell and system quality on balancing. IQPC 2016 -
Automotive Battery Management Systems, 2016. Berlin.

(2) I. Zilberman, A. Jossen. Efficiency of dissipative balancing systems. Batterieforum Deutschland
2017. Berlin.

(3) I. Zilberman, A. Jossen. Influence of Long-term Equalization Processes on the Voltage Based
Self-discharge Measurements in Li-Ion Cells. IMLB 2018. The 19th International Meeting on Lithium
Batteries 2018. Kyoto, Japan.

(4) 1. Zilberman, F.B. Spingler, A. Rheinfeld A. Jossen. Temperature Path Dependent Voltage and
Thermal Expansion Hysteresis in Li-Ion Cells. ECS Meeting 233 2018. Seattle, USA.

(5) I. Zilberman, S. Ludwig, A. Jossen. Online Aging Determination with Dissipative Balancing
Circuits. Kraftwerk Batterie 2019

Peer-Reviewed Journal Contributions (Co-Author)

(1) C. Campestrini, M.F. Horsche, I. Zilberman, T. Heil, T. Zimmermann, A. Jossen. Validation
and benchmark methods for battery management system functionalities: State of charge estimation
algorithms. In: Journal of Energy Storage (7). P. 38-51. DOI: 10.1016/j.est.2016.05.007.

(2) J. Sturm, A. Rheinfeld, I. Zilberman, F.B. Spingler, S. Kosch, F. Frie, A. Jossen. Modeling
and simulation of inhomogeneities in a 18650 nickel-rich, silicon-graphite lithium-ion cell during fast
charging. In: Journal of Power Sources (412). P. 204-223 DOI: 10.1016/j.jpowsour.2018.11.043

Peer-Reviewed Journal Contributions (Lead Author) *

(1) I. Zilberman, A. Rheinfeld, A. Jossen. Uncertainties in Entropy due to Temperature Path
Dependent Voltage Hysteresis in Li-Ion Cells. In: Journal of Power Sources (395). P. 179-184. DOL:
10.1016/j.jpowsour.2018.05.052.

(2) I. Zilberman, J. Sturm, A. Jossen. Reversible self-discharge and calendar aging of 18650 nickel-
rich, silicon-graphite lithium-ion cells. In: Journal of Power Sources (425). P. 217-226. DOL
10.1016/j.jpowsour.2019.03.109.

(3) 1. Zilberman, S. Ludwig, A. Jossen. Cell-to-cell variation of calendar aging and reversible self-

discharge in 18650 nickel-rich, silicon—graphite lithium-ion cells. In: Journal of Energy Storage (26).

v



100900. DOI: 10.1016/j.est.2019.100900.

(4) 1. Zilberman, S. Ludwig, M. Schiller, A. Jossen. Online aging determination in lithium-ion
battery module with forced temperature gradient. In: Journal of Energy Storage (28). 101170. DOI:
10.1016/j.est.2019.101170.

(5) I. Zilberman, J. Schmitt, S. Ludwig, M. Naumann, A. Jossen. Simulation of Voltage Imbalance
in Large Lithium-Ion Battery Packs Influenced by Cell-to-Cell Variations and Balancing Systems. In:
Journal of Energy Storage (32). 101828. DOI: 10.1016/j.est.2020.101828.

* Self-produced sections of peer-reviewed lead author journal contributions are partially contained in

this thesis without further reference in the running text.



List of Contents

Kurzfassung
Abstract
Acknowledgment
List of Publications
List of Abbreviations

1 Introduction to the utilization of lithium-ion battery packs
1.1 The cause of the diminished pack utilization . . . . . . .. ... ... ... ... .....
1.1.1 The roots of cell imbalance . . . . . . .. .. ... .. oL
1.1.2  The goal of pack utilization . . . . . .. .. ... L L
1.1.3 Trends in commercial balancing ICs . . . . . . . ... ... ... ... ... .
1.2 Fundamentals of lithium-ion cells . . . . . . . .. ... ... .. ... ...
1.2.1 Working principle and active materials . . . . . . . .. ... ... ..
1.2.2  Dynamic overpotentials . . . . . . . ... L Lo
1.2.3  Open circuit voltage in thermodynamic equilibrium . . . . . .. ... ... ...
1.3 Factors influencing voltage imbalance in battery packs . . . . . .. ... ... ... ...
1.4 Methods and resources . . . . . . . . ..o
1.4.1 Determination of reversible self-discharge . . . . . ... ... ... ... ....
1.4.2 Measurement of non-linear entropic coefficients . . . . . . .. .. ... ... ...
1.4.3 Optimized battery pack simulations applying a Monte Carlo approach . . . . . .
1.4.4 Prototyping platform for battery management systems . . . . . . . ... ... ..
1.5 Thesis outline . . . . . . . . . oL e

2 Influence of self-discharge on the voltage imbalance
2.1 Reliable measurement of the reversible self-discharge current . . . . . . . . ... ... ..

2.2 Influence of cell-to-cell variations in self-discharge on the pack utilization . . . . . . . . .

3 Influence of different aging rates on the voltage imbalance
3.1 Measurement of the entropic coefficients . . . . . . ... ... oL 0oL
3.2 Influence of drifting entropic coefficients on pack utilization . . . . . ... ... ... ..
3.2.1 Validation of half-cell entropy profiles . . . . . ... .. ... ... ... .....
3.2.2 Voltage imbalance due to changed entropy profiles . . . . ... ... .. .....
3.3 Statistical evaluation of the influence of different degradation mechanisms on pack uti-

lization . . . . . . e e e e e
4 Influence of lithium plating on the voltage imbalance

5 Summary and Conclusion

VI

10
12
14
17
20
20
21
21
22
23

25
25
41

55
o6
65
65
67

68

87

101



List of Contents

List of Figures

105
List of Tables 107
List of References 109

VII






List of Abbreviations

ADC . . ... .. analog to digital converter
BEV .. ... .. battery electric vehicle

BMS ....... battery management system
cCc ... constant current

CCCv ... .. constant current constant voltage
Cv . ....... constant voltage

pc ........ direct current

DOD . ... ... depth of discharge

DVA .. ... .. differential voltage analysis
EOL . ... ... end of line

EV ... electric vehicle

c ..., integrated circuit

ICE . ...... internal combustion engine
LAM . . ... .. loss of active material

LFP . ... ... lithium iron phosphate

Lor . ..o loss of lithium inventory

LTO . ... lithium titanate oxide

MJL ..ol 18650 lithium-ion cell from LGChem
NMC . ... ... nickel manganese cobalt oxide
ocv . ... ... open circuit voltage

PHEV . ... .. plug-in hybrid electric vehicle
SET . .. ..... solid electrolyte interface
SEM . ...... scanning electron microscope

IX



List of Abbreviations

SiC ... silicon-carbon
SNR . ... ... signal to noise ratio
SOC . ... ... state of charge



List of Abbreviations

XI






1 Introduction to the utilization of lithium-ion battery

packs

The rising trend towards decentralized green energy infrastructure, as well as the increasing demand
for environmental friendly mobility, have created a need for reliable, economically reasonable and
emission-free energy storage solutions. Lithium-ion technology has shown high potential for use in
many applications by overcoming the problems of high costs, safety hazards and short system life
during the last decades [1][2]. Especially in case of EVs, despite the recent success of fuel cells [3],

lithium-ion batteries have become the most widely used energy storage solution.

The vast majority of the world’s largest economies represent highly attractive markets for EVs [4].
However, despite the fact that the number of EVs sold has been increasing, especially in China, Europe
and the USA [5], the absolute automotive market share is estimated to not exceed 1% worldwide by
the end of 2020 [6]. Despite many efforts, battery electric vehicles (BEVs) still struggle to compete with
conventional internal combustion engine (ICE) vehicles. The BEV user experience still differs from the
ICE vehicle user experience due to a more limited driving range [7], comparably long charging time
[8][9] and sparsely established charging infrastructure [10]. However, the main reason for the disparity
is linked to the cost disadvantages of BEVs [11]. The major discrepancy in price between BEVs and
ICE vehicles is due to differing cost of their powertrains, although battery pack prices have been falling
lately [12][13]. While in the ICE vehicle the powertrain represents only 18 % of the total vehicle cost,
the powertrain of a BEV makes up approx. 50% of the total price. A detailed cost breakdown is
shown in Fig. 1.1. The battery pack, at around 35 % of the total vehicle cost, is the most expensive
component of a BEV. Of total, 25 % are attributable to battery cell costs and the remaining 10 % to
the battery housing, thermal and battery management system (BMS).

In the case that the capacity of the battery pack is not completely utilized, extra capacity must be
added to the pack during the design process to achieve the desired energy/power storage capability.
Subsequently, due to the high price of lithium-ion cells, a less than total utilization of a battery pack
may lead to a significant increase in overall vehicle costs. For instance, a utilization of 10 % less than
expected will lead to a 2.5% increase in the total price of a BEV according to the above mentioned
cost structure. Therefore, it stands to reason that the full utilization of the energy content of the
pack is essential. In general, the negative effects of a less than total utilization could be reduced
by improving the current lithium-ion cell technology or by the deployment of the next generation
lithium-ion cells with higher energy densities. However, the energy density of the current lithium-ion
storage technology is gradually approaching its limit [14]. Improvements can be expected from the
application of high-voltage cathodes [15] and nano-structured anodes [16], but nonetheless, even such
improvements do not alter the fact that a complete utilization of the stored energy is desired. A
commercial application of the next generation technologies such as lithium-oxygen, lithium-sulfur and
sodium-ion systems, which promise higher energy density or highly accessible materials, is still not
feasible in the near future [17][18][19]. Finally, despite recent positive technological developments, the

promised energy densities typically refer to active materials rather than complete cells, whose ultimate
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Figure 1.1: Cost breakdown of BEV and an ICE vehicle components. The overall powertrain costs
exhibit 16 % for an ICE vehicle, while the powertrain costs for a BEV amount to 50 % of
the overall vehicle costs. This figure is based on the data from [13] (2018).

volumetric energy densities are less easy to predict [20] and which may be therefore unsuitable for

mobile applications.

In sum, it can be expected that the energy density of the state of art energy storage technology will
improve slowly in the next few years. Further cost reduction of battery packs might be achieved
by optimizing the cell manufacturing processes [21][22][23]. However, production costs are highly
dominated by the costs of raw materials [24], which might even increase due to possible high demand for
lithium-ion based energy storage in the near future [25]. Therefore, in order to achieve any significant
reduction of cell manufacturing costs, completely new approaches to production are required. In this
context, full utilization of each battery pack represents one of the most effective levers to reduce BEV

costs and thereby improve their competitiveness with conventional ICE vehicles.

1.1 The cause of the diminished pack utilization

1.1.1 The roots of cell imbalance

Electric mobility in particular requires both high power and high energy storage capabilities, which
are usually provided by large battery packs, consisting of up to thousands of single lithium-ion cells.
In order to reduce load currents and consequent ohmic losses within both the battery packs and the
charging infrastructure, system voltage is usually increased by connecting cells in series. State of the art
battery packs exhibit system voltages of up to 800 V with almost 200 cell blocks in serial configuration
[26], whereby the number of cells in parallel is determined by the capacity of the selected cell and the

power/energy demand of the application. In order to ease the assembly and maintainability of the
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battery pack, blocks of cells in parallel are usually connected in series within battery modules. Overall,
the battery pack configuration influences the energy content, power capability and the reliability of

the entire battery system.

In order to guarantee a safe operation throughout a specified life time, each lithium-ion cell in the
battery pack is restricted to certain voltage, current and temperature limits, which are defined by
the cell manufacturer [27]. The goal of such restrictions is to minimize the chance of a possible
damage of the cell including accompanied side effects such as thermal runaway. Thermal runaway
is an uncontrolled reaction resulting in exposure of high temperature fluids and gases, flames during
venting and even explosion of a lithium-ion cell [28]. Furthermore, a single thermal failure might lead
to the propagation of thermal runaway, resulting in uncontrolled explosion of the whole battery pack
[29][30]. Some of the cell parameter limits are fixed, while others depend on the operational conditions.
The cell temperature is usually limited, in order to mitigate decomposition processes of the internal
cell components and subsequently prevent the cell from thermal abuse [31]. In a similar way, the end of
charge and the end of discharge voltage limits are fixed in order to prevent the cell from overcharging,
which would lead to irreversible structural changes within the active materials often accompanied
by a thermal fault [32][33] and over-discharge, which would be accompanied by copper dissolution
and consequently would result in an internal short-circuit during a subsequent charging operation,
also causing a thermal fault[34]. On the other hand, maximum charge current might depend on the
temperature and the state of charge (SOC) of the cell, in order to reduce the possibility of lithium
plating [35][36], which also might lead to a thermal fault. Overall, exceeding the operational limits
usually leads to premature cell degradation and deterioration of the battery performance and might
even result in safety related issues. Therefore, independently of the application requirements, it has to

be ensured that all cells in the battery pack are operated within the defined limits at all times.

Making sure that the battery pack does not exceed the voltage, current and temperature limits during
operation is the task of the BMS. Besides protecting the battery from being damaged, a BMS is
also responsible for battery state determination in order to prolong the lifetime while fulfilling the
requirements of the application [37][38]. In order to achieve these tasks, each cell block voltage is
usually monitored in addition to the battery pack’s current. To keep the wiring complexity as low
as possible, only a few temperature sensors are integrated into the module at the known hot spots.
There are different types of BMS architectures, which differ in their control effort, wiring complexity
and reliability. One of the most used concepts is the master/slave architecture [39]. Each battery
module is equipped with a measurement slave unit, which allows local sensor wiring and analog to
digital conversion of measured signals. A master unit is usually connected to each slave unit over
a standardized communication bus and is responsible for interpretation of the measured signals and
calculation of battery states. Based on the results, the master unit is able to take action and adjust the
operational limits. For instance, in the case of a low SOC, the maximum power that can be provided
by the battery must be reduced or the discharge must be stopped to avoid violation of the operating

limits.

A standard voltage protection method during cycling is shown in Fig. 1.2, which depicts the voltage
progression of each cell within a 6s1p module during a constant current discharge and charge sequence.
Despite the fact that each cell block is exposed to the same load current, slightly different cell behaviors
can be observed. Not all cells reach the end of charge and the end of discharge voltage simultaneously
resulting in different depth of discharges (DODs). Cell one (blue) reaches the end of discharge and
the end of charge voltage first and therefore limits further charge and discharge of the entire serial
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Figure 1.2: Progression of six cell voltages of a 6s1p module during a 1C discharge, 10 min pause and
subsequent 1C charge. Due to a voltage imbalance, cell 1 (blue) reaches the lower and
upper cut-off voltages first, while the capacity of the remaining cells is not completely
utilized.

connection, leaving the remaining capacity of cells two to six unused. As the BMS ensures that both
charge and discharge cut-off voltage limits of the used lithium-ion cell are not exceeded during the
operation, the discharge and charge operation is terminated as soon as the voltage limit is reached.
The presented 6s1p module exhibits a voltage imbalance, which is caused by different voltage responses

of cells connected in series, despite the same load current.

Generally, different voltage responses and therefore voltage imbalances are caused by intrinsic as well
as extrinsic factors. Intrinsic factors are linked to the finite accuracy of cell manufacturing processes,
which cause slightly different properties and behaviors of the produced lithium-ion cells. Cell parameter
variations are usually linked to minimal differences in the electrode thickness, material composition,
overall component connectivity, etc. among the same type of produced lithium-ion cells [40]. Such
differences result in slightly varying capacities and impedances [41], as shown in Fig. 1.3a and Fig.
1.3b respectively. In addition, intrinsic aging behavior, which results in capacity loss and impedance
increase, varies under the same operational conditions, as has been shown in [42]. Such intrinsic
aging variations deteriorate the capacity and impedance spread across the battery pack even more and
increase the variance of cell parameters over the lifetime of the battery. Differing self-discharge rates
deteriorate the available pack capacity even further [43]. As cell parameters of mass-produced lithium-
ion cells are usually normally distributed, which is symptomatic of random - and not systematic -
deviations during cell manufacturing [44], there will always be negative outliers in a battery pack,
assuming no cell matching took place before the pack assembly. By connecting cells in parallel, certain
parameter variations can be compensated [45], but not completely erased. However, within the cell
block, variations of cell parameters comes with an uneven load current distribution among the cells
connected in parallel. In literature, there are contradictory statements regarding whether such load
deviations enable a convergence of the cell parameters [46][47] and therefore homogeneous aging within
the cell block or whether the deviations facilitate parameter drift [48]. Nevertheless, even if each battery
module within the battery pack experiences the same operational conditions, it can be assumed that
there will always be a cell block, which limits the discharge or charge of the whole battery pack.

Furthermore, it can be also expected that inhomogeneities will increase during the lifetime [49].

Due to geometric restrictions of cells and battery packs including the thermal management it is almost



1.1 The cause of the diminished pack utilization

v—— 12
a) b)
10 1 10 —
> 8tpn | > 8
S ol g 6
3 — 3 |
- 4 - 4
2 2 1
0 [ 0 1 [
3.51 3515 3.52 3.525 3.53 0.044 0.0445 0.045
Capacity C / Ah Rpcios /

Figure 1.3: (a) Measured distribution of constant current constant voltage (CCCV) capacities of pris-
tine 48 MJ1 cells (parameters are summarized in Table 1.3) at 25°C, (b) measured dis-
tribution of Rpcigs values, which is a direct current (DC) resistance, calculated after 10s
discharge pulse at 50 % SOC of of pristine 48 LG MJ1 cells at 25 °C.

impossible to provide the same thermal condition to each cell [50][51], which leads to temperature
gradients during operation [52][53]. Several studies have reported that the major cell degradation
mechanisms are influenced by the temperature [54][55]. Furthermore, it has been shown that temper-
ature gradients deteriorate the capacity spread among the cells in battery packs [48][49][56], causing
further cell imbalance. One of the goals of a thermal management is to keep those temperature gra-
dients low, however, a complete absence of such inhomogeneities is rather unlikely, especially during
high current loads such as experienced during fast charging [57]. In addition to temperature gradients,
the malfunction of the BMS hardware due to measurement slave unit failure or poor electronic design,
may cause single cells or modules to be discharged at a higher rate than other cells. Such variation in

discharge current would also result in cell imbalance.

Added together, inevitable manufacturing tolerances lead to initially different cell capacities, impedances
and self-discharge rates. An exposure to temperature gradients might enhance these differences in self-
discharge and promote different aging rates, which result in an even greater variation of capacities
and impedances. Finally, due to constraints imposed by safe operation limits, not every cell in the
battery pack can be completely charged and discharged, diminishing the overall pack utilization during

operation even more.

1.1.2 The goal of pack utilization

Depending on the application, potential benefits of optimal pack utilization may include the maximiza-
tion of the available discharge energy, minimization of energy losses, maximization of the available
charge and discharge power, extending the lifetime of the battery pack or a combination of any of
these results. For instance, the minimization of overall energy losses in energy storage systems is more
important in the area of stationary energy storage than in mobile applications [58]. Many business
cases for stationary energy storage applications, in which the energy is stored at one point and is sold
or used at a later point in time, rely on high energy efficiencies. If energy is the commodity, efficiency
of the storage system is directly linked to profits. Electrical power, within the primary net control, can
also be a commodity, for example, allowing the regulation of electric grids [59]. In such applications,

stationary energy storage systems compensate load peaks and stabilizes the frequency of the energy
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grid. Maximum energy and power utilization of the battery pack is often required from plug-in hybrid
electric vehicle (PHEV), which employ a combination of a combustion engine and electric powertrain
[60]. In that way, the main engine of a PHEV can be downsized and be turned off during standstill
reducing overall fuel consumption. The recuperating energy can be reused and the brakes can be

minimized. Furthermore, the main engine can be operated in optimal operating points [61].

Fully electric vehicles are usually subjected to multiple utilization goals. For instance, a specified torque
relies on constant power regardless of the SOC and operating temperature of the battery pack. On the
other hand, the charge energy efficiency is less important, since it is much cheaper to fully charge an
EV than to fill up an ICE vehicle with gasoline. However, the distance, which can be traveled with a
fully-charged battery pack is, in addition to the price, often claimed to be one of the most important
criteria for new EV buyers [62], making it a reasonable utilization criteria. The driving range depends
on two factors: the available discharge energy and the energy consumption per travel distance, whereby
the latter factor depends to a lesser extent on the battery pack. Therefore, it stands to reason that

the optimal utilization of a battery pack is identified as the maximization of the discharge energy.

In order to maximize the discharge energy, each cell in the battery pack has to be fully charged and
subsequently completely discharged. However, previously mentioned cell parameter variations are able
to influence the charging and discharging process of cells connected in series, as shown in Fig. 1.4. The
resulting imbalance between two cells with the same capacities but different initial SOCs is depicted
in Fig. 1.4a. During the charge, the SOCs of both cells increase at an equal rate. However, since cell
number one exhibits a higher starting SOC, it reaches the end of charge first, limiting the charge of
cell number two. In the second case, shown in Fig. 1.4b, both cells exhibit same starting SOCs, but
different capacities. In this case, the limiting cell is the cell with the smaller capacity, which could
potentially be either cell number one or cell number two. If both cells exhibit the same capacity, they
both reach the end of charge at the same time. Fig. 1.4c depicts a scenario, in which the starting SOC
as well as the capacities of both cells differ from each other. Although there is a possibility that both
cells are fully charged at the end of the charging process, it is more likely that the utilization of both
cells is not optimal. The influence of capacity and SOC variations on the discharge behavior is similar
to the charging process. Assuming that all cells are fully charged, the smallest capacity of two cells

connected in series determines the overall discharge capacity, as shown in Fig. 1.4d.

Until now, the utilization of the battery pack was linked to the SOC of each cell at the end of charge
and at the end of discharge. Although the use of the SOC seems to be the most obvious measure,
it does not completely reflect the reality. This is owed to the fact that there is no possible way
to measure SOC directly. In the past, many efforts were undertaken in order to establish reliable
SOC estimation methods, such as Kalman filtering [63][64], Fuzzy logic approaches [65] and observer
methods [66][67]. However, most of the estimation algorithms relied on the perfect knowledge of the
open circuit voltage (OCV). Since the cell’s OCV slightly changes during its lifetime [68], most SOC
estimation algorithms provide good estimation results at the beginning, however, show rapid decay in
performance after a short deployment time, making them unsuitable for a deployment over the whole
lifetime of a battery [69]. The most common method for SOC determination is Coulomb counting
[70], which is based on the integration of the load current. The accuracy of this determination method
relies on the accuracy of the current sensor and inevitably, frequent re-calibration, without which the
SOC error would increase with time. Furthermore, as the Coulomb counter usually utilizes the main

current sensor, no information about the SOCs of single cells or cell blocks in series can be obtained.

Therefore, it stands to reason that the cell voltage is the most reliable measure for determination of
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Figure 1.4: Influence of different capacities and SOCs on the utilization of two cells connected in series.
(a) Different initial SOCs but same capacities result in cells with lower starting SOCs not
being completely charged, (b) same initial SOCs but different capacities limit the charging
process, (c) different initial SOCs and different capacities might limit the charging process
or allow the charging of both cells completely, (d) in case of fully charged cells, the discharge
energy is limited by the smallest capacity.

cell imbalance during the operation. Following this approach, the utilization goal of a battery pack
can be formulated as follows: each cell in a battery pack exhibits the maximum voltage at the end of

charge and the minimum voltage at the end of discharge.

1.1.3 Trends in commercial balancing ICs

The problem of the voltage imbalance is well-known and in order to counteract the diminished pack
utilization, cell balancing systems are usually deployed [71]. Balancing circuits are electronic devices,
which are connected to each cell block in a battery pack, allowing individual charge adjustments.
The ability to manipulate charge may serve several utilization goals at the same time. For instance,
simulative undertakings were made in order to maximize the discharge energy while at the same time

decreasing temperature gradients in the battery modules [72].

Overall, a distinction is made between dissipative and non-dissipative balancing systems. Dissipative
balancing systems are able to adjust the charge within the cell blocks by discharging them [73]. In order
to do so, each cell block is connected to an electric switch and a dissipating resistor. Such realization
has many advantages regarding costs and reliability, since only one control signal per cell block is
required. In order to limit the dissipated power in the form of heat, the discharging or balancing
current is usually limited to approx. 200mA. Therefore, due to low balancing currents and high
capacity of the cell blocks, the balancing procedure might take a long time in case of a significant
voltage imbalance prevails. Non-dissipative balancing systems are able to transfer the charge from

one cell block to another. Such charge transfer is usually realized by a short term energy storage
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device, such as a choke or capacitor. There are various implementations of non-dissipative balancing
circuits based on flyback converters, switched capacitors and reconfiguration networks [74], resulting
in different topologies, such as cell-to-cell, cell-to-stack or stack-to-cell configurations [75]. In theory,
non-dissipative balancing systems allow each cell block to be fully utilized, which implies that each
cell or cell block in a battery pack can be fully charged and fully discharged. However, in a scenario
in which charge is transferred multiple times from one cell block to another, the overall transmission
efficiency might become quite low. In contrast to a simple resistor and a switch, non-dissipative circuits
require much more hardware and control effort. This results in higher costs but also additional volume
and weight, lowering the energy density of the battery pack. In other words, due to limited space, the
hardware required to improve utilization would displace battery capacity in the EV and the resulting
loss of energy content may not be compensated for by the improvement in utilization. Therefore, the
use of non-dissipative balancing is not very common. Self-contained and highly isolated applications,
such as space missions, in which the reliability of battery modules is much lower than of electronic

circuits due to harsh environment is one of the possible deployments of non-dissipative balancing.

Despite the established use of dissipative balancing circuits in battery management systems, the real
benefit is still not completely understood. However, it stands to reason that the need for cell balancing
is closely linked to the voltage imbalance during the operation, which is the cause of the diminished
battery pack utilization. Since technological problems usually lead to customer requirements and
subsequently improved products, technological trends of commercially available balancing integrated
circuits (ICs) for multicell energy storage applications over the past 10 years were analyzed. Table 1.1
lists the balancing devices, which were proposed for automotive and energy storage applications. In
general, those devices represent complete measurement slave solutions for battery management sys-
tems, including such functionality as the cell voltage and module current measurements, temperature

measurements, cell balancing and hardware safety features such as overcharge protection.

Table 1.1: A list of commercial BMS and voltage monitoring devices, which were introduced to the
market over the past 10 years, including the IC manufacturer, name of the device and the
introduction year.

Number Manufacturer Name Year

1 Analog Devices LTC6802-1 01/10
2 Texas Instruments BQ76PL536A-Q1  05/11
3 Analog Devices LTC6803-2 08/12
4 Analog Devices BQ76940 10/13
5 Maxim Integrated MAX14920 03/15
6 Texas Instruments BQ76PL455A-Q1  04/15
7 Analog Devices LTC6804-1 10/16
8 Analog Devices LTC6811-1 08/17
9 Analog Devices LTC6813-1 02/18
10 Maxim Integrated MAX17843 03/18

From Table 1.1 it can be seen that there is not much variety in regard to the vendors for mass produced
BMS and balancing ICs on the market. Furthermore, all listed devices offered integrated dissipative
balancing solutions. Non-dissipative balancing was only offered among ICs from Analog Devices,
however extra hardware such as fly-back converters had to be integrated in order to be able to use it.
The listed devices were characterized regarding the number of measurement channels, measurement
resolution, measurement accuracy and finally the maximum allowed balancing current for the integrated
dissipative balancing. The results are shown in Fig. 1.5. The number of channels per device, which

is shown in Fig. 1.5a, increased over the years from approx. 10 to 14 channels. Due to regulations
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Figure 1.5: Evaluation of commercial BMS and voltage monitoring devices introduced to the market
according to Table 1.1 over the past 10 years. (a) Maximum number of channels, which
can be measured by one measurement slave, (b) resolution of the built-in analog to digi-
tal converter (ADC) given in bit, (c) accuracy of the voltage measurement for the given
operational range, (d) maximum allowed integrated balancing current.

regarding the pack assembly safety and logistic standards, the maximum voltage of a battery module
is often limited. Since the design usually aims to use one battery management slave per module, the
increase in measurement channels is most likely linked to the optimal utilization of the regulations
regarding the pack assembly and price reduction efforts. The measurement resolution increased from
12 to 16 bit on average, allowing the measurement accuracy to improve from 8 mV to <1 mV, as shown
in Fig. 1.5b and 1.5c¢ respectively. As accurate voltage measurement is important for precise battery
state determination and safety monitoring and therefore pack utilization, it can be expected that the
increase in accuracy was driven by the overall system optimization, instead of deployment of new cell
materials. The development of the maximum allowed integrated balancing current is depicted in Fig.
1.5d. It reveals a significant increase from <100 mA to approx. 200mA, which might be linked to
initially underestimated influence of cell-to-cell variations or voltage imbalance in general. Further
possible explanation could be linked to increased cell capacities. On the other hand, integrated electric
switches for dissipative balancing might be associated with the fact that balancing currents above

200mA are basically not needed.

1.2 Fundamentals of lithium-ion cells

Since 1991, when Sony commercialized the lithium-ion technology developed during the 1970s-1980s,
lithium-ion cells have been utilized for various applications. Despite the efforts of the scientific commu-
nity and the accompanying improvements to the technology, the basic working principles have remained
the same. In order to understand the mechanisms leading to voltage imbalance, the working principle

of lithium-ion cells is described in the following focusing on processes affecting the overall cell voltage
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during operation and resting phases.

1.2.1 Working principle and active materials

In general, lithium-ion cells consist of two porous electrodes, a microporous separator and an electrolyte,
as shown in Fig. 1.6. In combination with the porous structure of the electrodes, which provides a
maximized surface area between the solid active material particles and the liquid electrolyte, facilitating

reaction kinetics, the electrolyte enables the movement of lithium-ions between the two electrodes.

Typically, non-aqueous electrolytes consisting of organic solvents, conducting salts and various ad-
ditives are used [76]. There are different types of electrolytes, which are optimized for a certain
application of the cell in terms of power capability, cycle and calendar life, etc. [77][78]. The porous
separator prevents an electronic short circuit between both electrodes, by allowing only lithium-ions to
move from one electrode to another. In addition to the required ionic conductivity, the separator must
ensure mechanical stability owing to the mechanical expansion of both electrodes during the operation
[79].

Cu current Anode Separator Cathode Al current
collector collector

Figure 1.6: Schematic representation of a lithium-ion cell, including both current collectors, host lat-
ices of the anode and the cathode, the separator and lithium ions moving through the
electrolyte.

Each electrode consists of a current collector and a coated composite material. In order to ensure long-
term and safe operation, current collectors must display high electrical conductivity while remaining
electrochemically stable in the presence of the remaining cell components. This also presupposes that
the cell is operated within its specified limits in regard to temperature, current and voltage. Usually,
the current collector at the cathode is made of aluminum and the current collector at the anode out
of copper. Low anode potential, at which the negative electrode is usually operated, prevents the
copper current collector from oxidation and being dissolved, which otherwise might severely shorten

the lifespan of the cell and introduce safety hazards [80][81]. In a similar fashion, aluminum, which
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is usually used as current collector at the cathode is highly stable at standard cathode potentials.
The aluminum current collector is protected from corrosion by a surface film formed by reaction of
the metal with the electrolytic salts [82][83]. The composite electrode materials consist of active
materials, storing lithium-ions, carbon black and a polymer binder. The binder enables mechanical
integrity despite small volume changes during operation and thereby sustains electrical conductivity
[84], whereas carbon black is usually used in order to increase the electrical conductivity of the active

materials [85].

During discharge, the anode is oxidized and an electron is released to the external current path.
Subsequently, the lithium ion arrives via the electrolyte solution at the cathode. With the electron at
the positive tab of the cell, the cathode is reduced. On the way to the positive tab the electron releases
work. If work is done in order to move the electron in the reverse direction, the cathode is oxidized
and subsequently the anode is reduced. The main principle behind this process is that of intercalation,
which allows lithium ions to enter the host lattice of the electrode via the reaction with the active
materials in the cell. The main reaction can be separated into two reactions, each at the positive and
at the negative electrode. For a lithium-metal oxide (LiMO3) at the cathode, with M representing Ni,

Co and/or Mn, the reaction at the positive electrode is given by

LiMOg +— Li;_,MOg + zLi" + ze~ (1.1)
and the reaction at the negative electrode with graphite (Cg) as the active material becomes

Cp + zLit + ze™ +— Li, Cq (1.2)

where z depicts the grade of lithiation (0 < z < 1).

In order to increase the energy density of commercial lithium-ion cells, electrode sheets are usually
coated with composite materials on both sides of the current collector foil [86]. Subsequently, the
sheets are rolled or stacked, depending on the format of the lithium-ion cell. Generally, commercial
formats fall into three main categories: cylindrical, prismatic formats with a stiff metallic housing and
pouch cells, which are encapsulated in aluminum laminated film. Due to widespread use of cylindrical
cells in consumer electronics the formats 18650 and 21700 were the first to be able to profit form
economies of scale [87]. However, prismatic cells, which can be larger, offer more opportunity for cost
reduction [88]. The established manufacturing processes of cylindrical formats allow the production
of high quality lithium-ion cells with low parameter variations. Furthermore, due to their relatively
small capacities, cylindrical cells are highly manageable in the laboratory environment. Therefore, the

focus of this work was the investigation of 18650 cylindrical cells.

In general, active materials differ in their structure, specific capacity, potential and intercalation pro-
cesses. In addition to theoretical parameters, they also vary in cycle stability and especially cost.

An overview of frequently used materials is presented in Table 1.2. Due to high energy density and

Table 1.2: Popular intercalation materials with their potential and specific capacity.

Material Potential vs. Li/LiT / V  Specific capacity / mAhg~!
NMC 1.0 [89] 148 [90]
NCA 3.7 [89] 160 [91]
LFP 3.6 [92] 120 [89]
Graphite (C) 0.1 [93] 372 [94]
Silicon (Si)  0.37 [95] 4212 [95]

11



1 Introduction to the utilization of lithium-ion battery packs

good safety properties, nickel manganese cobalt oxide (NMC) became the cathode material of choice,
especially in mobile applications [92][96]. However, first generations of NMC cathodes are now gradu-
ally being replaced by nickel-rich materials, which provide even higher achievable specific capacity [97]
with explicit price advantages due to the scarcity of cobalt [98][93]. Lithium iron phosphate (LFP) has
shown several advantages with regards to safety, costs and long-term cycle life compared to NMC, but

due to lower energy density is more suited for stationary energy storage applications.

The anode is usually made from synthetic or natural graphite, soft or hard carbon or lithium titanate
oxide (LTO). Due graphite’s comparably high energy density of 372mAhg—!, low electrical potential
and low cost, graphite is currently the most common material for negative electrodes. However, silicon,
having a much higher specific energy density than graphite, has been recently used as an additional
compound for graphitic host lattices, in order to increase the gravimetric energy density of the negative
electrode [99][100][101]. High volumetric expansion of silicon, however, constitutes a limiting factor in
the silicon to graphite ratio, since it leads to possible instability of the mechanical structure during
the lithiation and delithiation of the anode [95].

Due to higher energy density and price advantages, lithium-ion cells containing nickel-rich cathodes
and silicon-carbon (SiC) anodes are predicted to be deployed in the next generation EVs [102][103].
Therefore, the scope of this work includes the investigation of lithium-ion cells with nickel-rich cathodes
(NMC811) and silicon graphite blend anodes. The object of all studies conducted in this work was a
commercial NMC(nickel-rich)/SiC 18650 high energy lithium-ion cell INR18650-MJ1 from LGChem
with a nominal capacity of 3.5 Ah and specific energy density of 259.6 Whkg~!. Further datasheet

parameters are summarized in Table 1.3.

Table 1.3: Nominal specification of the INR18650 MJ1 cell. Further parameters can be found in [104]

Item Condition Specification

Capacity Std. charge / discharge Nominal 3500 mAh

Nominal voltage Average 3.635V

Standard charge cccv 0.5C (1675 mAh), 4.2V (50mA)
Max. charge voltage 4.2V

Max. charge current 1C (3350mAh)

Standard discharge constant current (CC)  0.2C (670 mAh), 2.5V

Max. discharge current 10A

Operating temperature  Charge 0°C~45°C

Operating temperature Discharge —20°C~60°C

1.2.2 Dynamic overpotentials

Due to the main reaction, the finite conductivity of the cell components and mass transport limitations
of the electrolyte and active materials, lithium-ion cells are exposed to overpotentials during operation
[105]. Electronic conductivity of the electrode active materials, binders and current collectors cause
an instant voltage drop due to Ohms law. A hampered motion of lithium-ions in the liquid phase can
be also interpreted as ionic resistivity [105]. Despite the fact that ionic resistivity is linked to both
migration and diffusion processes and therefore is dependent on temperature [106], both overpotentials

are often treated as a single ohmic potential drop AUqpy, [107].

The process of intercalation and deintercalation at each individual electrode is fundamentally based

on reaction kinetics which forms the link between the movement of ions and electrons between the two
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electrodes. Depending on the sign of reaction overpotential, either an anodic or cathodic reaction is
triggered at the respective electrode. The relation between the current density and the polarization
can be described by the Butler-Volmer equation, which follows an exponential characteristic. The
Butler-Volmer relation states that the rate of an electrochemical reactions (de-/intercalation) depends

exponentially on the driving potential . The relation for one electrode is given by

I=ig- [exp(a;'TF -n) - exp(w n)} (1.3)

where « is the charge transfer coefficient, n is the number of electrons involved in the electrode
reaction, F' is the Faraday constant, R is the universal gas constant and iy is the exchange current
density. The Butler-Volmer characteristic implies that increase in the overpotential leads to a non-
linear, exponential increase in the load current, which is not the case for a simple resistor obeying
Ohm’s law, which describes a linear relation between the current and the voltage. Overpotentials,

based on reaction kinetics at both electrodes are summarized in AUg;.

During the process of charge transfer, at the interface between the electrode/particle and the elec-
trolyte, naturally, there are charge carriers with different polarizations [108]. A separation of charge
carriers with different polarization generates an electric field, which is, by definition, a capacitor. Due
to the large, cumulated surface area of particles in the active mass, such capacitance cannot be ne-
glected. Thus, so called double layer capacitance acts like a first order delay element for the charge
transfer reaction. In other words, the double layer capacitance has to be first charged or discharged
before the process of intercalation or deintercalation can occur, which causes further dynamic overpo-
tentials. In addition to reaction kinetics, the double layer effects at both electrodes are summarized in
AU,

Intercalated lithium ions diffuse from the interface inside the particle due to concentration gradients.
Such gradients are caused by the mass transfer inhibition described by Fick’s law. The resulting
overpotentials depend on temperature and diffusion coefficients of the active materials [105]. The
maximum current density is known as the diffusion-limited current density and caused voltage drop

AUyig is known as the the diffusion overpotential.

Overall, the terminal voltage between the positive and negative tabs Uy during the current flow is

composed of
Uy = AUopm + AUL, + AUqig + Uy (1.4)

where Uj is the open circuit voltage in thermodynamic equilibrium state. As already described, the
overpotentials depend on the applied current, the actual concentration of lithium ions in electrodes
and the temperature of the cell [109][38]. Additionally, the process of electrolyte decomposition and
formation of passivation films continues during the lifetime of a lithium-ion cell [110]. As a consequence,
the dynamic behavior of the cell also changes, usually resulting in a higher overall impedance and a

slower cell voltage relaxation [49][54].

Despite this fact, it is assumed that overpotentials play a rather minor role in the voltage imbalance.
This assumption is based in particular on the fact that the major part of the overpotentials correlates
with the load current [111], which is usually reduced towards the end of charge [112]. Even if there
are cells, which exhibit different dynamic behavior, in other words different overpotentials at the

same current load, the differences in overpotentials are negligible in case of low currents. For instance,
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1 Introduction to the utilization of lithium-ion battery packs

assuming a given constant voltage (CV) phase cut-off current of 50 mA for the MJ1 cell, the differences
in polarization are below 5 mV even for a doubling of the impedance from 50 m2 to 100 m§2. Therefore it
is assumed that the main influence on the voltage imbalance is likely to be the differences in equilibrium
potentials between cells connected in series, rather than differing impedances, which will be further

discussed in this thesis.

1.2.3 Open circuit voltage in thermodynamic equilibrium

Thermodynamic equilibrium exists, when a system, displays no processes of equalization of the temper-
ature, pressure or electrochemical potential. For a lithium-ion cell this implies that the concentration
of ions in all phases is constant and is the same at each location. Further, no temperature gradients
exist within the cell and the pressure is constant everywhere. In this case, the equilibrium or OCV
of a lithium-ion cell is given by the difference between the potential of the positive and the negative
electrode in their thermodynamic equilibrium states [113]. Those equilibrium potentials especially
depend in particular on the concentration of lithium-ions within the electrodes and to a lesser extent

on the temperature [113] and are derived in the following.
According to thermodynamics of an electrochemical system, the Gibbs free energy AG, which is the
maximum available electrical energy, can be expressed as

AG = AH — TAS (1.5)

where AH is the reaction enthalpy and AS is the reaction entropy. At constant pressure and physical

composition AG can be also expressed by
AG = —nFUy(z) (1.6)

whereas n is the number of electrons participating in the reaction, F' is the Faraday constant, Up(z)
is the equilibrium voltage and x is the concentration. Combination of the equations 1.5 and 1.6 yields

the theoretically determinable equilibrium voltage

_ TAS(z) AH(x)
- nF  nF

Uo(z) (1.7)

Assuming that the number of electrons, which participate in the reaction is constant, the equilibrium
voltage, which can be theoretically measured at the terminals once all dynamic overpotentials have
decayed, depends on the reaction enthalpy, reaction entropy and the temperature. The temperature
dependency of the equilibrium potential is linked to the reaction entropy AS and has been reported
several times in the literature [69][68]. Entropy expresses the part of a system’s energy, which cannot
be converted into mechanical work and is therefore commonly considered to be a measure of disorder
within a macroscopic thermodynamic system, and in turn to be linked to structural properties of the
active material on the molecular level. In the context of lithium-ion cells it also describes the reversible
heat effect and is then given by
dUp()

AS(x) = nFT (1.8)

The entropic coefficient for a constant pressure and a constant concentration of lithium-ions is pro-

portional to a change of the equilibrium voltage for a change in temperature. Therefore, according to
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1.2 Fundamentals of lithium-ion cells

equation 1.4, the entropic coefficient is measurable at the terminals of the cell, assuming all dynamic
overpotentials have decayed. Fig. 1.7a and 1.7c show measured entropic coefficients of the negative
and positive electrode Uinneg and Ugn,pos- Both curves exhibit positive as well as negative values,
which implies that both electrodes absorb and release reversible heat during the lithiation or delithia-
tion depending on the concentration of lithium in the active mass. The full-cell entropy is composed
of half-cell entropies, as shown in Fig. 1.7e with a good resemblance between the measured full-cell

entropy and combined half-cell entropies. The full-cell entropy is dominated by the entropy of the

anode.
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Figure 1.7: Half-cell and full-cell entropy profiles and quasi reaction enthalpy profiles of the LG MJ1
cell. (a) Entropy profile of the MJ1 anode, measured within a half-cell configuration (SiC
vs. Li coin cell), (c) entropy profile of the MJ1 cathode, measured on the coin-cell within
a half-cell configuration (NMC vs. Li coin cell), (e) entropy profile measured on the MJ1
full-cell and calculated full-cell entropy profile formed out of the half-cell measurements.
(b) Calculated reaction enthalpy of the MJ1 anode, measured on the coin-cell (SiC vs. Li),
(d) calculated reaction enthalpy of the MJ1 cathode, measured on the coin-cell (SiC vs.
Li), calculated full-cell and combined half-cell reaction enthalpies of the MJ1 cell.

Due to cell manufacturing tolerances, cells might exhibit different entropic coefficients, while being

at the same SOC. Fig. 1.8 depicts the voltage response of 24 pristine LG MJ1 cells at 90 % SOC

to a temperature change from 55°C to 40°C. In order to compare the voltage response, the voltage
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progressions are corrected by the initial voltage offset. According to Fig. 1.7e the entropic coefficient
of the cell at 90 % SOC (3.15 Ah) amounts to approx. 32mV / 298.15K ~ 0.1 mVK ™1, which implies
that a change of temperature by -15 K results in a voltage decrease of approx. 1.5mV, which is the
case in Fig. 1.8. However, since the voltage differences among the cells after the temperature step are

under 1001V, the production related variation of the entropy can be neglected.
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Figure 1.8: Voltage response of 24 pristine LG MJ1 cells at 90 % SOC to a temperature change from
55°C to 40°C, while being in a climate chamber and measured with a high-impedance
voltage board.

According to equation 1.7, the reaction enthalpy can be defined as the difference between the equilib-
rium potential measured at the terminals and the entropy. Fig. 1.7b shows the calculated reaction
enthalpy of the negative electrode, which still displays the typical phase transitions of graphite [114].
The calculated reaction enthalpy of the cathode is shown in 1.7d. The combination of half-cell reaction
enthalpies of both electrodes reassemble the calculated full-cell reaction enthalpy closely, as shown in
Fig. 1.7f. The full-cell enthalpy is calculated using the full-cell OCV and the full-cell entropy profile.

In comparison to the entropy profiles, the full-cell reaction enthalpies and thereby the OCVs exhibit
slightly greater variations, as shown in Fig. 1.9. Although the differences are below 3mV, this illus-
trates that two cells with identical capacities and levels of stored charge may exhibit slightly different
equilibrium potentials. Full cell OCV depends on the stoichiometric properties of both electrodes,
such as loading ratio and electrode balancing [115]. As stoichiometric properties might vary slightly
during the cell manufacturing process, slightly different OCVs are evident for the identically produced

lithium-ion cell, as shown in Fig. 1.9.

Added together, the full-cell equilibrium voltage becomes the combination of half-cell entropy profiles
and reaction enthalpies of both electrodes, which depend on the stoichiometric properties of both

electrodes and is described by the following equation:

o TASCathode (xc) A]{Cathode (xc) TASAnode(xa) A}IAnode(xa)
Uo = - - - (1.9)

nkF nkF nkF nk’

where x. is the concentration in the cathode and z, is the concentration in the anode.
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Figure 1.9: A quasi OCV, which is a discharge curve with C/30 discharge current of 48 pristine MJ1
cells. The difference in cell voltage at 80 % SOC amounts to 3mV.

1.3 Factors influencing voltage imbalance in battery packs

Based on the previous statements, different terminal voltages in serial connection of cells are most
likely linked to different equilibrium voltages, whereby differences in the dynamic behavior cannot be
completely ruled out as a cause of the voltage imbalance. Varying terminal cell voltages can generally
be treated as differences between loading ratios, electrode balancing and degree of lithiation of each

electrode and are described by

U, = <TASCathode((Ec) AHCathode(xc)> (TASAnode(xa) A]:-Z'Anode(ma)
= — — _

nF nF nF nF ) F Urest (1.10)

where Ut quantifies remaining effects such as differences in the dynamic behavior. If variation of
one of these aspects occurs, it can be expected to cause differences in the terminal cell voltages. The
cause of different concentrations within the cells and the roots of different stoichiometric properties

are discussed in the following.

As with every energy storage system, lithium-ion batteries suffer from reversible self-discharge, which
is defined as the charge which the battery looses during the operation without any capacity loss. Since
there is a monotonically increasing relationship between the charge stored in the cell and its terminal
voltage, any loss of charge results in a voltage decay of the cell, as emphasized in Fig. 1.10. The
exhibition of differing self-discharge rates between cells or cell blocks in series would cause the battery
pack to display a voltage drift. For instance, assuming that all cells connected in series have equal
capacities and exhibit high but equal self-discharge rates, no voltage drift will be observed. On the
other side, even if the absolute value of the self-discharge in the cell is low, high variance of self-
discharge rates might still result the voltage drift, taking into account that EV battery packs are
usually expected to operate over a long period of time. The first goal of this thesis is to identify
the impact of the variance of reversible self-discharge rates on the voltage imbalance
within battery packs. Therefore, in addition to the absolute value of the self-discharge current as
well as its dependency on the SOC and the temperature, the distribution and variance parameters

must also be determined.

Over the lifetime of a battery pack, lithium-ion cells usually exhibit power fade and deteriorating energy

storage ability [54][55], which are often linked to side reactions and a loss of active materials (LAMs)
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Figure 1.10: Emphasized self-discharge of a lithium-ion cell, which results in a voltage decay.

on both electrodes [116]{110], which implies a change in loading ratios. Those degradation mechanisms
in lithium-ion cells have an influence on half-cell potentials and consequently on the stoichiometric
properties of both electrode and therefore full-cell OCV [116]. LAM is usually attributed to particle
cracking and loss of electrical contact [116]. This means that, a part of the electrode’s active mass is
no longer available for the intercalation and deintercalation of lithium, which can be observed in the
compression of the half-cell potential [117]. Anodic side reactions, such as the growth and repair of the
solid electrolyte interface (SEI), result in the LLI, which leads to a delithiation of the negative electrode
and an associated shift of the anode half-cell potential, resulting in a capacity decrease [118]. Cathodic
side reactions, such as electrolyte oxidation and transition-metal dissolution, provoke a reinsertion of
lithium into the positive electrode that can be observed in form of potential decrease and might even

lead to an increase in cell capacity [119].

Several studies have shown that both degradation mechanisms might occur simultaneously in cells
with a pure graphite anode [120] as well as those with a silicon-graphite blend anode [121][122].
Furthermore, LAM at low SOCs was considered to be responsible for the degradation of the negative
electrode due to high mechanical stress during lithiation [123][124]. However, the exact implication
for the voltage imbalance is not yet clear, since there is no information about the relative effect of
each degradation mechanism on the overall aging. Nevertheless, LLI at the negative electrode is often
claimed to be the dominant degradation mechanism [125][126][127][128]. It can be additionally assumed
that temperature has a stronger influence on LLI [129], since it is an electrochemical process, than on
LAM, which depends more on the mechanical properties. Therefore, due to the presence of temperature
gradients in the battery pack it is most likely to observe different aging rates due to different rates of
LLI. Since entropy coefficients rely on the balancing and loading ratios of both electrodes, the second
goal of this thesis is to identify how different aging rates influence the entropy and impact
the voltage imbalance, as emphasized in Fig. 1.11. A change of entropic coefficient at the same
SOC would lead to a change in equilibrium voltage and consequently to a voltage drift within serial

connection.

Subsequently, the third goal of this thesis is to identify how different aging rates influence
the reaction enthalpy, which dominates the full-cell OCVs, and impact the voltage im-
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Figure 1.11: Emphasized shift of the anode entropy profile due to LLI.

balance, as emphasized in Fig. 1.12. A shift of half-cell OCVs would result in a change of the full-cell

OCV, leading to a voltage drift within in series connection of cells.

U

(

TASCathode (xc)

nkF

<xc>)_ (TASZH;J%)

4.5 T T T T T T T T
A
---------- 115

35F -tk

N —————t Anode 10.5
~ — — — - Cathode

Cathode voltage / V
Anode voltage / V

e —————
" _—
e e ———

0.5 1 1.5 2
Capacity / Ah

Figure 1.12: Emphasized shift of the anode OCV due to LLI.

As previously noted, LAM and LLI effects are assumed to appear during normal battery operation.
However, deteriorated aging behavior is often linked to the deposition of metallic lithium, also referred
to as lithium plating, which occurs on the negative electrode during charging [130]. Triggered by
cell operation at high charge rates and/or low temperatures, lithium plating leads to severe capacity
loss due to the formation of passivating surface films and due to consumption of lithium [131][36].
Lithium plating occurs if the potential at the graphite electrode-electrolyte interface falls below 0V vs.
Li/Li*. Under certain circumstances a reverse reaction - lithium stripping - can be observed, however
this process is not completely reversible [132][133]. It has been reported that temperature differences,

which might occur within in series connection of cells, lead to different relaxation voltages after the
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1 Introduction to the utilization of lithium-ion battery packs

striping reaction [134][135]. Therefore, the last goal of this thesis is to identify the influence

of lithium plating on the voltage imbalance between cells connected in series.

In order to comply with energy/power demand of the application and in order to increase the reliability
of the overall battery system, lithium-ion cells are usually connected in parallel. Due to slightly different
OCYV characteristics, cell capacities and impedances, short-term and long-term load deviations along
the parallel connection might occur, as reported in [136][137]. Even cell connectors and their placing
in regard to the load point play an important role in current distribution among the cells connected
in parallel [138]. In the literature, there are contradictory statements regarding whether such load
deviations enable a convergence of the cell parameters [46][47] and therefore homogeneous aging within
the cell block or whether the deviations facilitate parameter drift [48]. However, assuming that the load
current is not highly dynamic and that there is no temperature gradient along the parallel connection

and no manufacturing outliers, homogeneous aging among cells in parallel is further considered.

1.4 Methods and resources

The identification of parameters influencing the voltage imbalance requires reliable measurement meth-
ods and simulation approaches. In addition to the description of state of the art measurement methods
of the reversible self-discharge and entropic coefficients, this section pays particular attention to their
limitations. Furthermore, the idea of a new holistic simulation approach of the whole energy system is
presented, which is essential for the identification of the influence of cell-to-cell variations induced by
intrinsic and extrinsic factors on the utilization of battery packs. Finally, new experimental validation

techniques of the influence of differing operational conditions on the voltage imbalance are presented.

1.4.1 Determination of reversible self-discharge

Generally, there are three different self-discharge determination methods. The first method is based on
the measurement of the discharge capacity before energy storage, and residual and discharge capacity
after the energy storage [139]. The capacity based method does not require any specific resources,
besides a cell cycler and a climate chamber. However, due to small self-discharge currents, an ascer-
tainable reversible capacity loss implicates long storage time. In order to shorten the self-discharge
determination, the second method measures the floating current, while the cell voltage is held constant
[140] [141]. This current combines all side reactions, which influence the half-cell potentials. However,
such storage conditions are not equivalent to the real storage, since a potentiostat provides an exter-
nal path for electrons. The third method, voltage based measurement, similar to the current based
method, also utilizes the influence of side reactions on half-cell potentials, which leads to voltage decay
dU/dt. Combined with the derivative of the OCV d@Q/dU the self-discharge current is calculated as

follows:

dQ dU  dQ

where > Iq is the sum of all side reaction currents which have an influence on half-cell potentials of
both electrodes, and dU/d¢ is the stabilized slope of the observed voltage decay. In order to differentiate
between voltage relaxation, including overpotentials from the charge transfer and diffusion, Schmidt

et al. applied a discharge pulse before evaluating the voltage of cells with a blended NCA /LiCoO4
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cathode and graphite anode [142]. After the cell voltage exhibited a constant negative slope, the
self-discharge processes were considered to be more pronounced than the voltage relaxation processes.
However, during the period of the experiment, no voltage between 70 % and 10% SOC exhibited a
negative slope and therefore there is no data regarding the self-discharge in this SOC window. In a
further voltage based self-discharge study with NMC/graphite cells, only values over 70 % SOC were
presented [143].

In short, the reported voltage based measurement methods are not sufficient for reliable characteriza-
tion of reversible self-discharge over the whole SOC range and at different temperatures. On the other
hand, potentiostatic measurement methods are not representative of real operating conditions and ca-
pacity based methods rely on large laboratory infrastructure, as multiple climate chambers. Therefore,
within the scope of this thesis, a novel self-discharge measurement method will be developed, which

will be used for characterization of self-discharge and its variations in commercial lithium-ion cells.

1.4.2 Measurement of non-linear entropic coefficients

There are two major techniques for the determination of entropic coefficients. The calorimetric method
utilizes reversible heat effects, by separating the reversible and irreversible heat losses for a subsequent
charge and discharge of the cell, which is only applicable if other effects contributing to the energy
balance are negligible [144]. The potentiometric method, however, utilizes the relationship given by
equation 1.8. A temperature pulse is applied under open circuit conditions and the terminal voltage
is measured. Schmidt et al. have shown that both methods deliver results in good accordance to
each other [145]. Due to its simplicity, the potentiometric method has been used repeatedly in the
battery research. The entropy profiles of different cathode and anode materials were analyzed in order
to investigate theoretically feasible entropy profiles of full-cells [146]. Hudak et al. and Osswald et al.
have shown that there are trackable entropy changes during cyclic aging [147][148]. Forgez et al. have

used the potentiometric method to implement a detailed thermal model of a lithium-ion cell [149].

In most cases, a temperature dependent change of the OCV is assumed to be linear, regardless of
the positive or negative temperature change and regardless of the initial temperature [150]. However,
non-linear behavior of the entropy has been previosly observed. Schmidt et al. have shown an entropy
hysteresis depending on the direction of the current [145]. Bazinksi et al. observed different entropy

coefficients for the same temperature change at the same SOC at different initial temperatures [151].

In order to precisely determine entropic coefficients of half and full-cells, the voltage based method has
to be investigated for its validity. Therefore, within the scope of this thesis, a new enhanced entropy

measurement method will be derived.

1.4.3 Optimized battery pack simulations applying a Monte Carlo approach

The majority of the experimental and simulation based studies regarding the influence of cell-to-
cell parameter variance, aging and extrinsic system factors on battery performance usually consider
only a selective set of cell/system parameters or upper/lower limits of a cell parameter distribution
[152][153]. Either way, the results represent only a snapshot of the battery performance given for
one set of cell and system parameters. In order to provide a statistically relevant statement about
battery pack performance, a simulation or an experiment has to be repeated many times, due to the

complex non-linear relationship between the cell and pack parameters. This method, called Monte
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1 Introduction to the utilization of lithium-ion battery packs

Carlo simulation, is usually used when the analytical calculation of the statistical result is not possible
or at least is very demanding [154]. For instance, a battery pack’s lifetime is simulated many times
using a given temperature gradient, but in each simulation, cell parameters are randomly distributed.
As a result, there is a statistical statement regarding the battery pack’s behavior with fixed system
properties and cell variation data can be made. By changing a system property, a statistically relevant

change can be observed.

However, a holistic simulation of a battery pack’s lifetime, which accounts for cell variations, balancing
strategies and temperature distributions demands vast amount of time and computational resources. In
order to perform thousands of lifetime simulations in a reasonable time, several model simplifications
have to be made. Therefore, within the scope of this thesis, an optimized battery pack simulation
approach will be developed, which allows representation of stoichiometric changes on the cell level and

at the same time, temperature gradients and balancing strategies on the system level.

1.4.4 Prototyping platform for battery management systems

Experimental investigation of self-discharge and entropy via voltage based methods relies on accurate
and stable voltage measurement hardware. Therefore, the voltage will be measured with a custom-
built measurement unit on the basis of the ADS1278 from Texas Instruments, a 24 Bit ADC with 8
differential input channels. All channels underwent gain and offset calibration with a high precision
voltage source LTC6655 from Linear Technology. The noise level for each channel was below 15V for
a 10 Hz sampling rate. Due to the high input impedance of 20 G2 it was ensured that leakage current
of the circuit was negligible and that there was no interference with the voltage measurement by slowly
discharging the cell. This voltage measurement board was designed as a part of a flexible prototyping
platform for battery management systems (EES-BMS), which was developed within the scope of this

thesis.

Experimental validation of different aging rates within a battery module or pack relies on controllable
operational conditions for each cell. A forced temperature gradient was applied by Klein et al. in order
to investigate the influence of non-uniform temperature conditions on current distributions among cells
in parallel [155]. In that investigation, all cells were placed in an enclosing aluminum casing, while
Peltier elements on each side of the aluminum block controlled the non-uniform temperature distri-
bution. Using two lithium-ion cells in series, one of which was placed in a climate chamber at 55°C
and another at 25°C, Chiu et al. showed that temperature gradients have a negative impact on pack
performance and can induce safety issues, if cell voltage supervision is neglected [152]. However, no
detailed information on the voltage imbalance was presented. Cordoba et al. demonstrated via simula-
tion that the lifetime of a battery pack depends on the topology, thermal properties, cell balancing and
intrinsic cell parameter variations, although the latter were not significant for the aging progression
of the pack [156]. Unfortunately, voltage-drift progression was not also presented. Wang et al. com-
pared the aging behaviors of four different battery pack typologies, including those connected in series
with uniform temperature distribution among all cells [153]. The presented empirical study revealed a
higher degradation rate of battery packs compared to single cell aging. More details on possible roots
of such behavior were provided by Zheng et al. [157]. Reduced capacity of a battery pack consisting of
two cells at 30 °C and 45 °C connected in series was linked to voltage imbalance, which was induced by
different rates of loss of lithium inventory. However, no cell balancing during the cycling was applied.

A comprehensive aging study of two 8s14p modules with dissipative balancing and naturally emerged
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temperature gradients was carried out by Campestrini et al. [46]. Results revealed no considerable
deviations between single cell and battery pack aging. Owing to the fact that dissipative balancing was
active during the entire time and not only during the idle phases, no statement regarding balancing
charges and voltage imbalance could be made, since the influence of impedances was more dominant

than the influence of different capacities.

To date, no study has been presented, which investigated module aging with forced temperature
gradients, while evaluating the root of the voltage imbalance and balancing effort. Therefore, this will

be covered within this thesis.

1.5 Thesis outline

As mentioned above, the root causes of diminished pack utilization of cells connected in series most
likely lay with the voltage imbalance and the voltage drift during the lifetime of the battery packs.
As this problem is well known in the engineering community, most battery packs are equipped with
balancing circuits, which are able to adjust the cell voltages. Despite the common use of balancing
systems, true benefits and interpretation of balancing efforts are not yet completely understood. A
true understanding of the roots of voltage imbalance might not only allow an optimal BMS design,
but may possibly enable the use of balancing charges as a further description of the state of a battery

system.

@ - Measurement of reversible self-discharge
- Influence of different self-discharge rates on imbalance
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Figure 1.13: Thesis outline according to the equation 1.10.

This thesis is structured according to the goals, which were previously defined and is outlined in Fig.
1.13 using the influencing factors suggested by the equation 1.10 describing the terminal voltage of
a lithium-ion cell. After the introduction, the influence of self-discharge rates on voltage imbalance
is discussed in Chapter 2. For that purpose, a new reliable measurement method of reversible self-
discharge is developed and validated. Subsequently, this measurement method is applied to determine
the self-discharge variations among a batch lithium-ion cells of the same type. In Chapter 3, the
influence of different aging rates on voltage imbalance is described, whereby a distinction is made

between changes in half-cell OCVs, dominated by the enthalpy and entropic coefficients. Chapter 3
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1 Introduction to the utilization of lithium-ion battery packs

begins by presenting a new accurate measurement method for entropic coefficients, which is used for
the discussion of the influence of half-cell reaction entropies on the voltage imbalance. Subsequently, an
optimized holistic simulation approach for the battery system lifetime simulation according to system
parameters, such as balancing strategy and temperature gradients, is presented. This simulation
approach is then integrated into a Monte Carlo simulation, which investigates the influence, of a
change in stoichiometric parameters on half-cell profiles and therefore full-cell voltages in large battery
packs. In Chapter 4, an experimental investigation of the influence of different aging rates on the
module with a forced temperature gradient, focusing on lithium plating, is presented. Finally, in

Chapter 5, the results of this work are summarized and concluded.
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2 Influence of self-discharge on the voltage imbalance
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Figure 2.1: Outline of chapter 2.

In the literature to date, the reversible self-discharge of lithium-ion cells has not been granted much
attention, due to its low absolute values. The often stated 1%-2% loss in SOC per month [158]
appeared very low, compared with other energy storage systems such as, flywheel or pneumatic storage
techniques [159]. As it did not appear to be a significant problem at the cell level, little effort was made
to understand the underlying mechanisms in detail. However, the determination of the self-discharge
still plays an important role, especially in the quality control of cell manufacturing. As part of so
called end of line (EOL) test, each cell is checked for manufacturing defects. Since the outcome of a
self-discharge measurement within the production line usually only decides whether a cell should be
further considered for shipping or be recycled, the exact variations in the self-discharge rates of the
cells are not evaluated. However, by taking the long operating time of an energy storage system into

account, even small differences in self-discharge rates might lead to diminished battery pack utilization.

This chapter includes two articles, which present results regarding the voltage based measurement of
the self-discharge, the origins of the self-discharge and finally, the influence of different self-discharge

rates on the voltage imbalance in large battery packs.

2.1 Reliable measurement of the reversible self-discharge current

The goal of this article was to optimize the voltage based measurement method and to apply it
to commercial lithium-ion cells for precise characterization of the self-discharge current at different

SOCs and temperatures. The voltage based measurement was applied, since this technique forms
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2 Influence of self-discharge on the voltage imbalance

a good trade-off between its need for resources and its relevance to real-life application scenarios.

Determination of the self-discharge is based on the following equation:

dQ dU  dQ

which implies that the slope of the voltage decay, multiplied with the change of charge related to
a change in voltage, can be interpreted as a current. However, several problems regarding the im-
plementation of this method arise. First, as described in the introduction, lithium-ion cells exhibit
dynamic overpotentials, even long after a load current was applied. Such long term equalization pro-
cesses are dominated by the inter-particle diffusion, which is highly non-linear and depends on the
SOC and temperature [160]. In other words, the time which has to pass after a discharge pulse until
the self-discharge processes dominate the progression of the terminal voltage, is uncertain. Further-
more, despite the presence of a negative voltage gradient, the influence of equalization processes is still
unknown at that moment, which might lead to a changing negative slope over time, delaying further

the determination of the self-discharge.

Typically, OCV measurements can be utilized to determine the quotient between the charge and
the voltage. However, this method has disadvantages regarding the accuracy of the calculated self-
discharge. There are two ways to determine the OCV of a lithium-ion cell: via incremental or constant
current measurement methods. The latter method is based on the charge and discharge of the cell with
a low current. Usually, the applied current lies between 0.05C [161] and 0.025C [162]. Afterwards,
the charge and discharge curves are averaged in order to reduce the influence of the overpotentials
and hysteresis effects. As a result, a continuous OCV curve is produced at the cost of the cell ter-
minal voltage being superimposed with the overpotentials, even at the smallest load current. The
incremental measurement method addresses this problem by evaluating the terminal voltage in the
no-load condition after several hours of relaxation at defined SOCs [163]. Due to inevitable hysteresis
effects, the incremental method is also usually applied in both the charge and discharge direction,
after which both curves are averaged. In that way, the OCV, which is determined via the incremental
method, is more precise, as it has been shown in [164][165]. However, the accuracy comes at the cost
of either the resolution or the duration of the measurement, since a finite number of SOC points are
used for the OCV determination. The charge and discharge curves obtained at 25 °C using both OCV
measurement methods of the full cell are shown in Fig. 2.2. Owing to the 10h relaxation time at
each SOC, incremental charge and discharge curves exhibit a smaller gap between each other than the
curves obtained with the constant current method, especially at the low SOCs. However, a simple
averaging of the charge and discharge curves would lead to a blurring of the OCV curves, worsening

the accuracy of the self-discharge measurement.

In order to investigate the duration of equalization processes, the voltage of 13 selected cells between
10% and 90 % SOC was monitored over the 11 months of storage, which made it possible to decide
after which point in time, the voltage decay could be interpreted as self-discharge. The charge over

voltage quotient was determined via small discharge pulse, after all equalization processes had finished.

The results presented in the following article show that the voltage based measurement method is
generally suitable for determination of the self-discharge current. However, several limitations have
to be taken into account. Even after the point at which the gradient of the voltage progression as a
function of time became negative, it took about 62 days until the voltage gradient of each cell was

constant. The causes of such long-term voltage relaxation were linked to the equalization between
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Figure 2.2: Charge and discharge curves of the MJ1 cell, derived using both incremental and constant
current measurement methods.

the active and inactive areas of the anode. After these equalization processes were completed, the
self-discharge recorded was in very good accordance with results from capacity based measurements.
Furthermore, the self-discharge rate showed an exponential dependency on the SOC and Arrhenius
characteristic with regard to temperature. The absolute values at 25°C were below 7 pA, which
amounts to approximately 0.1 % reversible self-discharge per month. The results further revealed that
the self-discharge was most likely caused by coupled side reaction between the positive and the negative

electrode, triggered by the loss of lithium inventory at the anode.
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HIGHLIGHTS

® Capacity fade during the storage is driven by the LAM at the anode.
® Self-discharge current is below 4.5uA at 25°C and is caused by side reactions.
® Anode overhang severely disturbs the self-discharge measurement.

ARTICLE INFO ABSTRACT

Keywords: Lithium-ion cells with nickel-rich cathodes and silicon-graphite (SiC) anodes are expected to be deployed in the
lithium-ion next generation electric vehicles (EV) due to their high specific energy density and price advantages. While the
Self-diSCharge majority of current research focuses on cycle performance of nickel-rich/SiC cells, there is no general under-
g?::fn standing of reversible self-discharge processes and degradation mechanisms during calendar aging. In this study,

capacity fade of commercial 18650 nickel-rich/SiC cells after 11 months of storage was analyzed using differ-
ential voltage analysis (DVA). Reversible self-discharge losses were determined via capacity measurements be-
fore and after the storage and via decay of cell voltages, which were monitored throughout the experiment. The
results obtained in this work reveal that capacity fade was mainly caused by the loss of active material (LAM) of
the anode, which was linked to the presence of silicon. In the range between 33% and 58% state of charge (SOC),
in which anode overhang and active area of the anode exhibited similar potential, both self-discharge mea-
surement methods showed consistent results. Calculated reversible self-discharge current ranged between 2 pA
and 4.5 pA at 25 C and was linked to coupled side reactions between the negative and positive electrode.

Anode overhang

1. Introduction phitic host lattices, in order to increase the gravimetric energy density

of the negative electrode [4-6]. High volumetric expansion of silicon,

Increasing demand for environmental friendly mobility, as well as
the rising trend for decentralized energy infrastructure, require reliable
and economical solutions for electrical energy storage. Lithium-ion
technology has shown a high potential to fulfill these needs due to its
high energy density. Additionally, it has overcome disadvantages, such
as high price and short life time [1]. In the meanwhile, lithium-ion
batteries can be found in applications ranging from mobile phones to
electric vehicles. First generations of cathodes are now gradually re-
placed by nickel-rich materials, which provide similar achievable spe-
cific capacity with explicit price advantages due to reduced amount of
cobalt [2,3]. Silicon, having a much higher specific energy density than
graphite, has been recently used as an additional compound for gra-
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however, implicates a limitation of silicon to graphite ratio, since it
leads to possible instability of the mechanical structure during the li-
thiation and delithiation of the anode [7]. Due to higher energy density
and price advantages, lithium-ion cells containing nickel-rich cathodes
and SiC anodes are assumed to be deployed in the next generation EV
[8,9]. However, successful use of this technology requires a compre-
hensive understanding of cell degradation mechanisms during cycle
and calendar life, including reversible self-discharge behavior.

Cycle performance is usually affiliated to the containment of me-
chanical stress in cells with SiC anodes. For instance, electrolyte com-
position has been identified to play the crucial role of attenuating the
expansion of a particle's surface in the development of a thicker solid
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electrolyte interface (SEI) layer [10,11]. Although, Dupré et al. pointed
out that extended cycling experiments of cells with SiC anodes in full
cell configurations show major differences from cells in half cell con-
figurations due to lack of cyclable lithium [12], only a few aging studies
of nickel-rich full cells with SiC anodes have been published. Wetjen
et al. distinguished between silicon particle degradation and electrode
degradation in full cells with LiFePO, cathodes, both being caused by
mechanical stress [13]. Additionally, a linear correlation between ir-
reversible capacity loss and decomposition of fluoroethylene carbonate
(FEC) on silicon particles was observed. Recent cycle aging study on
commercial 18650 nickel-rich/SiC cells revealed a loss of active ma-
terials on both electrodes [14]. High volume expansion of silicone
particles supported SEI cracking and concurrent SEI growth, which
additionally led to loss of lithium inventory (LLI) [14].

While the majority of current research in degradation mechanisms
of nickel-rich/SiC cells focuses on cycle performance, only few studies
on calendar aging have been published. Owing to the fact, that during
the storage no mentionable mechanical stress occurs, the calendar
aging behavior of cells with SiC anodes is expected to be similar to the
aging behavior of cells with graphite anodes. Keil et al. showed that the
main reason for capacity loss in cells consisting of a graphite anode
during the storage is a shift in electrode balancing depending on the
anode potential, indicating LLI and not a degradation of electrode
materials [15]. Kalaga et al. performed storage tests with potentiostatic
hold on nickel-rich/SiC cells [16]. It was concluded in similar fashion
that, the capacity fade was mainly brought from the passivation of the
SEI and associated LLI. However, despite almost non-existing volume
expansion during potentiostatic hold, infrequent current bursts were
measured, indicating sudden accelerated SEI passivation. In contrast,
potentiostatic hold of standard LiFePO,/graphite cells revealed de-
clining floating current, indicating the self-limiting feature of the SEI
passivation [17], which was not observed in cells with SiC anodes.

Additionally, there is no information about the ratio between irre-
versible capacity loss and reversible self-discharge of nickel-rich/SiC
cells. Reversible self-discharge is noticeable due to voltage decay
without measurable capacity loss of the full cell. Such behavior was
usually attributed to transition metal dissolution and electrolyte oxi-
dation, which would lead to shuttle effects [18,19]. Soft short circuits
between both electrodes are also able to cause a slow discharge of the
cell.

Generally, there are three different self-discharge determination
methods. The first method is based on measurement of the discharge
capacity before the storage, and residual and discharge capacity after
the storage [20]. The capacity based method does not require any
specific resources, besides the cell cycler and a climate chamber.
However, due to small self-discharge currents, an ascertainable re-
versible capacity loss implicates long storage time. In order to shorten
the self-discharge determination, floating current was measured, while
the cell voltage was held constant [17-21], which is the second method.
This current combines all side reactions, which influence half-cell po-
tentials. However, such storage conditions are not equivalent to the real
storage, since a potentiostat provides an external path for electrons,
which might result in differently proceeding side reactions. The third
method, voltage based measurement, similar to the current based
method, also utilizes the influence of side reactions on half-cell po-
tentials, which leads to voltage decay dU/dt. Combined with the
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derivative of the open circuit voltage (OCV) dQ/dU the self-discharge
current is calculated as follows:

dQ dU  dQ
===y
dt 2k 1)

where ) I is the sum of all side reaction currents which have an in-
fluence on half-cell potentials of both electrodes, and dU/dt is the
stabilized slope of the observed voltage decay. In order to differentiate
between voltage relaxation, including overpotentials from charge
transfer and diffusion, Schmidt et al. applied a discharge pulse before
evaluating the voltage of cells with a blended NCA/LiCoO, cathode and
graphite anode [22]. After the cell voltage exhibited a constant negative
slope, the self-discharge processes were considered to be more pro-
nounced than the voltage relaxation processes. However, during the
period of the experiment, no voltage between 70% and 10% SOC ex-
hibited a negative slope. In a further voltage based self-discharge study
with NMC/graphite cells, only values over 70% SOC were presented
[23].

This work reveals new insights, regarding the mechanisms of ca-
pacity fade of nickel-rich/SiC cells during storage. Additionally, re-
versible self-discharge is determined over the whole SOC range using
capacity and voltage based measurements. Both methods are evaluated
and compared. This paper is organized as the following. First, cell
characteristics are described using differential voltage analysis (DVA).
Afterwards, experimental setup, including measurement equipment,
temperature control and detailed test sequences are presented. Finally,
experimental results on capacity fade during storage and reversible self-
discharge of nickel-rich/SiC cells are presented and discussed.

du dt

2. Experimental
2.1. Cell characteristics

The object of this study was a commercial NMC(nickel-rich)/SiC
18650 high energy lithium-ion cell INR18650-MJ1 from LGChem with
nominal capacity of 3.5Ah and specific energy of 259.6 Whkg™'.
According to the cell manufacturer the recommended operation
window is between 4.2V and 2.5 V. For this experiment 13 pristine cells
were selected with minimum and maximum constant charge - constant
phase (CCCV) capacity of 3.5086 Ah and 3.5307 Ah respectively. The
Rpcigs value, which is a DC resistance, calculated after 10s discharge
pulse at 50% SOC, ranged from 43.67 mQ to 45.26 mQ. Each cell was
assigned to different SOC throughout the whole SOC range, and re-
levant extreme values in the differential voltage were also covered, as
listed in Table 1.

Sturm et al. performed analysis of active materials and measured
half-cell open circuit voltage (OCV) curves for both electrodes of MJ1,
shown in Fig. 1a for a 0.033C discharge scenario [24]. Electrode bal-
ancing revealed an oversized cathode (~ 9.4%) and an almost complete
use of the anode (> 99%) [24]. Such extreme utilization of the anode
facilitated the high energy density of the cell. Fig. 1b shows that re-
constructed and full cell differential voltages are in good accordance
with each other. The amount of silicon in graphite was measured via
inductively coupled plasma-optical emission spectroscopy (ICP-OES)
and amounted to ~ 3.5 wt % [24]. The ratio of nickel, manganese and
cobalt in the active material of the cathode, determined via ICP-OES,

Table 1

Overview of parameters of 13 cells used in the experiment, including the capacity of the cell, the internal resistance and storage SOC.
Parameter 1 2 3 4 5 6 7 8 9 10 11 12 13 u o
C/Ah 3.51 3.52 3.51 3.53 3.53 3.52 3.53 3.52 3.51 3.51 3.52 3.53 3.51 3.5188 0.0078
Rpcios /mQ 44.7 44.6 44.9 43.9 43.8 44.2 43.9 44 45.3 44.4 44.1 43.7 44.5 44.31 0.4769
SOC/% 10 21 24 27 32 40 50 58 61 64 70 80 90
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Fig. 1. (a) Measured half-cell cathode, anode and full cell voltages, and re-
constructed full cell voltage for a 0.033C discharge [24], (b) DVA of cathode,
anode and full cell voltages, and reconstructed full cell voltage, (c) Assignment
of characteristic capacities to material distinctive DVA markers.

amounted to 82%-6.3%-11.7% respectively, indicating the dominance
of nickel in the cathode.

The presence of silicon can be also observed by means of the anode
potential. Graphite electrodes usually exhibit a steep ascent of the po-
tential after reaching ca. 0.3V vs. Li+ /Li. Silicon-graphite composite
electrodes on the other hand, exhibit more smooth increase towards
delithiation [4], as shown in Fig. 1a. Such smooth increase results in
two distinctive peaks in the differential voltage of the negative
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electrode between 0% and 15% SOC, which were attributed to silicon.
Fig. 1c shows affiliations of relevant extreme values within the full cell
differential voltage with distinction between anode and cathode char-
acteristics. Qs;c represents the distance between 0% SOC and the main
graphite peak at 2.17Ah. This peak indicates the phase transition be-
tween LiC, and LiCg¢ [25]. In general, change in absolute value of ca-
pacity Qs;c is linked to change in storage capabilities of the anode [26].
Capacities Qg;; and Qg;, represent the distance between 0% SOC and
both silicon peaks, and describe the storage capability of silicon. On the
other hand, capacities Qc ;-3 between the main graphite peak and local
maxima between 0.8 Ah and 1.2 Ah describe the storage capability of
graphite. Such differentiation can be achieved, since there is no overlap
between distinctive material markers in differential voltage. Similarly
to the anode markers, Qnmc/sic usually provides information about
storage capabilities of the cathode [26]. However, due to almost entire
utilization of the negative electrode, Qnmc/sic, specifically for MJ1,
contains also a characteristic of the anode or rather electrode balancing.
Near full capacity, differential voltages of cathode and anode are both
higher than zero, as shown in Fig. 1b. Qumc, on the other hand, is solely
based on cathode characteristics and is therefore used to describe the
storage capability of the cathode.

2.2. Setup and test sequence

Checkup routines and OCV measurements before and after the 330
days of storage were performed with the Cell Testing System (CTS) from
Basytec. During the storage the voltage was measured with a custom-
built measurement unit on the basis of ADS1278 from Texas
Instruments, a 24 Bit analog digital converter (ADC) with 8 differential
input channels. All channels underwent gain and offset calibration with
a high precision voltage source LTC6655 from Linear Technology. The
noise level for each channel was below 15 uV for a 10Hz sampling rate.
Due to the high input impedance of 20 GQ it was insured that leakage
current of the circuit was negligible and that there was no interference
with the voltage measurement by slowly discharging the cell. During
the experiment, all cells were placed in a Binder KT115 climate
chamber, which provided constant ambient temperature with an ac-
curacy of 15 mK. The temperature was measured on the surface of each
cell with mounted PT100 sensors.

The overall testing procedure is summarized in Table 2. A checkup
routine contained determination of the residual capacity, followed by
two CCCV charge and discharge cycles. Subsequently, Rpcios value at
50% SOC was determined using a 1C discharge pulse. Exact parameters
and termination values are summarized in Table 3.
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Fig. 2. Cell voltage progression during the first 40 days of the experiment. (a) Overall overview, (b) discharge to storage capacity, (c) voltage relaxation, till self-
discharge processes predominate relaxation processes, (d) discharge pulse for isolated :% determination, (e) voltage decay throughout the experiment.
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Table 2
Overall test procedure.

Sequence Description

. Checkup 1
. 5 Cycles

. Checkup 2
. Initial OCV

1 Checkup according to Table 3
2,

3

4

5. Storage

6

7

8,

9

Activation cycles. Charge CC (I= 0.5C), Discharge CC (I= 0.2C)
Checkup according to Table 3

OCV measurement according to Table 4

Storage and Isq measurement according to Fig. 2

Checkup according to Table 3

Checkup according to Table 3

Checkup according to Table 3

OCV measurement according to Table 4

. Checkup 3
. Checkup 4
. Checkup 5
. Final OCV

Table 3

Checkup sequence consists of determination of residual charge Qcuxres (Steps
1-2), two redundant, consecutive cycles for cell capacity determination Qcux,1
and Qcuy» (steps 3-6), and determination of internal resistance Rpcjgs (steps
7-9).

Step Parameters Termination
QCUx res 1. Discharge CCCV I=-0.2C, U= 2.5V I> -50 mA
2. Pause t> 30 min
Qcux,1 3. Charge CCCV I= 0.5C, U= 4.2V I< 50mA
4. Pause t> 30 min
Qcux.2 5. Discharge CCCV I=-0.2GC, U= 2.5V I> -50 mA
6. Pause & Repeat 3-5 t> 30 min
Rpcios 7. Charge CC I= 0.5C SOC > 50%
8. Pause > 10 min
9. Discharge CC I=-1C t>10s

After the first checkup, all 13 cells underwent five activation cycles,
after which a second checkup was performed. For possible detection of
changes in storage capabilities and balancing of both electrodes via
DVA, OCV curve measurements were conducted before and after the
actual storage. The OCV curve was determined using constant current
(CC) with 0.033C and constant voltage (CV) with current termination at
0.001C for charge and discharge direction. Such a long CV phase en-
abled a reliable reference point for the purpose of DVA of pristine and
aged cells. All steps of OCV measurement sequence are summarized in
Table 4.

Table 4

OCV measurement sequence.
Step Parameters Termination
1. Charge CCCV I= 0.2C, U= 4.2V I< 0.001C
2. Pause t>6h
3. Discharge CCCV -I= 0.033C, U= 2.5V I> -0.001C
4. Pause t>6h
5. Charge CCCV I=0.033C, U= 4.2V I< 0.001C

After initial OCV measurement, each cell was fully charged (CCCV)
with current termination at 0.001C and discharged after a pause (6 h) to
the corresponding storage SOC according to its capacity and differential
voltage. The reduction of the overpotential after the discharge pulse
resulted in asymptotic incline of the cells terminal voltage, as shown in
Fig. 2b. Ideally, such behavior enables a separation between voltage
relaxation and self-discharge processes, since the latter usually results
in a voltage decline. Therefore, while not taking into account the cy-
cling history of the cell, the voltage progression should be evaluated
according to Equation (1) after reaching a constant negative slope, as
shown in Fig. 2c. The storage and self-discharge measurement proce-
dure used in this paper supplemented the standard practice by two
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further steps. After a discharge step to according storage SOC (Fig. 2b)
and relaxation step (Fig. 2c), a small discharge pulse (Fig. 2d) was
applied. In that way an isolated dQ/dU quotient could be determined
after the voltage attained a negative slope, since use of the OCV curve
for the self-discharge determination might be too inaccurate. A 0.033C
discharge pulse was applied for 30's, which resulted in 2.7 x 10~ %
change of SOC. For the sake of comparability, this pulse was ad-
ditionally applied after 50 and 67 days of storage.

Finally, the progression of the voltage was measured during the
whole storage time of 330 days, of which only the first 40 days are
shown in Fig. 2a. Derivative of the voltage was calculated using line-
arization of 24h. During the most storage time, checkup and OCV
measurements, the temperature of the climate chamber was set to 25 C.
In order to investigate the temperature dependency of self-discharge,
two identical temperature profiles were applied. The temperature was
varied from 25°C to 40 C-55 C and back to 25C, remaining at each
temperature for 96 h. The first temperature profile was applied after 50
days and the second profile after 67 days.

After the storage, three subsequent checkups were conducted, re-
sulting in six cycles, which were used to asses the stability of the
available capacity. The residual capacity in the first checkup after the
storage Qcusres €nabled the separation between reversible self-dis-
charge and irreversible capacity loss according to following equations

Qi = QCU2,2 - QCU3,1 (2)
and
Qrev = Qcusy — (Qpen,soc + Qcus res) 3

where Qpcp soc is the charge, which was extracted during the discharge
to storage SOC, Qcua. is the capacity determined by the last cycle be-
fore the storage and Qcus,; is the capacity determined by the first cycle
after the storage.

3. Results and discussion
3.1. Irreversible capacity loss

In the following, the evaluation of calendar aging of INR18650-MJ1
cells is presented. Fig. 3a shows the relative capacity decrease for each
checkup cycle after 11 months of storage depending on the storage SOC.
The results reveal familiar SOC dependency, which resembles the anode
potential, shown in Fig. 3c, including a lower and higher plateau se-
parated by the graphite phase transition at 61% SOC. The absolute
values for the relative capacity loss reach from 2% at 10% SOC to 4.5%
at 90% SOC. Keil et al. presented similar results for three different cell
types with NCA, NMC and LFP cathode and graphite anode and de-
monstrated, that the anode potential was the driving force for capacity
fade during calendar aging [15]. Relative resistance gain is shown in
Fig. 3b. The data reveals a reverse dependency on SOC in comparison to
capacity loss. In the range below 58% SOC, the Rpcios gain amounts to
4%, while values above 58% SOC reach up to 6%. Fig. 3d shows the
capacity differences referring to the first cycle after storage for all SOCs.
The assessment of the capacity stability, reveals a capacity recovery
effect, which can be clustered in three groups. Cells, which were stored
at SOCs above 58% (group ©, low voltage plateau) gain capacity within
two first cycles and retain this gain during the further cycling. Cells,
which were stored at SOCs below 33% (group ®), on the other hand,
showed immediate capacity loss after the first cycle. Cells between 58%
and 33% (group @, middle voltage plateau) revealed a small gain of the
capacity during first two cycles, however, showed a moderate capacity
loss during further cycling. Capacity recovery effect has been already
reported for LFP/graphite, as well as NMC/graphite self-made and
commercial cells [27,28]. Wilhelm et al. showed that after storage at
high SOCs coulombic efficiency was higher than 1 for 1200h, resulting
in rising capacity during 50 days [29]. XRD and color analysis showed
that large overhang regions of the anode, which had no cathode
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Fig. 3. (a) Relative capacity of all 6 cycles after
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misalignment during stacking or cell winding, there is an anode coun-
terpart across the whole cathode surface. Additionally, 1 mm overhang
along the electrode is sufficient to prevent lithium plating on the edge
of the anode [30].

Despite the absence of the cathode counterpart, inactive anode area
is able to participate in equalization processes and store lithium, since it
is soaked with electrolyte. However, such processes are very slow, since
they are dominated by interparticle transport and are driven by po-
tential differences of the flat OCV of graphite [31]. Therefore, the
amount of lithium, which is moved during the equalization process,
depends on the average potential of the active and inactive anode area,
but also on its size ratio. The ratio between the overall and active area
of the anode in the INR18650-MJ1 cell amounts to 1.084. The ag-
gregated overhang includes both 1 mm stripes along the electrode as
well as inactive areas at the beginning and the end of the jelly roll. In
comparison, the ratio between overall and active anode area of com-
mercial NMC/graphite cells, which showed a similar capacity recovery
effect, amounted to 1.09 [32]. In case of a long storage at high SOC,
equalization of active and inactive areas would result in high lithium
concentration of the anode overhang. During cycling with depth of
discharge (DOD) 100%, the average SOC of active area would amount
to ca. 50%, as highlighted in Fig. 3c with the red line. Due to anode
potential difference between 50% SOC and SOCs above 58% (group @),
the active area could slowly draw the extra lithium, stored in the in-
active area, resulting in observed capacity recovery effect. In case of
storage at low SOCs the effect would be reversed and it would cause a
slow draining of lithium out of the active area and result in apparently
accelerated aging. Fig. 3c emphasizes this effect by the evident poten-
tial difference between 50% SOC and SOCs below 33% (group ®).

In order to distinguish between different aging mechanisms, OCV
curves of full cells before and after the storage were compared via DVA.
Anode peaks between 24% and 32% SOC in differential voltage of both
cells stored at 64% and 70% SOC were blurred and therefore were not
taken into account. Fig. 4a shows the relative changes in anode related
markers. For the sake of simplicity, relative changes of capacities Qs; ;>
and Qc,;-; were averaged to relative changes of Qs; and Qc. The first
thing to be noticed in Fig. 4a is the decrease of Qsic, representing the
storage capability of the anode. It indicates that the silicon-graphite
blend anode of MJ1 cell experienced a loss of active material (LAM)
during calendar aging. LAM is usually attributed to particle cracking
and loss of electrical contact or blocking of active sites by resistive
surface layers [33]. In that way, a part of the electrode's active mass is
no longer available for intercalation and deintercalation of lithium.
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Uniform LAM on the negative electrode would theoretically imply
uniform compression of gaps between all relevant DVA markers.
However, by differentiating between change in graphite Q¢ and silicon
Qsi markers, it becomes evident, that compression of silicon markers is
much stronger. While relative compression of Q¢ ranges only from
99.12% to 96.73% with increasing SOC, Qg; decreases in the range from
96.14% to 88.29%, as shown in Fig. 4a. Since there are no reports of
LAM in pure graphite electrodes during calendar aging, it is assumed,
that the non-uniform LAM is triggered by the presence of silicon.

DVA results of the positive electrode are depicted in Fig. 4b. They
show, that relative change in Qnyc exhibits high fluctuation over the
whole SOC range without any regularity. On the one hand, it might be
linked to the fact that the detection of exact maximum and minimum
points of cathode relevant characteristics in full cell differential voltage
was aggravated by flat dU/dQ curve. On the other hand, there was
almost no absolute change in Qnuc capacities and values fluctuated
around 1. Therefore, LAM at the cathode of MJ1 was assumed to be
highly unlikely.

Furthermore, in all cells a change of the combined cathode and
anode marker was observed. Qnmc/sic marker increased without any
distinct SOC dependency. Charge wise this increase was rather small, as
shown in Fig. 4c, where a small shift of the Qumc/sic peak can be
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observed for all measured differential voltages of pristine and aged
cells. Additionally, a shift of the main graphite peak to the right was
noticeable. Usually this shift indicates a change of electrode balancing
as a result of LLI at the anode, if there is no LAM at the negative
electrode. However, since the anode experienced LAM during the sto-
rage, no direct interpretation is possible.

In order to investigate the origin of increased Qnmcysic capacity,
measured half-cell OCVs of anode and cathode were shifted and com-
pressed. In that way different aging phenomena could be imitated and
observed in differential voltage. Afterwards, differential voltages of
initial and artificially aged cell were compared, whereby both curves
were aligned on the right side. Similar techniques were already suc-
cessfully applied in cell degradation diagnostics [33,34]. In the fol-
lowing a differentiation is made between LAM at the anode and side
reactions (SR), which discharge the negative electrode and charge the
positive electrode, causing a shift in electrode balancing. As LAM at the
cathode is assumed to be very unlikely, it is not considered in further
analysis. The results are presented in Fig. 5.

Anodic side reactions, such as growth and repair of the SEI, result in
LLI [35,36]. It leads to a delithiation of the negative electrode and as-
sociated shift of the anode half-cell potential to the right, as shown in
Fig. 5a. Since the anode is limiting in discharge direction, the overall
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cell capacity decreases. The differential voltage comparison in Fig. 5c
depicts that the main anode peak moves to the right and the cathode
peak moves to the left. Shift of electrode balancing might be also caused
by cathodic side reactions, such as electrolyte oxidation and transit
metal dissolution [37,38]. In that way the cathode half-cell potential
would move to the right, as shown in Fig. 5b. At certain circumstances
this effect can lead to an increase of the cell's capacity. In the differ-
ential voltage the main graphite peak moves to the left and the cathode
peak moves to the right, as shown in 5d. Due to particle cracking and
loss of electrical contact, small parts of the electrode might be un-
available for lithium intercalation [33]. Since, theoretically, the con-
centration of ions in particles does not change during LAM, no change
in voltage is expected. However, the SOC at which the LAM occurs is
crucial for the reconstruction of the full cell OCV. Fig. 5e and f shows a
10% loss of anode active material at 10% and 90% SOC respectively,
and Fig. 5g and h shows associated differential voltages. In both cases,
LAM leads to decrease of cell capacity. In case of LAM at 10% SOC only
the cathode marker moves to the right, whereas in case of LAM at 90%
SOC only the main graphite peak moves to the right. By comparing the
results of calculated and measured differential voltages from Figs. 4c
and 5, it can be concluded that increase of Quumcsic is most likely linked
to side reactions at the anode, as only in that case the qualitative change
of main anode and cathode peak is in accordance between experiment
and simulation.

Evaluation of irreversible capacity loss via checkup measurements
and DVA showed, that investigated cells exhibited a capacity recovery
effect, which might be linked equalization processes between active and
inactive area of the anode. Additionally, LAM in the anode, most likely
caused by the presence of silicon, could be identified as the main reason
for capacity fade during the calendar aging. Further, no clear evidence
of loss of active material at the cathode could be found and increase of
Qnmeysic Was linked to anodic SR, such as LLI.

3.2. Reversible self-discharge

In the following, results on reversible self-discharge, including the
comparison of voltage and capacity based measurement methods, are
presented. The derivative of cell voltages were evaluated after 4, 8, 16,
32, 64, 80 and 300 days of storage and are shown in Fig. 6a. Results
reveal that after 16 days, all cells exhibited a negative voltage slope.
However, even after the point in time, when self-discharge processes
dominated relaxation processes of prior discharge, in some cases the
voltage slope did not remain constant for the further 50 days. Observed
long term voltage relaxation revealed also SOC dependency. Cells with
storage SOCs above 58% (group ®) overestimated, and cells below 33%
(group ®) underestimated the final slope of the voltage decay. Whereas
cells with SOCs between 33% and 58% (group ®) reached the final
voltage slope most rapidly. All cells were delivered with terminal vol-
tage of 3.589V, which corresponded to ca. 33% SOC, highlighted with a
red line in Fig. 6a. Based on the production date code, printed on the
plastic cover of the cell, 11 months passed between the start of ex-
periment and the end of production. Therefore, it is assumed that in-
active and active area of the anode shared the same lithiation level at
the beginning of experiment, which was near 33% SOC, referring to the
full cell. Therefore, overestimated values of the voltage slope at high
SOCs (group @) were likely due to slow draining of lithium out of active
area. Until the equalization of lithium concentrations in the active and
inactive areas of the anode was finished, this effect possibly continued
to aggravate the voltage decline.

Since an OCV curve does not exhibit a constant slope, there is a
possibility that measured voltage decay (Fig. 6a) was yielded by an
actual self-discharge and associated shift to a different OCV area.
However, this reason was ruled out by determining the isolated dU/dQ
spectrum throughout the experiment. The first discharge pulse was
applied after voltages of each cell exhibited a negative slope. Fig. 6b
shows the calculated isolated dU/dQ quotient after 4, 80 and 300 days.
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Fig. 6. (a) Calculated slope of the cell voltage during the experiment, red line
marks the SOC of the anode overhang area, (b) measured isolated ‘;% during the
experiment. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Except for graphite phase transition at 61% SOC, the derivative of the
OCV does not show considerable changes. Therefore, long term voltage
relaxation was rather linked to equalization phenomena between active
and inactive areas in the anode, than a change in the OCV slope due to
actual self-discharge.

After the impact of long term equalization processes onto the vol-
tage were diminished, the self-discharge current was calculated after 64
days according to Equation (1) for 25C, 40C and 55 C. Results are
shown in Fig. 7a. The first thing to notice is that self-discharge in-
creased with increasing temperature and amounted 135 pA at 90% SOC
at 55 C. However, at 25 C, the calculated self-discharge current ranged
from 2pA to 4.5pA, which is equivalent to 0.04%-0.1% reversible
capacity loss in one month. As shown in Fig. 7b, the temperature de-
pendency revealed an Arrhenius-like behavior. Such relationship sup-
ports rather an electrochemical origin of reversible self-discharge, than
a soft short circuit within the cell. Overall, self-discharge current de-
picts an exponential characteristic over the SOC range, however there is
an deviation for all temperatures between 20% and 50% SOC. That
might be brought by cell intrinsic parameter variation, or by the fact
that the calculated self-discharge contains all side reaction currents
with an influence on the half-cell potentials.

Further, reversible self-discharge during 11 months of storage was
measured using the capacity based method and was compared with the
voltage based technique. Results, which are shown in Fig. 7c, reveal
that measured reversible loss via the capacity based method and cal-
culated reversible loss via the voltage based method are not consistently
in accordance with each other. The difference between both methods is
depicted in Fig. 7d. The deviation increases at SOCs above 58% (group
@©) and the capacity based method overestimates the voltage based re-
sults. Values at SOCs below 33% (group ®) show a reversed behavior,
the capacity based data underestimates the results of the voltage based
measurement. Self-discharge results from both measurement methods
are in good accordance with each other only at SOCs between 33% and
58% (group @).

Such discrepancy might be caused by overhang areas of the anode,
which were lithiated to 33% SOC at the beginning of the experiment
due to cell manufacturing process. The voltage slope was evaluated
after most equalization processes were finished or at least were not
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T /OC Fig. 7. (a) Calculated self-discharge current for dif-
ferent temperatures, (b) Arrhenius-like behavior of
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longer observable in the terminal voltage, and therefore it can be as-
sumed that the voltage based method determined only self-discharge
current. On the other hand, the capacity method included all effects
between the last cycle before and first cycle after the storage, including
equalization processes between active and inactive area and actual self-
discharge. The potential differences between anode active and inactive
areas of cells from group @ were rather small, and therefore there was
no driving force for equalization. Assuming that the initial SOC of the
inactive area was around 33%, potential wise, all active and inactive
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Fig. 8. Analysis of self-discharge. (a) Self-discharge current at 25 C and relative
change in Qnwmcysic, (b) measured total capacity loss after the storage and si-
mulated capacity loss due to LLI, (c) simulated and measured voltage decay
during the experiment.

areas of cells from group @ were in the middle voltage plateau of the
anode OCV curve. Potential differences of group ©® and ® most likely
caused draining current into and out of the active area of the anode.
This draining current was able to disturb the storage based measure-
ment or voltage based measurement before finalizing the equalization
between active and inactive anode part. Therefore, in case of storage
based measurement of reversible self-discharge, anode overhang areas
must be taken into account in order to avoid measurement inaccuracies.

The calculated self-discharge current at 25C via the voltage based
method is depicted in Fig. 8a in black. The values were determined
using dU/dQ and dQ/dt quotients, which were measured after 300 days
of storage at 25C. The self-discharge current does not show a dis-
tinctive dependency on the SOC, however a slightly increasing trend is
noticeable. It is likely that the results at 25°C are more influenced by
intrinsic variance of self-discharge between the cells than SOC de-
pendency. The right ordinate in Fig. 8a depicts the relative change in
Qnmeysic over the evaluated SOC range. The comparison reveals, that
there is an evident correlation between calculated self-discharge cur-
rents and measured increase of Qumcysic, €xcept for low SOC range. As
already derived in previous section, an increase of Qnmc/sic was most
likely caused by LLI at the negative electrode. Therefore, it can be as-
sumed that there is a link between reversible self-discharge and LLI at
the anode, which is discussed in the following.

Using both half-cell OCVs, the capacity loss evoked by the LLI at the
anode was calculated. The half-cell OCV was shifted to the right, until
the calculated Qnmc/sic in the artificial full cell differential voltage
matched the measured Qumcysic. The capacity, which was required for
the shift to the right, represented the capacity loss, solely caused by the
LLI at the anode. Fig. 8b shows the LLI loss and additionally the total
capacity loss, where the LLI share is non-dominant. Associated dis-
charge of the negative electrode due to LLI would lead to a voltage
decay of the full cell. By taking into account solely anodic SR and by
shifting half-cell OCV of the anode by the LLI capacity from Fig. 8b,
voltage decay of the full cell was calculated and is shown in Fig. 8c in
red. Additionally, measured voltage decay during the experiment is
depicted in gray. For that, voltage decay of the last 200 days of the
experiment was linearly scaled up to the whole duration. First 130 days
of the experiment were not taken into account in order to avoid any
interference of equalization processes with anode overhang areas. From
Fig. 8c it can be seen, that measured and simulated voltage decay share
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similar characteristics over the whole SOC range. However, solely
anodic SRs are incapable of reproducing the measured voltage decay of
the full cell. For instance measured voltage decay in upper SOC range
amounted from 8 to 15mV, whereas the calculated voltage decay
caused by LLI amounted only to 0.1-0.2mV. Therefore, it stands to
reason that observed voltage decay was also caused by SR on the po-
sitive electrode. Due to the high voltage slope of the half-cell OCV
curve, even small changes in lithium concentration at the cathode
would lead to observable changes in terminal voltage of the full cell.

Results on reversible self-discharge of the MJ1 cell have shown that
the origin of the self-discharge lies in coupled SR between negative and
positive electrode, possibly initiated by SR at the anode. Absolute va-
lues of the self-discharge were smaller by 20 times than the usually
stated 1%—-3% reversible capacity loss per month. The voltage based
method has been evaluated and shown trusted results after equalization
processes were finished. The storage based measurement of reversible
self-discharge, however, was disturbed by the presence of anode over-
hang areas.

4. Summary and conclusion

In this work irreversible capacity loss during storage and reversible
self-discharge of commercial 18650 lithium-ion cells with nickel-rich
cathodes and silicon-graphite anodes were investigated. 13 pristine
cells were discharged to SOCs between 10% and 90% and were stored
for 11 months in a climate chamber. At the same time the terminal
voltage of each cell was logged with a high input impedance mea-
surement unit. Degradation mechanisms were analyzed using differ-
ential voltages before and after the storage. Additionally, capacity and
voltage based self-discharge measurement methods were evaluated and
compared with each other. Main findings are summarized in the fol-
lowing:

1. Loss of active material at the anode was found to be the main reason
for capacity fade during the storage. Exact mechanisms behind this
phenomena are not clear yet and have to be investigated further.
Although, loss of lithium inventory at the anode was observed, it
played only a minor role in capacity fade during calendar aging.

. Reversible self-discharge current ranged between 2 pA and 4.5 pA at
25 C and was most likely caused by coupled side reactions between
negative and positive electrode, triggered by LLI at the anode.

. Anode overhang disturbed the capacity based self-discharge mea-
surement, caused long-term voltage relaxation and evoked capacity
recovery effect during cycling after the storage. The overall influ-
ence was not negligible and has to be taken into account, when
performing similar experiments in the future.

Overall, the results of this study suggest, that nickel-rich/SiC cells
should be stored at low SOCs, in order to avoid premature degradation.
Due to small self-discharge currents, the storage SOC can be even set
below 15%. Storing the MJ1 cell (3.5 Ah) at 10% SOC and 25°C would
theoretically result in 20 years, until the cell would be exhaustively
discharged. Future work will address the intrinsic variance of self-dis-
charge rates and its implications for in series connection of cells.

Acknowledgements

This work has received funding from the European Unions Horizon
2020 research and innovation program under the grant “Electric
Vehicle Enhanced Range, Lifetime And Safety Through INGenious
battery management” (EVERLASTING 713771). The presented data of
this work is available under [http://doi.org/10.4121/uuid:74e3el5c-
1575-4d0d-bd38-f63148259158].

225

Journal of Power Sources 425 (2019) 217-226

References

[1] B. Scrosati, J. Garche, Lithium batteries: status, prospects and future, J. Power
Sources 195 (9) (2010) 2419-2430, https://doi.org/10.1016/j.jpowsour.2009.11.
048.

S.-T. Myung, F. Maglia, K.-J. Park, C.S. Yoon, P. Lamp, S.-J. Kim, Y.-K. Sun, Nickel-
rich layered cathode materials for automotive lithium-ion batteries: achievements
and perspectives, ACS Energy Letters 2 (1) (2017) 196-223, https://doi.org/10.
1021/acsenergylett.6b00594.

N. Nitta, F. Wu, J.T. Lee, G. Yushin, Li-ion battery materials: present and future,
Mater. Today 18 (5) (2015) 252-264, https://doi.org/10.1016/j.mattod.2014.10.
040.

V.G. Khomenko, V.Z. Barsukov, J.E. Doninger, .V. Barsukov, Lithium-ion batteries
based on carbon-silicon—graphite composite anodes, J. Power Sources 165 (2)
(2007) 598-608, https://doi.org/10.1016/j.jpowsour.2006.10.059.

B. Fuchsbichler, C. Stangl, H. Kren, F. Uhlig, S. Koller, High capacity graphite—si-
licon composite anode material for lithium-ion batteries, J. Power Sources 196 (5)
(2011) 2889-2892, https://doi.org/10.1016/j.jpowsour.2010.10.081.

R. Dash, S. Pannala, Theoretical limits of energy density in silicon-carbon composite
anode based lithium ion batteries, Sci. Rep. 6 (2016) 27449, https://doi.org/10.
1038/srep27449.

J.R. Szczech, S. Jin, Nanostructured silicon for high capacity lithium battery an-
odes, Energy Environ. Sci. 4 (1) (2011) 56-72, https://doi.org/10.1039/
COEE00281J.

D. Andre, S.-J. Kim, P. Lamp, S.F. Lux, F. Maglia, O. Paschos, B. Stiaszny, Future
generations of cathode materials: an automotive industry perspective, J. Mater.
Chem. 3 (13) (2015) 6709-6732, https://doi.org/10.1039/C5TA00361J.

National Platform for Electric Mobility, Roadmap for an Integrated Cell and Battery
Production in germany, (2016) http://nationale-plattform-elektromobilitaet.de/
fileadmin/user_upload/Redaktion/Publikationen/AG2_Roadmap_Zellfertigung_

eng bf.pdf , Accessed date: 1 February 2019.

L.J. Krause, T. Brandt, V.L. Chevrier, L.D. Jensen, Surface area increase of silicon
alloys in li-ion full cells measured by isothermal heat flow calorimetry, J.
Electrochem. Soc. 164 (9) (2017) A2277-A2282, https://doi.org/10.1149/2.
0501712jes.

A. Rezqita, M. Sauer, A. Foelske, H. Kronberger, A. Trifonova, The effect of elec-
trolyte additives on electrochemical performance of silicon/mesoporous carbon (si/
mc) for anode materials for lithium-ion batteries, Electrochim. Acta 247 (2017)
600-609, https://doi.org/10.1016/j.electacta.2017.06.128.

N. Dupré, P. Moreau, E. de Vito, L. Quazuguel, M. Boniface, A. Bordes, C. Rudisch,
P. Bayle-Guillemaud, D. Guyomard, Multiprobe study of the solid electrolyte in-
terphase on silicon-based electrodes in full-cell configuration, Chem. Mater. : a
publication of the American Chemical Society 28 (8) (2016) 2557-2572, https://
doi.org/10.1021/acs.chemmater.5b04461.

M. Wetjen, D. Pritzl, R. Jung, S. Solchenbach, R. Ghadimi, H.A. Gasteiger,
Differentiating the degradation phenomena in silicon-graphite electrodes for li-
thium-ion batteries, J. Electrochem. Soc. 164 (12) (2017) A2840-A2852, https://
doi.org/10.1149/2.1921712jes.

X. Li, A. Colclasure, D. Finegan, D. Ren, Y. Shi, X. Feng, L. Cao, Y. Yang, K. Smith,
Degradation mechanisms of high capacity 18650 cells containing si-graphite anode
and nickel-rich nmc cathode, Electrochim. Acta:10.1016/j.electacta.2018.11.194.
P. Keil, S.F. Schuster, J. Wilhelm, J. Travi, A. Hauser, R.C. Karl, A. Jossen, Calendar
aging of lithium-ion batteries, J. Electrochem. Soc. 163 (9) (2016) A1872-A1880,
https://doi.org/10.1149/2.0411609jes.

K. Kalaga, M.-T.F. Rodrigues, S.E. Trask, I.A. Shkrob, D.P. Abraham, Calendar-life
versus cycle-life aging of lithium-ion cells with silicon-graphite composite elec-
trodes, Electrochim. Acta 280 (2018) 221-228, https://doi.org/10.1016/j.
electacta.2018.05.101.

M. Lewerenz, S. Kébitz, M. Knips, J. Miinnix, J. Schmalstieg, A. Warnecke,

D.U. Sauer, New method evaluating currents keeping the voltage constant for fast
and highly resolved measurement of arrhenius relation and capacity fade, J. Power
Sources 353 (2017) 144-151, https://doi.org/10.1016/j.jpowsour.2017.03.136.
A.J. Smith, J.C. Burns, D. Xiong, J.R. Dahn, Interpreting high precision coulometry
results on li-ion cells, J. Electrochem. Soc. 158 (10) (2011) A1136-A1142, https://
doi.org/10.1149/1.3625232.

T. Joshi, K. Eom, G. Yushin, T.F. Fuller, Effects of dissolved transition metals on the
electrochemical performance and sei growth in lithium-ion batteries, J.
Electrochem. Soc. 161 (12) (2014) A1915-A1921, https://doi.org/10.1149/2.
0861412jes.

Y. Ozawa, R. Yazami, B. Fultz, Self-discharge study of licoo2 cathode materials, J.
Power Sources 119-121 (2003) 918-923, https://doi.org/10.1016/50378-
7753(03)00227-1.

X. Zeng, G.-L. Xu, Y. Li, X. Luo, F. Maglia, C. Bauer, S.F. Lux, O. Paschos, S.-J. Kim,
P. Lamp, J. Lu, K. Amine, Z. Chen, Kinetic study of parasitic reactions in lithium-ion
batteries: a case study on 1ini(0.6)mn(0.2)co(0.2)02, ACS Appl. Mater. Interfaces 8
(5) (2016) 3446-3451, https://doi.org/10.1021/acsami.5b11800.

J.P. Schmidt, A. Weber, E. Ivers-Tiffée, A novel and fast method of characterizing
the self-discharge behavior of lithium-ion cells using a pulse-measurement tech-
nique, J. Power Sources 274 (2015) 1231-1238, https://doi.org/10.1016/j.
jpowsour.2014.10.163.

T. Deutschen, S. Gasser, M. Schaller, J. Siehr, Modeling the self-discharge by voltage
decay of a nmc/graphite lithium-ion cell, Journal of Energy Storage 19 (2018)
113-119, https://doi.org/10.1016/j.est.2018.07.003.

[2]

[3

[4]

[5

[6]

[7

[8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]



1. Zilberman, et al.

[24]

[25]

[26]

[27]

[28]

[29]

(301

[31]

J. Sturm, A. Rheinfeld, I. Zilberman, F.B. Spingler, S. Kosch, F. Frie, A. Jossen,
Modeling and simulation of inhomogeneities in a 18650 nickel-rich, silicon-gra-
phite lithium-ion cell during fast charging, J. Power Sources 412 (2019) 204-223,
https://doi.org/10.1016/j.jpowsour.2018.11.043.

T. Ohzuku, I. Yasunobi, S. Keijiro, Formation of lithium-graphite intercalation
compunds in nonaqueous electrolytes and their application as a negative electrode
for a lithium ion (shuttlecock) cell, J. Electrochem. Soc. 140 (9) (1993) 2490-2498,
https://doi.org/10.1149/1.2220849jes.

P. Keil, A. Jossen, Calendar aging of nca lithium-ion batteries investigated by dif-
ferential voltage analysis and coulomb tracking, J. Electrochem. Soc. 164 (1) (2017)
A6066-A6074, https://doi.org/10.1149/2.0091701jes.

B. Gyenes, D.A. Stevens, V.L. Chevrier, J.R. Dahn, Understanding anomalous be-
havior in coulombic efficiency measurements on li-ion batteries, J. Electrochem.
Soc. 162 (3) (2014) A278-A283, https://doi.org/10.1149/2.0191503jes.

M. Lewerenz, J. Miinnix, J. Schmalstieg, S. Kébitz, M. Knips, D.U. Sauer, Systematic
aging of commercial lifepo 4 —graphite cylindrical cells including a theory ex-
plaining rise of capacity during aging, J. Power Sources 345 (2017) 254-263,
https://doi.org/10.1016/j.jpowsour.2017.01.133.

J. Wilhelm, S. Seidlmayer, P. Keil, J. Schuster, A. Kriele, R. Gilles, A. Jossen, Cycling
capacity recovery effect: a coulombic efficiency and post-mortem study, J. Power
Sources 365 (2017) 327-338, https://doi.org/10.1016/j.jpowsour.2017.08.090.
T. Ohzuku, I. Yasunobi, S. Keijiro, Two-dimensional modeling of lithium deposition
during cell charging, J. Electrochem. Soc. 156 (5) (2009) A390-A399, https://doi.
org/10.1149/1.309551 3jes.

F.M. Kindermann, A. Noel, S.V. Erhard, A. Jossen, Long-term equalization effects in
li-ion batteries due to local state of charge inhomogeneities and their impact on
impedance measurements, Electrochim. Acta 185 (2015) 107-116, https://doi.org/

226

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Journal of Power Sources 425 (2019) 217-226

10.1016/j.electacta.2015.10.108.

M. Lewerenz, G. Fuchs, L. Becker, D.U. Sauer, Irreversible calendar aging and
quantification of the reversible capacity loss caused by anode overhang, Journal of
Energy Storage 18 (2018) 149-159, https://doi.org/10.1016/j.est.2018.04.029.
C.R. Birkl, M.R. Roberts, E. McTurk, P.G. Bruce, D.A. Howey, Degradation diag-
nostics for lithium ion cells, J. Power Sources 341 (2017) 373-386, https://doi.org/
10.1016/j.jpowsour.2016.12.011.

K. Kleiner, P. Jakes, S. Scharner, V. Liebau, H. Ehrenberg, Changes of the balancing
between anode and cathode due to fatigue in commercial lithium-ion cells, J. Power
Sources 317 (2016) 25-34, https://doi.org/10.1016/j.jpowsour.2016.03.049.

T. Utsunomiya, O. Hatozaki, N. Yoshimoto, M. Egashira, M. Morita, Influence of
particle size on the self-discharge behavior of graphite electrodes in lithium-ion
batteries, J. Power Sources 196 (20) (2011) 8675-8682, https://doi.org/10.1016/j.
jpowsour.2011.06.070.

T. Utsunomiya, O. Hatozaki, N. Yoshimoto, M. Egashira, M. Morita, Self-discharge
behavior and its temperature dependence of carbon electrodes in lithium-ion bat-
teries, J. Power Sources 196 (20) (2011) 8598-8603, https://doi.org/10.1016/j.
jpowsour.2011.05.066.

X. Liao, Q. Huang, S. Mai, X. Wang, M. Xu, L. Xing, Y. Liao, W. Li, Understanding
self-discharge mechanism of layered nickel cobalt manganese oxide at high po-
tential, J. Power Sources 286 (2015) 551-556, https://doi.org/10.1016/j.jpowsour.
2015.04.032.

N.N. Sinha, A.J. Smith, J.C. Burns, G. Jain, K.W. Eberman, E. Scott, J.P. Gardner,
J.R. Dahn, The use of elevated temperature storage experiments to learn about
parasitic reactions in wound licoo2graphite cells, J. Electrochem. Soc. 158 (11)
(2011) A1194, https://doi.org/10.1149/2.007111jes.



2.2 Influence of cell-to-cell variations in self-discharge on the pack utilization

2.2 Influence of cell-to-cell variations in self-discharge on the pack

utilization

The measurement method presented in the previous section was applied to 24 selected lithium-ion
cells in order to determine the variation in reversible self-discharge between them. First, all cells
underwent initial characterization, which revealed rather low capacity and impedance variance. This
result was interpreted as a sign of a well-controlled manufacturing or at least matching process. In
order to identify possible further manufacturing tolerances, which were not observable by the standard
capacity and impedance measurements, a differential voltage analysis (DVA) was performed for each
cell. The deviations of distinctive material markers in the DVA results were statistically analyzed
with the aim of identifying possible correlations between stoichiometric properties of the anode and
cathode and measured capacity. However, no significant correlations were observed, which implied
that the cell quality of the investigated batch was most likely influenced by random deviations within

the manufacturing process, rather than systematic causes.

Evaluation of self-discharge rates revealed high variance, whereby the absolute value was in accor-
dance with the previous publication. No correlations between the self-discharge current and other
cell parameters such as capacity and impedance were found. The reason for such high variation of
self-discharge was most likely linked to the fact, that in contrast to capacity and impedance, a precise
measurement of self-discharge is too demanding within the context of a cell manufacturing line and

cells are categorized simply by their ability to pass the EOL test.

Based on the SOC and temperature dependent self-discharge values from the previous publication
a self-discharge model was proposed, which included a controlled current sink. The variation data
provided plausible maximum and minimum values for the self-discharge current. Using the model, a
simple simulation was performed. Since in a large battery pack there are almost up to 200 cell blocks
connected in series, it is likely that both maximum and minimum self-discharge values would appear
among the cells. It was assumed that there were no cells connected in parallel, which would drastically
reduce the influence of self-discharge variation. The simulation evaluated the voltage drift during one
year of storage starting at 90 % SOC, in which the simulated battery packs were exposed to different
temperature profiles. The simulation results revealed that even without any parallel connection, the
voltage drift caused by the different self-discharge rates was under 3mV. With a parallel connection,
a large reduction of the voltage drift could be expected and therefore it was implied that differing

self-discharge rates were unlikely to be the major reason for the voltage imbalance in battery packs.
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ARTICLE INFO ABSTRACT

Keywords: The origin of the voltage imbalance in lithium-ion battery packs is often linked to different self-discharge rates.
Lithium-ion However, there is no information regarding the variance of self-discharge currents nor possible implications for
S€1f-di_SCharge cells connected in series. In this study, initial cell parameter distributions were analyzed via differential voltage
Variation analysis (DVA) and variations of calendar aging and reversible self-discharge rates of 24 commercial 18650
g:};?’ifg“k nickel-rich/SiC cells were statistically evaluated. After initial characterization, all cells were stored for 10 month

at 70% state of charge (SOC) at 25 °C, whereby last two weeks of storage were used for reversible self-discharge
determination via voltage decay. The results obtained in this work reveal that initial capacity and impedance
variations do not depend on electrode balancing, nor storage capabilities of NMC, silicon or graphite.
Furthermore, the evaluation of calendar aging showed, that all cells exhibited constant but different aging rates.
However, whereas the relative variance of the impedance remained almost the same, the relative variance of the
capacity almost doubled during the storage. The average self-discharge current amounted to 4.2 pA (3.5 Ah cell)
with the relative variance of 10%. Model based assessment of different self-discharge currents revealed almost no

influence on the voltage imbalance in battery packs.

1. Introduction

Lately, lithium-ion technology has found a place in various appli-
cations, ranging from mobile phones to electric vehicles. Especially
electric mobility requires high power and high energy storage cap-
abilities, which are usually provided by large battery packs, consisting
of up to thousands of single lithium-ion cells. In order to reduce load
currents and consequently ohmic losses within battery packs and
charging infrastructure, system voltage is usually increased by con-
necting cells in series. State-of-the-art battery packs exhibit system
voltages of up to 800 V with almost 200 cell blocks in serial connection
[1], whereby the number of cells in parallel is determined by the ca-
pacity of the selected cell and power/energy demand of the battery
pack. As a consequence, large number of cells increases the chance of
having a negative production outlier in the battery pack, which might
deteriorate the operation of the whole energy storage system.

Automated cell manufacturing combines a variety of different pro-
duction processes from chemical, machine and electrical engineering
domains. All processes, including electrode production, cell assembly
and cell finishing exhibit tolerances, which result in inevitable cell
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E-mail address: ilya.zilberman@tum.de (I. Zilberman).
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parameter variations [2]. Studies on initial variance of capacity and
impedance in commercial cells were already published [3,4]. Over the
last decade, a positive trend regarding the parameter variance in
commercially available lithium-ion cells could be observed. For in-
stance, the relative capacity variance decreased from around 1% [5,6]
to 0.8% [3] and finally to 0.16% [7]. However, similar improvement
could also be yielded by targeted selection of cells and not necessarily
by improved cell production techniques. Although there is no experi-
mentally verified information about possible origins of cell parameter
variations, several simulative studies addressing this issue were carried
out. Using a single particle model, Kenney et al. showed, that electrode
thickness and porosity have the most influence on the capacity varia-
tion [8]. Santhanagopalan et al. proposed a model based method for
identification of tolerances in cell production steps using electro-
chemical impedance spectroscopy (EIS) [9]. However, further im-
portant production steps as formation were not taken into account.
Reversible self-discharge current is defined as the current, which
evokes a decay of the terminal voltage without any capacity loss [10]
and is most likely linked to coupled side reactions between the anode
and the cathode [11,12]. In contrast to impedance and capacity values,
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there is no information about variation of reversible self-discharge rates
and irreversible capacity loss during calendar aging. Especially the
former is often made responsible for the voltage drift within in series
connection of cells, which might limit the available capacity of the
battery pack [13]. Although, Hausmann et al. presented leakage re-
sistances of 123 automotive cells at 50% SOC using voltage decay,
evaluation of voltage slopes took place during first 100 h after cycling
[141, which turned out being too short [12]. Similar approach was used
for determination of reversible self-discharge of single cells at different
SOCs and temperatures [15,16]. Therefore, the main goal of this work is
to experimentally determine the variation of true self-discharge cur-
rents and to derive possible implications for battery packs. For that
purpose, self-discharge currents of pristine 24 cells in 18650 format
with NMC (nickel-rich) cathodes and silicon-graphite anodes were
determined via voltage based measurement, presented in [12]. It was
shown that too early evaluation of voltage decay led to divergent results
due to equalization processes between the active area of the anode and
the anode overhang. However, after the equalization processes were
finished, voltage slope dU/dt remained constant and represented the
reversible losses, as shown by the comparison between the capacity and
voltage based measurement methods in our previous work [12]. Com-
bined with the derivative of the open circuit voltage (OCV) dQ/dU,
which was determined by a small discharge pulse (0.033C), the self-
discharge current was calculated as follows:

do dU dQ
. = = = I
du dr  dt 2k

@

where )] I is the sum of all side reaction currents which have an in-
fluence on half-cell potentials of both electrodes. By taking the capacity
based measurement as the reference, voltage based measurement
method achieved an accuracy of =+ 15%.

Above mentioned anode overhang is the result of an oversized ne-
gative electrode, which is a common manufacturing practice for li-
thium-ion cells. It ensures that even due to possible small misalignment
during stacking or cell winding, there is an anode counterpart across
the whole cathode surface. Additionally, 1mm overhang along the
electrode is sufficient to prevent lithium plating on the edge of the
anode [17]. Since the overhang area is soaked with electrolyte, it is able
to participate in equalization processes and store lithium, despite the
absence of the cathode counterpart. However, such processes are very
slow, since they are dominated by interparticle transport and are driven
by potential differences of the flat OCV of graphite [18]. In general,
equalization processes between active anode area and anode overhang
can cause a change in coulombic efficiency [19,20] and disturb ca-
lendar aging experiments [21].

Origins of initial cell parameter variations were analyzed via DVA,
which is often used to describe changes in storage capabilities and in
balancing of positive and negative electrode [11]. In order to determine
variation of calendar aging the same 24 cells were stored for 10 month
at 25 °C, after which cell capacities and impedances before and after the
storage were compared.

It was assumed that all cell parameters in this work were normally
distributed and therefore could be described by the mean value u and
standard deviation o. The mean value is given by

1 n
M= zxi
nia )

where x; is a data point and n is the amount of data points in one data
set. The standard deviation is calculated by

_ 1 n 2
U_\/n—l 2 i 3)
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The standard deviation describes how far away are single data points
from the mean value. The range between =+ 3o around the mean value
contains 99.6% of a normal distribution. The linear dependency be-
tween two data sets was analyzed using Pearson product-moment cor-
relation coefficient (PPMCC). PPMCC is a measure of the strength of a
linear association of a sampled paired data and is given by [22]

Zin=1 (x; — ,UX)(Yi - #y)
\/‘/ZLI (x; — ,UX)Z E?:l (Vi - My)z (&)

Pearsony, =

Depending on whether there is a positive or negative correlation be-
tween two data sets, Pearson value can become 1 or —1 respectively.
For the purpose of better evaluation, a finer graduation is proposed:

|Pearsonyy,| < 0.3: Missing correlation

0.3 < |Pearsonyy,| < 0.5: Weak correlation
0.5 < |Pearsonyy| < 0.8: Moderate correlation
0.8 < |Pearsonyy| < 1: Strong correlation

1 = |Pearson,y|: Perfect correlation

This paper is organized as follows. First, investigated cells, experi-
mental setup and all test sequences are described. After that, possible
origins of initial variation of capacity and impedance are discussed
using DVA. Subsequently, statistical evaluation of calendar aging is
presented. Finally, variation of self-discharge rates is derived and its
implication on the voltage drift within battery packs is demonstrated.

2. Experimental

The object of this study was a commercial 18650 high energy li-
thium-ion cell INR18650-MJ1 from LGChem with nominal capacity of
3.5Ah and specific energy of 259.6 Whkg~!. Sturm et al. performed
analysis of active materials [23]. The amount of silicon in graphite was
measured via inductively coupled plasma-optical emission spectroscopy
(ICP-OES) and amounted to ~ 3.5wt % [23]. The ratio of nickel,
manganese and cobalt in the active material of the cathode, determined
via ICP-OES, amounted to 82%-6.3%-11.7% respectively, indicating
the dominance of nickel in the cathode. For this experiment 48 pristine
cells were purchased from the same production batch. All test routines
in this work were performed with the Cell Testing System (CTS) from
Basytec. During the storage and also during initial test routines all cells
were placed in a Binder KT170 climate chamber.

The overall testing procedure is summarized in Table 1. First, all
cells were weighed with the precision weighing scale Sartorius TE313S.
After that cells underwent a checkup routine, which contained de-
termination of the residual capacity, followed by two constant-current
constant-voltage (CCCV) charge and discharge cycles. Subsequently,
Rpcios, Which is a DC resistance, calculated after 10 s of 1C discharge at
50% state of charge (SOC) was determined. Exact test parameters and
termination values of the checkup routine are summarized in Table 2.

Table 1
Overall test procedure.
Sequence Description
1. Weight Measurement of cell weights
2. Checkup 1 Checkup according to Table 2
3. 5 Cycles Activation cycles. Charge CC (I= 0.5C), discharge CC (I= 0.2C)
4. Checkup 2 Checkup according to Table 2
5. OCV OCV measurement
6. Storage Storage at 70% SOC at 25 °C for 10 month
7. Checkup 3 Checkup according to Table 2
8. Checkup 5 Checkup according to Table 2
9. Checkup 4 Checkup according to Table 2
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Table 2

Checkup sequence consists of determination of residual charge (steps 1-2), two
redundant, consecutive cycles for cell capacity determination (steps 3-6), and
determination of internal impedance Rpcos (steps 7-9).

Step Parameters Termination
1. Discharge CCCV I=-0.2C, U= 25V I> —50 mA
2. Pause t> 30 min
3. Charge CCCV 1= 0.5C, U= 4.2V I< 50 mA
4. Pause t > 30 min
5. Discharge CCCV I=-0.2C,U=25V I> —50 mA
6. Pause & Repeat 3-5 t > 30 min
7. Charge CC I=0.5C SOC > 50%
8. Pause t> 10 min
9. Discharge CC I= -1C t> 10s

After the first checkup, all 48 cells underwent five activation cycles,
after which a second checkup was performed. Subsequently, OCV
curves for the DVA were obtained. Activation cycles were applied in
order to ensure, that the process of the solid electrolyte interface (SEI)
formation was completely finished. In the course of activation cycles all
cells lost ca. 0.7% of the initial capacity. The OCV curve was de-
termined using constant current (CC) with 0.033C and constant voltage
(CV) with current termination at 0.001C for charge and discharge di-
rection. After initial OCV measurement, each cell was fully charged
(CCCV) to 4.2V with current termination at 0.001C and discharged
after a pause (6 h) to 70% SOC according to the actual capacity of each
cell. Due to limited resources 24 cells were selected out of the initial
batch of 48 cell without interfering with parameter distribution and
were subsequently stored for 10 month at 25 °C. Last two weeks of the
storage were used to measure the voltage decay and to apply a dis-
charge pulse for isolated dQ/dU determination. A 0.033C discharge
pulse was applied for 30 s, which resulted in 2.7E — 4% change of SOC.
The voltage decay was measured with a custom-built measurement unit
on the basis of ADS1278 from Texas Instruments, a 24 Bit analog digital
converter (ADC) with 8 differential input channels. All channels un-
derwent gain and offset calibration with a high precision voltage source
LTC6655 from Linear Technology. The noise level for each channel was
below 15 puV for a 10 Hz sampling rate. Due to the high input impedance
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of 20 GQ it was insured that leakage current of the circuit was negli-
gible and that there was no interference with the voltage measurement
by slowly discharging the cell. After the storage, checkup 3 was carried
out in order to assess the capacity fade and impedance gain. Two fur-
ther subsequent checkups 4 and 5 were used in order to quantify the
influence of possibly varying anode overhang areas on the calendar
aging results. Capacity based self-discharge determination method led
to inaccurate results at 70% SOC due to equalization processes between
active and inactive area of the anode, as it was already shown in [12].
Therefore, in this work, only results from the voltage based measure-
ments were taken into account.

3. Results and discussion
3.1. Initial cell parameter variation

In the following, the evaluation of the initial checkup routine of 48
pristine LG MJ1 cells is presented. Histograms of capacities and Rpcios
values, which were determined after the five initial cycles, are shown in
Fig. 1a and b respectively. Cell weight distribution, which was ascer-
tained after the delivery is shown in Fig. 1c. Although capacity and
impedance values do not show apparent characteristics of a normal
distribution, fitting parameters y and o are still calculated for the sake
of comparability. It is justified by a small amount of samples and al-
ready observed normal cell parameter distribution in the past [4,6].
Relative variance of capacity amounts to 0.2%, whereas Rpcios values
exhibit 0.68%. Such low relative variances are not uncommon and are
in accordance with literature [7].

Fig. 1d shows a scatter plot with a least-square line for 48 measured
capacity and Rpcios values. The Pearson coefficient amounts to —0.67
and describes that with increasing cell capacity, the impedance de-
creases. Such behavior might be explained by the fact, that Rpc;os value
is determined by 1C discharge pulse at 50% SOC, whereby C is referred
to the nominal capacity according to the data sheet (3.5 Ah) and not to
the actual capacity of each cell. Assuming that cell capacity variation is
linked to the accessibility of the active material, same discharge pulse
creates higher current density in a cell with less active material and
thus a cell with smaller capacity seems to exhibit a higher impedance.
Fig. 1a and b additionally show distributions of 24 cells, which were
chosen for the storage experiment.
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Fig. 1. Evaluation of initial check-up routines. (a) Histogram of capacity, (b) histogram of cell impedance Rpcios, (¢) histogram of cell weights, (d) scatter plot

between Rpcios and cell capacity, (e) scatter plot cell weights and capacities.
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A moderate correlation between cell weights and capacities was
observed and is shown in Fig. 1e. Usually, the cell weight can be linked
to geometrical properties of the jelly roll, which is influenced by actual
electrode dimensions, including electrode thickness. However, varia-
tion in the quantity of electrolyte filling can not be completely ruled
out. Either way, increased amount of active materials or simply elec-
trode length would positively influence the cell capacity.

Additionally, the origin of cell parameter variation was investigated
via DVA. DVA is a technique for electrical characterization of lithium-
ion cells, which is based on the differential voltage of a slow charge or
discharge [24]. For the purpose of DVA, 0.033C discharge curves were
used in this work. Each differential voltage exhibits certain local
minima and maxima, which can be attributed to distinctive material
markers. For instance, the peak at 2.17 Ah, which is shown in differ-
ential voltage of the LG MJ1 cell in Fig. 2a, indicates the phase tran-
sition between LiC,, and LiC¢ and is therefore attributed to the anode
[25]. Further phase changes of graphite are visible in the form of DVA
peaks at ca. 0.8 Ah. Changes in distances between those peaks are
usually attributed to changes in storage capabilities of the anode [26].
Therefore the distance between the first graphite peak at ca. 0.8 Ah and
the main peak at 2.17 Ah Qc is used to describe the storage capability of
the graphite. Furthermore, it has been shown, that both peaks at ca.
0.3 Ah and 0.6 Ah are due to the smooth increase of the silicon-graphite
electrode’s potential towards delithiation and are attributed to the
presence of silicon [12]. Therefore, the distance between those peaks
Qs; is used to describe the storage capability of silicon. The distance
between the local maxima and minima at 2.8 Ah and 3.2 Ah Qumc is
attributed to the storage capability of the cathode material NMC [12],
however due to flat differential voltage, the determination of exact
extreme points was aggravated. The distance between the main gra-
phite peak and the cathode peak Qcnmc describes the balancing of
negative and positive electrode. Finally, the distance between the main
graphite peak and silicon peak Qcs; defines a relation between the
amount of silicon and graphite in the anode. Scatter plots on the right
side of the Fig. 2 outline the correlation between distinctive DVA
markers and capacity variation. The left side of Fig. 2 depicts histo-
grams of DVA markers. Storage capability of silicon, as well as the
storage capability of graphite show weak correlation and therefore are
most likely not responsible for capacity variation, which is shown in
Fig. 2c and e respectively. Storage capability of NMC also does not
reveal a distinctive dependency either, as shown in Fig. 2g. The bal-
ancing between both electrode showed also weak correlation and
therefore can be excluded from possible causes of cell capacity var-
iance. Only DVA marker Qc.s; showed a moderate correlation with the
capacity with the Pearson coefficient amounting to 0.61. However, due
to non-dominant Pearson coefficient, it is more likely that the capacity
variation does not depend on any material parameter or on any certain
manufacturing process during electrode production, cell assembly or
cell finishing. Similar analysis was also carried out for variation of
Rpcios Values, however, no correlation was found.

Regardless of low initial capacity and impedance relative variances,
both parameters showed moderate correlation. The analysis of material
relevant DVA markers and capacity variation of 48 cells did not reveal
any strong correlation. Therefore, it is likely that all production pro-
cesses exhibit good quality management and very low manufacturing
tolerances.

3.2. Variation of calendar aging

Capacity fades and impedance gains of 24 cells after 10 month of
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storage at 70% SOC at 25 °C were analyzed and are presented in the
following. Capacity and impedance progressions, which were de-
termined via checkup measurements before and after the storage are
shown in Fig. 3a and b respectively. All cells exhibited a slight capacity
recovery effect between cycle 5 and 10. Capacity recovery effect has
been already reported for LFP/graphite, as well as NMC/graphite self-
made and commercial cells [19,27] and was linked to the presence of
anode overhang areas. In case of a long storage at high SOC, equal-
ization of active and inactive areas would result in high lithium con-
centration of the anode overhang. During cycling with depth of dis-
charge (DOD) 100%, the average SOC of active area would amount to
ca. 50%. Due to anode potential difference between 50% and 70% SOC,
the active area could slowly draw the extra lithium, stored in the in-
active area, resulting in observed capacity recovery effect.

All capacity and impedance values were fitted by a normal dis-
tribution. On average, each cell lost 5.7% of its initial capacity and
gained 4.6% in impedance. The relative capacity variance oc/jc almost
doubled from 0.2% to 0.38%, whereas the relative impedance variance
ORgpc10s/ Mrpc10s Temained almost the same exhibiting 0.68% before and
0.75% after the experiment. Exact numbers are summarized in Table 3.
Strong correlation was observed between initial and aged capacities, as
well initial and aged impedances, as it can be seen by the unchanged
color order shown in Fig. 3a and b. Any influence of different anode
overhang areas was ruled out, since the color order in Fig. 3a and 3b
remained constant even after the cycling, which is an indicator that all
cells exhibited the same capacity recovery. The results reveal that cells
with initially higher capacity exhibited also higher capacity after the
storage, which also applied for the impedance gain. Results presented
by Baumbhoefer et al., where 48 cells were cycled with the same load
profile at the same temperature, showed on the other hand no corre-
lation before and after the experiment [28]. Such behavior might be
caused by different but almost constant calendar aging rates. In case
that after the manufacturing process, all cells from one production
batch exhibit almost the same capacity, the cell with the lowest aging
rate will always exhibit the highest capacity. On the other hand a cell
with the highest aging rate will always exhibit the lowest capacity
within this batch. Consequently, relative variance of capacity and im-
pedance would constantly increase. Reversible capacity loss due to
calendar aging usually exhibits a decelerating behavior [29,30], how-
ever, for further considerations it is assumed that calendar aging rates
remain constant, since it depicts the worst case.

Fig. 4 shows such theoretical worst case progression of the increase
of capacity and impedance variance. Based on the printed code on the
cells, the production date could be identified, which depicts the starting
point on the x-coordinate. At the time of delivery @ cells were 8 month
old and were stored after initial checkup for three month @-® at 50%
SOC at approximately 7 °C. Since Keil et al. have shown that storage at
SOC below main graphite peak and at lower temperature does not
evoke severe aging [31], it was assumed that during three month no
change in relative variance of cell parameters occurred. Subsequently,
all cells were stored at 25 °C for 10 month ®-® and were finally ana-
lyzed via checkup measurements. By linearly interpolating the increase
rate of the relative variance, the initial relative variance of capacity and
impedance amounted to 0.056% and 0.624% respectively. It stands to
reason that cell matching process for this batch prioritized cells with the
same capacity, rather than with the same impedance. By extrapolating
the increase of the relative cell parameter variance for further 7 years
®, cells would exhibit an estimated relative capacity variance of 1.73%
and relative impedance variance of 1.275%. However, such extrapola-
tion is only valid for storage at 25 °C and not decelerating aging.
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Fig. 3. (a) and (b) Capacity and Rpcios before and after the storage.

Table 3
Mean and variance values of pristine and aged cell parameter distributions.
Parameter  flnew Onew/Hnew  Haged Oaged/Haged  Maged/Hnew  aged/ Haged
new / Knew
C/ Ah 352 0.2% 332 0.38% 0.943 1.9
Rpcios / Q@ 0.044  0.68% 0.046  0.75% 1.046 1.1
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Fig. 4. Theoretical reconstruction of the increase of relative capacity variance
(a) and relative resistance variance (b) over 8 years.
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After cycling under the same conditions till the end of life in [28],
relative capacity variance amounted to 1.7%, starting at 0.25%,
without any correlation between the initial and final state. Since the
relative variance of cycle and calendar aging of the INR18650-MJ1 cell
are in the same order of magnitude, it can be concluded, that overall
capacity fade and impedance increase during the operation of battery
pack would exhibit a weak to no correlation at all between initial and
final cell parameters, given that there would be no extrinsic cell var-
iation sources.

3.3. Variation of reversible self-discharge

In the following section results on variation of self-discharge cur-
rents and its implication for the battery pack operation are presented.
Derivatives of voltages were evaluated after 9.5 month in order to en-
sure that all voltage equalization processes were decayed. After that,
discharge pulses were applied in order to determine isolated dQ/dU
coefficients. The distribution of calculated self-discharge currents and
associated Gaussian normal fit are shown in Fig. 5a. Compared to ca-
pacity distributions, the relative variance of self-discharge currents
exceeds it by the factor of 50 and amounts to 10.51%. Usually, after the
manufacturing process, the voltage decay of a lithium-ion cell is mea-
sured during several weeks, as a part of the End-of-Line (EOL) test [32].
During that process cells with soft short circuits are detected, which is a
crucial step in order to insure safe future operation of the lithium-ion
cells. It is most likely that the applied EOL test was based on a threshold
value for the voltage decay, which has led to a pass or fail without any
further categorization of self-discharge behavior. However, high self-
discharge variance could be also linked to the missing resolution and
accuracy of the voltage based self-discharge determination, owing to
the fact, that absolute values of self-discharge currents were below
7 pA. Nevertheless, evaluated self-discharge losses with capacity based
measurement showed similar variance, but divergent absolute values
due to influence of the anode overhang.

Fig. 5 b and c show a scatter plot with according Pearson correlation
coefficients between self-discharge current, capacity and impedance.
Absolute values of Pearson coefficients are lower than 0.3, which im-
plies no dependency between self-discharge currents and other cell
parameters. Capacity and impedance are probably more linked to var-
iation in geometrical properties of the cell, since the capacity, usually
has a correlation with the weight of the cell, as shown in Fig. le.
Whereas self-discharge current, as already shown in our previous work,
is more linked to electrochemical processes within the cell [12].

Previously, self-discharge currents for 13 SOCs between 10% and
90% at 25°C, 40°C and 55°C were determined via voltage based
measurement method for the MJ1 cell [12]. Hereby, a simple mathe-
matical model for self-discharge current is proposed. The model is
based on the exponential function with an offset and depends on the
SOC and temperature T:

Table 4
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Overview of fitting parameters.

Parameter Function

a(T) 2. 75371417536

b(T) — 4. 275719.¢0.1301T 4 6 015
(D) 1. 033-39.713.59

Model parameters are summarized in Table 4. As shown in Fig. 6a the
fitted model is in good accordance with measurements results except
for the SOC range between 20% and 50%. Such mismatch might be
brought by the fact that the calculated self-discharge contains all side
reaction currents with an influence on the half-cell potentials. The filled
transparent area determines the maximum and minimum possible self-
discharge currents based on the relative variance from Fig. 5a.

3.4. Implications of different self-discharge rates on the voltage drift

In order to investigate possible implications of different self-dis-
charge rates on the voltage drift within the battery pack, above pro-
posed mathematical description can be integrated in a cell model using
a controllable current source, which depends on the SOC and tem-
perature. Such simple equivalent circuit based cell model is shown in
Fig. 6b. It consists of already described controllable current source
L4(SOC, T) and a controllable voltage source Upcy(SOC) for the cell’s
OCV, which depends on the SOC. In general, the terminal voltage of a
lithium-ion cell also depends on the temperature [33]. The exact rela-
tion between the OCV and the temperature is defined by the entropy.
Although it has been shown, that entropy exhibits a non-linear, hys-
teresis-like behavior [34], it can be neglected, since differences in
terminal voltage before and after the same absolute temperature change
amount only to several 100 uV. Implemented Ah counter adjusts the
SOC, based on the nominal capacity of the cell. Dynamic behavior of
the cell can be reproduced using polarization RC networks, represented
by Z,, which have shown good and robust results in the past [35].
However, since self-discharge processes are rather slow, polarization
networks are not further considered.

In order to increase power capability of the pack, cells are usually
connected in parallel. Resulting self-discharge currents of entire cell
blocks depend on the amount of cells in parallel and the distribution of
cell self-discharge currents. According to the proposed model, parallel
connection of cells leads to a parallel connection of different current
sources, since the voltage in a parallel connection is always the same
and therefore can be represented by a single voltage source. Applying
the first law of Kirchhoff the entire self-discharge current of a cell-block
is the sum of self-discharge currents of cells in parallel. Assuming that
self-discharge rates are normally distributed and are independent
random variables, self-discharge rates of cell-blocks consisting of p cells

L4(SOC, T) = a(T)-e*(MS0C 4 ¢(T) (5) in parallel amount to [22]:
8 6 6
po=4.2477 pA - _ Pearson =-0.26 Pearson =-0.11
g lo/u=010513
5 X X 5 X
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Fig. 5. (a) Histogram of calculated self-discharge currents with corresponding Gaussian fit, scatter plot between self-discharge currents and cell capacities (b) and
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Even a small amount of parallel cells can reduce the relative var-
iance of self-discharge currents within a battery pack. Already four cells
in parallel reduce the relative variance by a half. However, for further
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analysis, the worst case was assumed and therefore no cells in parallel
were considered. In order to investigate a possible maximum voltage
drift in an automotive battery pack within one year, two cells with the
highest and the lowest self-discharge rate were taken into account. For
the sake of simplicity it was assumed, that during one year both cells
were exposed to the ambient temperature. Furthermore, effects of di-
rect sunlight and temperature increase during operation were ne-
glected. Such simplification seems to be valid, since the average travel
distance in Germany amounts to 38 km per day and usually takes only
about one hour [36].

Fig. 7a—c show three different temperature profiles recorded
throughout the year 2018 in Munich (GER), Los Angeles (USA) and in
Singapore. All temperature profiles were extracted from CDO database
of National Oceanic and Atmospheric Administration. The geographic
locations were chosen in order to mimic three different climate zones.
At the beginning of each simulation, cells exhibited the same capacity
and were at 90% SOC. Fig. 7e-g show associated voltage decays of two
cells with the lowest and the highest self-discharge rate. In case of
Munich based temperature profile, the voltage difference after one year
amounted to 1.2mV. In Los Angeles, the voltage difference amounted
to 1.8mV and in Singapore to 2.9 mV. 2.9mV in voltage difference at
90% SOC for LG MJ1 cell results in a charge difference of 5.25mAh,
which is 0.15% of the nominal capacity. Therefore such small voltage
imbalance would not cause any severe capacity limitations within the
battery pack. Furthermore, balancing circuits are usually activated after
the maximum voltage difference exceeding a threshold of 5mV [7].

Despite the high relative variance of self-discharge rates compared
to the relative variance of capacity and impedance it is highly unlikely,
that self-discharge is the main origin for the voltage imbalance in MJ1
battery packs. Therefore, it stands to reason, that inhomogeneous aging,
for example due to temperature gradients within the pack, could evoke
such voltage imbalance. Variation in loss of lithium inventory or in loss
of active materials at both electrodes would cause a change in terminal
voltage and OCV curve, leading to different voltage drifts within in
series connection.
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~
g
S 20 20
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Fig. 7. Ambient temperature during the year 2018 in Munich (GER) (a), Los Angeles (USA) (b) and in Singapore (SG) (c). Voltage decay of a cell with the highest and
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4. Summary and conclusion

In this work, variation of reversible self-discharge and calendar
aging of 24 commercial 18650 lithium-ion cells with nickel-rich cath-
odes and silicon-graphite anodes were investigated. Before the storage
all cells underwent an initial checkup routine and origins of initial cell
parameter variations were analyzed via differential voltage. After that,
all cells were stored for 10 month at 70% SOC at 25 °C. During the last
two weeks of storage, the self-discharge currents were determined via
decay of terminal voltage. Main findings are summarized in the fol-
lowing.

1 Relative variance of initial capacity and impedance distributions
amounted to 0.2% and 0.68% respectively. Besides a moderate
correlation between the capacity and silicon to graphite ratio in the
anode, no further dependencies on material markers in differential
voltage were found.

2 Statistical evaluation of calendar aging revealed, that examined cells
exhibited constant aging rates. Relative capacity variance doubled
during the storage, whereas the relative variance of the impedance
remained almost the same. Further analysis revealed that after the
manufacturing process all cells were most likely matched by capa-
city.

3 Relative variance of self-discharge currents amounted to 10%.
Furthermore, no correlations between self-discharge and remaining
cell parameters were observed. Using a proposed self-discharge
model, it was shown, that the maximum voltage difference within
the battery pack remained under the typical cell balancing activa-
tion threshold.

Due to very low voltage difference, it is most likely that different
self-discharge rates are not the main reason for the voltage drift within
battery packs and consequently the need for cell balancing. Already a
low number of cells in parallel would decrease the possible voltage drift
even further, which would also apply for battery packs with large
format cells. However, the exact behavior of large format cells has to be
evaluated with additional experimental data. Future work will address
the remaining reasons for voltage imbalance, such as different aging
rates and will discuss the purpose of cell balancing.
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Figure 3.1: Outline of chapter 3.

The previous results outlined in this work revealed that different self-discharge rates are unlikely to
be responsible for the voltage imbalance in battery packs. Further influencing factors, as shown in
Fig. 3.1, are stoichiometric changes due to different aging rates. This chapter presents two articles,
which discuss accurate methods for determining entropic coefficients and some possible implications

of different aging rates on pack utilization.

The presented measurement method is then applied to determine the entropy profiles of the cathode
and the anode. Furthermore, the entropy half-cell profiles are validated in the full-cell configuration
via calorimetric measurements and the implications of changing entropy profiles on voltage imbalance

are assessed.

Non-uniformity of aging is a well-known phenomenon and is influenced by both intrinsic and extrinsic
factors. Intrinsic factors are closely linked to manufacturing tolerances and to the difficulty of deter-
mining the future aging behavior of all cells within the manufacturing process. It implies that even
under the same operational conditions, cells age slightly differently. In addition, it is almost impossible
to provide the same operational conditions for an entire battery pack due to design limitations, such
as maximum cooling power, geometric requirements and electrical contacts. Taken together, these
factors suggest that within large battery packs, the aging rates of single cells are expected to vary.
Up to this point, the influence of different aging rates on the utilization of battery packs has not yet
been completely explained. Therefore, the second article presents a holistic battery pack simulation

approach which includes intrinsic cell-to-cell variations and battery system operation parameters, such
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3 Influence of different aging rates on the voltage imbalance

as temperature gradients and balancing systems. This approach is used for statistical evaluation of

how degradation mechanisms, as well as cell and system quality might influence the pack utilization.

3.1 Measurement of the entropic coefficients

In order to investigate the influence of changing entropy profiles on voltage drift, a measurement
method was designed to provide a robust and simple entropy determination. As described in the
introduction, there are generally two different methods for determination of the entropic coefficients.
First, the measurement of the terminal voltage in response to a temperature change and second,
the calorimetric measurement of the heat exchanged during a charge and discharge cycle. For the
determination of the entropic coefficients of both anode and cathode, coin cells were used from [104].
Since the heat generation of a coin cell is rather small, a calorimetric determination of the entropic
coefficients required high precision laboratory equipment. Therefore, the voltage-based method was
the preferred choice. Previous experiments have shown that a standard temperature step did not evoke
a linear behavior in the voltage response, as depicted in Fig. 3.2. In particular, the change from 50 °C

to 25 °C did not result in the same absolute voltage response as the change from 25 °C to 50 °C.
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Figure 3.2: Voltage progression of a Moli THR18650A (NMC111/Graphite, 1.95 Ah) cell at 50 % SOC
exposed to a temperature profile, which is controlled by the climate chamber Binder KT115.

The investigation of this behavior, which is reported in the following article, revealed a non-linear,
hysteresis like behavior of the entropy for different SOCs, cell formats and chemistries. The duration
of the resting time after the temperature change, as well as the amplitude of the temperature excitation
both influenced measurement uncertainties. Possible explanation of such behavior was linked to the
hysteresis in the mechanical expansion of the cells. In order to minimize measurement uncertainties,
a new optimized temperature profile was proposed and validated. The resting time was limited to the
thermal relaxation of the lithium-ion cells in order to assure a homogeneous temperature distribution
within the cell and the temperature excitation was limited as much as possible, whilst allowing for an

acceptable signal to noise ratio (SNR).
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Alexander Rheinfeld supported the creation of the manuscript. Andreas Jossen supervised this work,
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ARTICLE INFO ABSTRACT

Keywords: The determination of reversible heat is often carried out by means of a potentiometric measurement of entropy
Lithium-ion related effects. In this work, the potentiometric method is more closely investigated regarding the often assumed
Entropy linear relationship between the open circuit potential (OCP) and temperature and possible associated mea-

Reversible heat
Open circuit voltage
Hysteresis

surement inaccuracies. Four different, completely equalized lithium-ion cells comprising different chemistries
and cell formats are object of this study. Two different temperature profiles with varying frequency and am-
plitude components were applied and according entropic coefficients were calculated based on the preceding
data. The results obtained in this work clearly reveal a non-linear behavior of the voltage to temperature re-
lationship regardless of the cell format, state of charge (SOC), cell chemistry or sign of the derived entropic
coefficient. This non-linearity manifests in a certain hysteresis of the OCP depending on the temperature history
of the cells. The results suggest to minimize the temperature pulse duration whilst still allowing for a thermal
equalization of the cell. Additionally, the authors suggest to minimize the amplitude of the temperature pulse as
much as possible, whilst still allowing for an acceptable signal to noise ratio (SNR) for the measured voltage
response.

1. Introduction Whilst currently used materials are reaching their maximum theoretical

potential in terms of energy density, further improvements can be

The rising trend of decentralized energy production as well as
growing market for electric vehicles (EV) has created a demand for
economically reasonable, persistent and reliable energy storage sys-
tems. Lithium-ion technology has recently become a key player in the
energy storage domain by improving its cycle life and safety properties.
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achieved on the system level. Thermal management can guarantee
both, a high efficiency and a long lifetime of a battery pack. However,
proper dimensioning and design of such thermal management systems
requires precise thermal characterization of the battery cells.

The major heat losses in a lithium-ion cell can be divided into
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reversible and irreversible part [1]. Irreversible losses are usually at-
tributed to charge transfer, finite conductivity of the electrolyte, the
current collector foil, active materials and cell connectors [2]. The re-
versible heat losses on the other hand are connected to structural
properties of the active materials, which might change during the li-
thiation and delithiation due to different arrangement of lithium-ions in
the host lattice [2].

Thermodynamics of an electrochemical system can be described by
Gibbs free energy AG, reaction enthalpy AH and reaction entropy AS.
At constant pressure and physical composition, the maximum available
electrical energy, the Gibbs free energy AG is given by

AG = —nFUj(x) (D)

whereas n is the number of electrons participating in the reaction, F is
the Faraday constant, Uy (x) is the equilibrium voltage and x is the SOC.
The overall energy of the reaction, the Gibbs free energy AG can be
expressed by

(2

whereas T is the absolute temperature. The reaction entropy AS, which
describes the reversible heat effect is then given by

4t ()
dT

AG = AH — TAS

AS=n 3)
where the entropic coefficient for a constant pressure and a certain SOC
is proportional to a change of the OCP for a change in temperature. This
relationship holds, if AS and AH do not depend on temperature.

Considering equations (1)—(3) there are two major techniques for
the determination of the entropic coefficients. The calorimetric method
utilizes reversible heat effects, by separating the reversible and irre-
versible heat losses for a subsequent charge and discharge of the cell,
which is only applicable in case other effects contributing to the energy
balance are negligible [3]. The potentiometric method, however, uti-
lizes the relationship from equation (3). A temperature pulse is applied
under open circuit conditions and the terminal voltage is measured.
Schmidt et al. have shown that both methods deliver results in good
accordance to each other [4].

Due to its simplicity, the potentiometric method has been used re-
peatedly in the battery research. The entropy profiles of different
cathode and anode materials have been analyzed in order to investigate
theoretically feasible entropy profiles of full cells [5]. Hudak et al. and
Osswald et al. have shown that there are trackable entropy changes
during the cyclic aging [6] [7]. Forgez et al. have used the potentio-
metric method to implement a detailed thermal model of a lithium-ion
cell [8].

In most cases, a temperature dependent change of the OCP is as-
sumed to be linear, regardless of the positive or negative temperature
change and regardless of the initial temperature [9]. However, a non-
linear behavior of the entropy has been already observed. Schmidt et al.
have shown an entropy hysteresis depending on the direction of the
current [4]. Bazinksi et al. observed different entropy coefficients for
the same temperature change at the same SOC at different initial
temperatures [10].

This work deals with the effect of the temperature path dependent
entropy hysteresis, which to the knowledge of the authors has not been
reported yet. This paper is organized as follows. After a brief descrip-
tion of the experimental setup, different temperature excitations are
specified and their influence on the non-linear behavior of the reaction
entropy is discussed. Finally, an optimal temperature excitation is
proposed for potentiometric entropy determination method.

2. Experimental

One 2032 coin type lithium-ion cell and three different 18650 type
cells comprising different NMC and NCA cathodes and graphite anodes
were object of this study. All cells rested for more than six months at
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Table 1
Overview of tested cells and their respective properties.
Name Manuf. Cathode SOC AS sign Format Quantity
A Moli NMC111 48% Positive 18650 3
B Sanyo NCA 50% Positive 18650 3
C LG NMC811 30% Negative 18650 3
D Varta NMC111 28% Negative Coin 2

different SOCs at room temperature in order to guarantee a most
equalized state [11]. Similar to the 18650 cells, the investigated coin
cell contains a jelly roll as well. Due to the large surface to volume ratio
and the small height of the cell, thermal gradients along the jelly roll
are considered to be negligible even during rapid temperature changes.
Cylindrical 18650 cells, however, might exhibit a certain temperature
gradient along the jelly roll, leading to possible equalization processes,
which might interfere with the potentiometric measurement method.
All considered cell types and their corresponding properties are sum-
marized in Table 1. The results presented in the discussion section
depict the averaged behavior of the considered quantity of each cell
type.

During the experiment, all cells were placed in a Binder KT115
climate chamber, which guaranteed isothermal test condition with a
temperature accuracy of 15 mK. The temperature was measured on the
surface of each cell with mounted PT100 sensors.

The voltage was measured with a self-built, custom measurement
unit on the basis of ADS1278 from Texas Instruments, a 24 Bit analog
digital converter (ADC) with 8 differential input channels. All channels
underwent gain and offset calibration with a high precision voltage
source LTC6655 from Linear Technology. The noise level for each
channel was under 15pV for a 10 Hz sampling rate. Due to the high
input impedance of 20 GQ it was insured, that no leakage current of the
circuit interfered with the voltage measurement by slowly discharging
the cell. The fact, that a potentiometric measurement of the entropic
coefficient of a cell is based on the change of the cell's potential for a
change in its temperature inevitably comes with a change of the tem-
perature of the sense wires. That might cause a possible interference
due to the Seebeck effect. However, by using the same length as well as
the same material for the positive and negative sensing wire, the
Seebeck effect can be neglected. Since all cell internal junctions be-
tween different materials exhibit the same temperature at all times, the
Seebeck effect within the cell can be neglected as well.

In order to investigate a possible hysteresis of the reaction entropy,
the following temperature profile was applied. The chosen generic
temperature excitation was composed of a positive and a consequent
negative temperature pulse, both starting at initial temperature of 25°C.
Based on this concept two different temperature profiles were deployed.

Profile I, shown in Fig. 1a, was used to investigate the influence of
the temperature pulse frequency on the entropic coefficient. The resting
time at each temperature level was increased from 2 to 24 h. The am-
plitude of the temperature pulse was chosen to be 15°C with initial
temperature of 25°C. As 2 h resting time showed to be not sufficient to
reach a thermally equalized state for each cell, only the results from 4, 8
and 24 h resting time are discussed further. A distinct variation in the
gained entropy data for a change in the dynamics of temperature ex-
citation would be an evidence that the entropy measurement is cor-
rupted by charge equalization or self-discharge processes in the cell.
Profile II, shown in Fig. 1b, on the other hand investigates the de-
pendency between the amplitude of the temperature pulse and the
derived entropy coefficients. This profile verifies the linear character-
istic of the entropy. The temperature pulse was increased from 5°C over
10°C to 15°C with 8 h resting time.
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3. Results and discussion

According to equation (3), the same relative change in temperature
evokes the same relative change in the terminal voltage of the cell,
regardless of the direction of the temperature change and absolute
value of the temperature. Additionally, it is assumed that the amplitude
of the temperature pulse is irrelevant, since the entropy should behave
linearly. Both properties are valid as long as the pressure and lithium-
ion concentration in the anode, cathode and electrolyte remain un-
changed. Theoretically, there is an infinite amount of possible tem-
perature pulses for determining the entropic coefficients by means of
potentiometric measurement method. Fig. 2a shows a temperature
profile, which includes a positive and negative pulse of 10°C with a
duration of 8h starting at 25°C. This profile depicts a segment of the
profile II in Fig. 1. The corresponding voltage response of cell C is
shown in Fig. 2b in gray. Due to self-discharge processes in the cell, the
terminal voltage exhibits a negative slope with time. Schmidt et al. have
determined the highest self-discharge current of 0.105 mA at 95% SOC
for a 2 Ah NCA cell [12]. Such self-discharge would evoke a 0.2% SOC
change during this experiment. As the entropy does not exhibit a strong
dependency on such a small change in degree of lithiation as reported
previously [5], the entropic coefficient is assumed not to be affected by
SOC changes during the experiment. An adjusted voltage progression
without self-discharge effects is shown in Fig. 2b in blue. After the first
voltage drop, each voltage change segment is lifted by the value of the
previous voltage decrease during the resting time. Due to negative sign
of the entropic coefficient, shown in this example, an increase in tem-
perature evokes a drop in the terminal voltage, whereas a drop in
temperature results in an increase of the terminal voltage. In compar-
ison to the temperature increase from 25°C to 35°C, the drop from 35°C
to 25°C clearly evokes smaller change in the terminal voltage, whereas
the difference is becoming larger as the temperature is further de-
creased by 10°C, to 15°C. As the temperature is increased again to its
initial state of 25°C, the self-discharge corrected terminal voltage
reaches its initial state prior to the applied temperature profile. In this
brief example, four temperature excitations with the same pulse am-
plitude, resulted in different changes of the terminal voltage, which
does not allow for a straightforward determination of the cells's
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Fig. 2. Applied temperature profile (a), voltage response of cell C (b), tem-
perature-voltage relationship (c). Adjusted curve (blue) depicts the voltage
progression without self-discharge, theoretical curve (red) depicts an ideal
behavior according to equation (3). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this
article.)

entropic coefficient. It has to be mentioned that the observed difference
between the voltage responses is below 1 mV for all investigated cells.
Fig. 2c shows the cell's voltage as a function of temperature at the be-
ginning and the end of each temperature change. When looking into the
self-discharge corrected voltage response of the cell (see Fig. 2¢ in
blue), the voltage to temperature relationship clearly shows a hysteresis
behavior of the voltage, which is highly non-linear. According to
equation (3), the voltage response is expected to follow the red dotted
line in Fig. 2c. Similar hysteresis-like behavior was observed for all
tested cells regardless of the chemistry, SOC or the cell's format. Not
each cell type has shown such an ideal hysteresis behavior, in which
adjusted voltage starts and ends at the same point after applied profile,
however the tendency for the hysteresis was observed for every cell.
In order to further investigate this hysteresis-like behavior, the
temperature profiles I and II from Fig. 1 were applied to cells A-D listed
in Table 1. The influence of frequency and amplitude of the applied
temperature pulse on cells A to D is summarized in Fig. 3. The colored
dashed lines depict the calculated values of the entropic coefficient for a
corresponding temperature change. The black solid line reflects the
maximum relative deviation from the mean entropic coefficient. In
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Fig. 3. Calculated entropic coefficients for the cells A-D for the profile I (left) and profile II (right). Each data point represents the averaged value of the considered

quantity of each cell type, depicted in Table 1.

theory, the dashed lines would form a single line parallel to x axis for
both investigated cases. However, Fig. 3 shows a different behavior for
all tested cells.

In the case of frequency dependency, cells A and B, which both
exhibit a positive entropic coefficient show a similar behavior. The
increasing time interval does not affect the characteristics of the ob-
served hysteresis, nonetheless four different entropic coefficients for the
same absolute temperature change could be identified. However, ob-
served relative error of 10% and 7% for cells A and B is comparably
small. Cells C and D, which exhibit a negative entropic coefficient show
a slightly different behavior. Except for the temperature change from
25°C to 10°C all entropic coefficients remain almost constant with in-
creasing pulse duration and amplitude. Especially, with increasing
pulse duration, the calculated absolute entropic coefficient dU,/dT for
the 25°C — 10°C temperature change increases. The authors believe that
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temperature gradients within the cell based on a sudden change in
ambient temperature are not responsible for this phenomenon, as the
format varies for cells C and D. The relative errors for 24 h pulse
amount to approximately 72% and 49% for cells C and D. These results
suggest to limit the ratio of the temperature pulse duration to the
thermal equalization time of the cell in order to minimize the un-
certainty of the determined entropic coefficient.

The right side of Fig. 3 shows the calculated entropic coefficients
when applying profile II with differing amplitudes of the temperature
pulse. The results indicate that increasing the amplitude of the tem-
perature pulse amplifies the variance in the calculated entropic coeffi-
cients. Similar to profile I, both cells C and D show a non linear increase
in the calculated entropic coefficient for the 25°C — cold temperature
change with an increase of the temperature pulse amplitude. The re-
lative errors when applying 15°C pulse amount to 94% and 36% for
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cells C and D respectively. Contrary to profile I, also cells A and B show
a slight increase in the variance of the calculated entropic coefficient.
When comparing the influence of frequency and amplitude in Fig. 3 left
and right, the previous history of the temperature excitation seems to
play an additional role. Data sets from the graphs with varying ampli-
tude at AT =15°C and data sets from the graphs with varying fre-
quency at At = 8h exhibit the exact same temperature excitation.
However, the resulting calculated entropic coefficients are not iden-
tical. The findings from evaluation of profile II suggest to limit the
amplitude of the temperature pulse to a minimum.

In the literature, a certain temperature path dependent voltage
hysteresis was previously observed by Jalkanen et al. [13]. However,
this effect was not further discussed and was attributed to general
measurement uncertainties. Based on the customized measurement
equipment applied within this study, the results support the hypothesis
of a hysteresis-like behavior in the voltage response of a cell with a
change in its temperature. Assuming that self-discharge effects are not
able to significantly change the lithium-ion concentration within the
electrodes during the course of the experiment, the crystallographic
structure of the materials and associated entropy should remain un-
changed. Therefore, the authors believe that such behavior might be
caused by a certain hysteresis of the thermal expansion of the electrodes
which would result in a variance of the overall pressure distribution
within the cell. The results from the frequency varying profile in Fig. 3
reveal that the difference between the maximum and minimum coef-
ficients are in the same order of magnitude, independently of the ab-
solute entropy value, SOC or cell chemistry. Due to this fact the reason
for this behavior might be connected to mutual properties of all cells.
Oh et al. recently showed a hysteresis in the thermal expansion of cell
components, which supports this assumption [14]. However, ex-
amination of this theory will be subject of the future work. Modelling of
this phenomena might support the general understanding of the hys-
teresis behavior, as it was shown in case of a hysteresis in OCP vs. SOC
in lithiated silicone electrodes [15].

Based on the presented results, the authors propose a new tem-
perature profile III in order to minimize errors during potentiometric
entropy measurements, which is shown in Fig. 4a. After a sufficient
equalization time at the base temperature Tj,s, a positive temperature
pulse with the amplitude of AT,/2 and duration of time ¢, is applied.

Journal of Power Sources 395 (2018) 179-184

Table 2
Comparison between different Cl% calculated with profile I-II and profile III
@ @ ® @ avg.® -®@ ©
%/ml/ g1 —00115 -0.0075 —0.0107 —0.0083 —0.0095 —0.009
erel/ % 21 21 13 13 - 5

Immediately afterwards, a second negative pulse with the same am-
plitude and duration is applied. As shown in Table 2, the calculated
entropic coefficient with temperature change ® in profile III is the
average of % values derived from profile I-II. The authors suggest, that
the pulse duration in profile III should not exceed the thermal equal-
ization time of the investigated lithium-ion cell, which depends on the
thermal boundary conditions and the size of the cell. During this ex-
periment the minimum pulse duration was 4 h. The change from posi-
tive to negative pulse should be used for the calculation of the entropic
coefficient, which is highlighted by the gray area in Fig. 4. The authors
suggest to minimize the amplitude of the temperature pulse as much as
possible, whilst still allowing for an acceptable SNR for the measured
voltage response.

4. Conclusion

In this work, the existence of a temperature path dependent voltage
hysteresis was demonstrated. With the aid of low noise voltage mea-
surement equipment, a systematic characteristics of this hysteresis
could be proved. This effect leads to uncertainties in determining the
entropic coefficient of lithium-ion cells when applying potentiometric
measurement techniques. Four different cell types, including different
cathode materials and cell formats were subject of this study. Two
different temperature profiles were applied consisting of positive and
negative temperature pulses with varying amplitude and frequency.
The results revealed a highly non-linear behavior of the voltage re-
sponse and associated calculated entropy coefficients for the same ab-
solute change in the temperature.

In order to minimize possible errors during potentiometric mea-
surements, the authors recommend to use profile III from Fig. 4 for
determination of entropic coefficients. Pulse duration at maximum and
minimum temperature should be limited to thermal equalization time
of the cell. Additionally, the authors suggest to limit the amplitude of
the temperature pulse as much as possible, whilst still allowing for an
acceptable SNR.

Future work will elaborate on the reasons for the temperature path
dependent voltage hysteresis, evaluating the hysteresis in the thermal
expansion of lithium-ion cells.

Acknowledgements

This work has received funding from the European Unions Horizon
2020 research and innovation program under the grant “Electric
Vehicle Enhanced Range, Lifetime And Safety Through INGenious
battery management” (EVERLASTING 713771).

References

[1] J.-S. Hong, Electrochemical-calorimetric studies of lithium-ion cells, J.
Electrochem. Soc. 145 (5) (1998) 1489, http://dx.doi.org/10.1149/1.1838509.
T.M. Bandhauer, S. Garimella, T.F. Fuller, A critical review of thermal issues in
lithium-ion batteries, J. Electrochem. Soc. 158 (3) (2011) R1, http://dx.doi.org/10.
1149/1.3515880.

D. Bernardi, A general energy balance for battery systems, J. Electrochem. Soc. 132
(1) (1985) 5, http://dx.doi.org/10.1149/1.2113792.

J.P. Schmidt, A. Weber, E. Ivers-Tiffée, A novel and precise measuring method for
the entropy of lithium-ion cells: ds via electrothermal impedance spectroscopy,
Electrochim. Acta 137 (2014) 311-319, http://dx.doi.org/10.1016/j.electacta.
2014.05.153.

V.V. Viswanathan, D. Choi, D. Wang, W. Xu, S. Towne, R.E. Williford, J.-G. Zhang,

[2]

[3]

[4]

[5]



L. Zilberman et al.

[6]

[7

—

[8]

[9]

[10]

J. Liu, Z. Yang, Effect of entropy change of lithium intercalation in cathodes and
anodes on li-ion battery thermal management, J. Power Sources 195 (11) (2010)
3720-3729, http://dx.doi.org/10.1016/j.jpowsour.2009.11.103.

N.S. Hudak, L.E. Davis, G. Nagasubramanian, Cycling-induced changes in the en-
tropy profiles of lithium cobalt oxide electrodes, J. Electrochem. Soc. 162 (3)
(2014) A315-A321, http://dx.doi.org/10.1149/2.0071503jes.

P.J. Osswald, M. d. Rosario, J. Garche, A. Jossen, H.E. Hoster, Fast and accurate
measurement of entropy profiles of commercial lithium-ion cells, Electrochim. Acta
177 (2015) 270-276, http://dx.doi.org/10.1016/j.electacta.2015.01.191.

C. Forgez, D. Vinh Do, G. Friedrich, M. Morcrette, C. Delacourt, Thermal modeling
of a cylindrical LiFePO4/graphite lithium-ion battery, J. Power Sources 195 (9)
(2010) 2961-2968, http://dx.doi.org/10.1016/j.jpowsour.2009.10.105.

A. Eddahech, O. Briat, J.-M. Vinassa, Thermal characterization of a high-power li-
thium-ion battery: potentiometric and calorimetric measurement of entropy
changes, Energy 61 (2013) 432-439, http://dx.doi.org/10.1016/j.energy.2013.09.
028.

S.J. Bazinski, X. Wang, The influence of cell temperature on the entropic coefficient
of a lithium iron phosphate (LFP) pouch cell, J. Electrochem. Soc. 161 (1) (2013)

[11]

[12]

[13]

[14]

[15]

Journal of Power Sources 395 (2018) 179-184

A168-A175, http://dx.doi.org/10.1149/2.082401jes.

J. Wilhelm, S. Seidlmayer, P. Keil, J. Schuster, A. Kriele, R. Gilles, A. Jossen, Cycling
capacity recovery effect: a coulombic efficiency and post-mortem study, J. Power
Sources 365 (2017) 327-338, http://dx.doi.org/10.1016/j.jpowsour.2017.08.090.
J.P. Schmidt, A. Weber, E. Ivers-Tiffée, A novel and fast method of characterizing
the self-discharge behavior of lithium-ion cells using a pulse-measurement tech-
nique, J. Power Sources 274 (2015) 1231-1238, http://dx.doi.org/10.1016/j.
jpowsour.2014.10.163.

K. Jalkanen, T. Aho, K. Vuorilehto, Entropy change effects on the thermal behavior
of a LiFePO4/graphite lithium-ion cell at different states of charge, J. Power Sources
243 (2013) 354-360, http://dx.doi.org/10.1016/j.jpowsour.2013.05.199.

K.-Y. Oh, B.I. Epureanu, Characterization and modeling of the thermal mechanics of
lithium-ion battery cells, Appl. Energy 178 (2016) 633-646, http://dx.doi.org/10.
1016/j.apenergy.2016.06.069.

D.R. Baker, M.W. Verbrugge, X. Xiao, An approach to characterize and clarify
hysteresis phenomena of lithium-silicon electrodes, J. Appl. Phys. 122 (16) (2017)
165102, http://dx.doi.org/10.1063/1.4995277.



3.2 Influence of drifting entropic coefficients on pack utilization

3.2 Influence of drifting entropic coefficients on pack utilization

3.2.1 Validation of half-cell entropy profiles

The entropy profiles of the positive and negative electrodes were measured using the potentiometric
method presented in the previous section. For that purpose, coin cells of both anode and cathode,
which were also studied in [104], were utilized. Measured entropy profiles of the anode and cathode
are shown in Fig. 3.3a, whereby the balancing and loading ratios of both electrodes were taken from
the previous differential voltage analysis in [104]. Fig.3.3b shows the measured full-cell entropy profile
and the entropy profile calculated using the half-cell data, which are in good accordance with each
other. In order to validate the full-cell entropy data, calorimetric measurements were conducted.
For that purpose the heat generation of a pristine MJ1 cell was measured at a 0.2C CC charge- and
discharge-rate with an accelerating rate calorimeter (EV-ARC, Thermal Hazard Technology) combined
with a cycler (CTS, Basytec). Each charge and discharge step was followed by a CV period with a
termination criterion of 0.05C at 4.2V and 2.5V, respectively. After each step the cell was rested for
at least 10h. The total heat capacity of the cell was determined during the adiabatic conditions in the
calorimeter. The utilization of the heat measured during the charge and discharge for the calorimetric

determination of the cell’s entropic coefficient is described in the following.

The heat produced by a cell during the charge or discharge is given by [144]:
chll = Qirr + Qrev + er + Qmix (31)

and is composed of reversible and irreversible losses Qrev and Qim parasitic heat from side reactions
Qs and mixing processes Qmix. The heat from side reactions sums up all reactions within the cell which
are not a part of the main charge transfer reaction, such as degradation processes. As such processes
are usually slow, the absolute values of the heat generation rate are very small [166] and therefore
negligible. Heat based on mixing effects is linked to the equalization of the concentration gradients
within the cell. This equalization process is accompanied by the change of the reaction entropy, which
also results in heat generation. However, since the absolute values are rather low [167], heat based
on mixing processes can also be neglected. Thus, the heat flow of a lithium-ion cell is dominated by

reversible and irreversible losses.

Irreversible heat is mainly based on Joule heat losses linked to the dynamic voltage drop during the
operation and can be expressed by equation 3.2. Under the assumption that electrochemical impedance
does not depend on the current and that the difference between the equilibrium and terminal voltage is
the same regardless the direction of the current, irreversible heat becomes a product of electrochemical

impedance and the load current squared.

Qirr = (Ug — Uy) - i(t) = Re(Z) - I? (3.2)

The reversible heat is especially dependent on the entropic coefficients of the cell and can be calculated
via

TAS.I

Qrev = W (33)

From equations 3.2 and 3.3 it can be seen that by adding the cell heat during charge and discharge,
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the reversible heat is removed from the equation and the sum becomes twice the irreversible heat, if
the temperature during charge and discharge is the same. By subtracting the irreversible heat from
the overall cell heat during charge or discharge, the reversible heat can be calculated. In that way
the entropy profile of the MJ1 cell was obtained via calorimetric method and is shown in Fig. 3.3b.

The results reveal that the calorimetrically determined entropy profile is generally in good accordance

T 0.4 T T T T T T T T
E a) —8— Anode
= 02k — -©— - Cathode |
~
25 of o 6-9-%-00
T o
[}
0.2+ :
<
m 1 1 1 1 1 1 1 1

T T T T T T T T T
§ 02F b) f,a\tq o .
~ Or f— .
=TS
selisel
= 0.2 Half-cells combined, potentiometric 7|
8 o O  Full-cell, potentiometric
::'1 04+ L O Full-cell, calorimetric .
L-Li 1 1 1 1 1 1 1 1

-0.5 0 0.5 1 15 2 25 3 35 4

Capacity / Ah

Figure 3.3: (a) Entropy profiles of the anode and cathode. The anode and the cathode half cells were
initially set to 10mV and 4.6 V respectively at 0.1 C with a subsequent CV period and
termination criterion of C/1000. Afterwards, the anode was delithiated and the cathode
was lithiated with C/30 in steps of 6.25 % SOC. After resting for 6h a temperature pulse
was applied according to [168] with a climate chamber KT115 from Binder. As the half cell
voltage was not completely relaxed after 6 h, the voltage response to the temperature profile
was corrected using the method presented by Osswald et al. [148]. (b) Calorimetrically
derived entropy profile of the full-cell, combined full-cell entropy from the half-cell data
and full-cell entropy profile measured according to the half-cell measurement sequence (full
cell was lithiated to 4.2V at 0.1 C with a subsequent CV period and termination criterion
of C/1000. Afterwards, the full cell was delithiated with C/30 in steps of 10 % SOC).

with voltage based results, however the differences increase as the SOC decreases. Such discrepancy
might be linked to the hysteresis effects within electrodes and not equal irreversible heat in charge
and discharge direction. It has been shown that insertion batteries suffer from hysteresis of the OCV,
depending on the charge or discharge direction [169], which has been linked to the fact that in a
multiparticle electrode, the insertion does not proceed coherently in all particles [170]. Further effects,
such as concentration gradients within the electrode due to prior charge or discharge, which might last
for many hours, impede the determination of the entropy even more. However, since the utilization
of the battery pack relies on the full charge of each cell, as discussed in the introduction, the validity
of the measurement results in the upper SOC range is particularly important. As the entropy above
20 % SOC is relatively consistent between all measurement methods, half-cell entropy profiles will be

used in the further analysis.
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3.2.2 Voltage imbalance due to changed entropy profiles

As previously stated in section 1.2.3, the influence of the manufacturing tolerances on the part of the
cells potential, which is linked to the reaction entropy, is relatively small and can be neglected. The
influence of different aging rates on the entropy profiles and therefore the terminal voltage is discussed
in the following. Different aging rates in battery packs are often linked to the presence of temperature
gradients. As LAM is more dependent on mechanical properties, such as particle expansion during
lithiation and delithiation, the electrochemical processes of LLI at the negative electrode is often

claimed to be the dominant temperature influenced degradation mechanism [129].

Therefore, it can be assumed that different rates of LLI are responsible for the alterations on full-cell
entropy profiles. Furthermore, since the entropy profile of the anode dominates the full-cell entropy it

can be assumed that only changes in the anode will be observable on the cell level.
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Figure 3.4: (a) Shift of the anode entropy profile by approx. 0.2 Ah, emphasizing the process of LLI
to the right, (b) new and aged full-cell entropy profiles.

A shift and compression of the half-cell potentials of both electrodes have been applied in the past in
order to imitate LAM and LLI [115]. Using this approach, the influence of a particular degradation

mechanism on voltage imbalance between two cells is discussed in the following.

In a similar manner to the OCV, the compression and shift of entropy profiles due to degradation
leads to a change in the full cell entropy profile, as already reported in the literature [147][171]. Anodic
side reactions, such as growth and repair of the SEI, resulting in LLI, lead to a delithiation of the
negative electrode and associated shift of the anode half-cell entropy profile to the right, as shown in
Fig.3.4a. The shift amounts to 0.2 Ah, corresponding to approx. 6 % of the initial cell capacity, which
emphasizes a change between a pristine and an aged cell. Such high discrepancy in aging rates depicts

the worst case scenario in the battery pack. Fig.3.4b shows the corresponding full-cell entropy profiles.
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3 Influence of different aging rates on the voltage imbalance

Since the anode is limiting in discharge direction, the overall cell capacity decreases. Due to a change
in the full cell entropy profile it can be expected that during charge, the unmodified cell reaches the
end-of-charge voltage at 4.2V first, resulting in a voltage imbalance between two cells with a 4.5 mV

difference after 0.2 Ah shift, whereby the influence of the impedance is neglected.

It can be concluded that changes in full-cell entropy profiles can lead to a change of cell terminal
voltage. However, since the voltage changes are expected to be very small, the influence of the entropy
profiles can be neglected. For this reason, entropy profiles were not included in the holistic battery

pack simulation described in the next section.

3.3 Statistical evaluation of the influence of different degradation

mechanisms on pack utilization

Up to this point, possible influencing factors on the voltage imbalance, such as differing self-discharge
and aging rates have been analyzed individually. This section presents a submitted manuscript, which
investigates the influence of overall cell-to-cell variations including differing initial parameters, diver-
gent self-discharge as well as aging rates on the utilization of large lithium-ion battery packs. As
previously described in the introduction, the discharge energy has been designated as a suitable mea-
sure of the utilization of battery packs. However, this metric seems especially suited for evaluating
the progression of single pack utilization. A comparison between several packs would seem to present
problems, since, due to parameter variations, initial discharge energies might vary. Therefore, in the
following analysis, a normalized discharge energy of the last discharge cycle at the end of life was used.
This normalized discharge energy was defined as the quotient between the last discharge energy of the
pack, which suffered from non-uniform aging and last discharge energy of a pack, which was subject

neither to any temperature gradients nor to cell parameter variations.

For this purpose, a holistic battery pack lifetime simulation was implemented, which was able to
emulate voltage drift due to cell parameter variations, temperature distributions within the pack and
the applied balancing strategy over the lifetime of the pack. In order to obtain a representative
distribution of the normalized pack utilizations, lifetime simulations had to be repeated many times.
For each simulation, cell parameters were randomly chosen from a given distribution, whereby the
operating conditions such as the balancing strategy, temperature distribution and the current load
remained the same. This approach allowed the investigation of the battery pack’s performance for a
given cell quality, represented by the distribution parameters of the cell batch. However, a simulation
based approach such the one presented here also imposes limitation. Due to the number of lifetime
simulations required, it was necessary to implement an optimized model of a battery system in order
to reduce the simulation time. The principles behind this simulation framework are presented and

discussed in the following manuscript.

Degradation mechanisms were simulated via a shift and compression of half-cell OCVs. The presented
simulation based study has shown that the loss of lithium inventory is the major contributor to the volt-
age changes attributable to differences in aging. Its findings were therefore integrated into the Monte
Carlo simulation discussed here. The electric behavior of the cell was modeled using an impedance
and self-discharge model. In order to exclude the current distributions between cells connected in par-
allel, which would consume a lot of computational power, cell blocks were treated as large cells. The

influence of cell-to-cell variations was, however, considered in the calculation of cell block parameter
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variations.

The results presented in the following manuscript reveal that the variation of intrinsic aging rates has
much more influence on the utilization of the battery pack than variations of capacity or impedance.
The latter was linked to the fact that a parallel connection of cells reduced the variation between cell

block parameters drastically.

Furthermore, different LLI and self-discharge rates led to rather small voltage drifts, which resulted
in <2% less utilization in battery packs without balancing circuits compared to those employing
dissipative balancing. Added together, the investigation of the influence of different self-discharge
rates, changing entropy and half-cell OCVs on the voltage imbalance within cells connected in series
revealed that although all mentioned influencing factors are able to contribute to the voltage imbalance,

the reduction of the utilization that these influencing factors evoke is rather low.
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ABSTRACT

Due to manufacturing tolerances, lithium-ion cells usually suffer from varying capacities, impedances, self-
discharge currents and intrinsic aging rates, which are often claimed to be the reason for the voltage imbalance
and subsequently deteriorated utilization of the battery pack. However, the true influence of such cell-to-cell
variations is still not completely understood. This work presents a lean battery pack modeling approach com-
bined with a holistic Monte Carlo simulation. Using this method, the presented study statistically evaluates how
experimentally determined parameters of commercial 18650 nickel-rich/SiC lithium-ion cells influence the
voltage drift within a 168s20p battery pack throughout its lifetime. Major degradation mechanisms were re-
presented through the manipulation of the half-cell potentials of the anode and the cathode. A low-DOD cycle
profile was used for the aging. Additionally, cell impedance and reversible self-discharge were taken into ac-
count. The results obtained in this work reveal that the intrinsic variation of aging rates has the biggest influence
on the pack utilization. Furthermore, initial variations of the capacity and impedance of state of the art lithium-
ion cells play a rather minor role in the utilization of a battery pack, due to a decrease of the relative variance of
cell blocks with cells connected in parallel. Although different self-discharge and aging rates evoked a voltage
drift, the utilization of battery packs with and without dissipative balancing remained almost the same, assuming

no cells with internal defects were present.

1. Introduction

The rising trend of the decentralized renewable energy production,
as well as the growing market for electric vehicles (EVs) has created a
demand for economically reasonable, persistent and reliable energy
storage. Lithium-ion technology has shown high potential for many
applications by overcoming such downsides as high costs, safety ha-
zards and short system life during the last decade [1,2]. However, EV
battery packs still remain the most expensive component in an electric
vehicle, which makes their maximum utilization indispensable.

In order to reduce load currents and consequently ohmic losses
within battery packs and charging infrastructure, system voltage is
usually increased by connecting cells in series. State-of-the-art battery
packs exhibit system voltages of up to 800V with almost 200 cell blocks
in serial configuration [3], whereby the number of cells in parallel is
determined by the capacity of the selected cell and power/energy de-
mand of the application. As a consequence, a large number of cells
increases the chance of having a negative production outlier in the
battery pack, which might deteriorate the operation of the whole en-
ergy storage system.

* Corresponding author.
E-mail address: ilya.zilberman@tum.de (I. Zilberman).
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Such outliers are linked to the finite accuracy during the manu-
facturing process, which leads to minimal differences in the electrode
thickness, material compositions, overall component connectivity, etc.
among lithium-ion cells produced of the same type [4]. These devia-
tions become apparent in varying cell capacities, impedances and self-
discharge rates. Although many studies have been carried out in order
to quantify the initial cell-to-cell variations [5-7], it is still not com-
pletely understood how these intrinsic variations influence the opera-
tion of the battery pack throughout its lifetime.

In order to quantify intrinsic aging variation, Baumhoefer et al. si-
multaneously cycled 48 pristine lithium-ion cells with the same current
load at 25 °C [8]. The results revealed that despite equal operational
conditions for each cell, the relative capacity variance increased during
the cycling aging. An increase in relative capacity variance was also
observed in a calendar aging study, in which 24 pristine lithium-ion
cells were stored at 70% SOC and 25 °C for almost a year [9]. Conse-
quently, it can be expected that battery packs experience an aggravated
aging behavior, even only due to intrinsic cell parameter variations,
since, due to the negative outliers, a serial interconnection of cells or
cell blocks usually results in the reduced pack capacity [10,11]. Such
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behavior was also already observed via battery pack simulations in-
cluding cell-to-cell variations in [12]. Further studies took extrinsic
influence factors such as temperature gradients [13,14] and even bal-
ancing systems [15,16] into account, revealing that the presence of the
former and the absence of the latter aggravated the available capacity
of the battery pack. However, until now there has been no study that
statistically evaluates the true origin of the reduced available pack ca-
pacity due to voltage imbalance during the course of aging by jointly
taking into account measured cell parameter variations, different bal-
ancing approaches and temperature gradients.

The majority of the experimental and simulative studies regarding
the influence of cell-to-cell variations and extrinsic system factors on
the battery performance usually consider only a selective set of cell/
system parameters or upper/lower limits of a cell parameter distribu-
tion [17,18]. Either way, the results represent only a snapshot of the
battery performance given for one set of cell and system parameters. In
order to get a statically relevant statement about the battery perfor-
mance, a simulation or an experiment has to be repeated many times,
due to a complex non-linear relationship between the cell parameters.
This method, called Monte Carlo simulation, is usually used when the
analytical calculation of the statistical result is not possible or at least is
very demanding [19].

This work presents a holistic simulation framework, which enables a
voltage drift among cells connected in series due to differing aging and
self-discharge rates throughout its lifetime. Furthermore, by means of
the presented approach shown in Fig. 1, this study investigates how cell
and system parameters influence the voltage imbalance and the asso-
ciated maximum utilization of a 168s20p battery pack. The battery
pack model includes 168 separate cell block models, whereby each cell
block is represented by an equivalent circuit (EC) model. Based on the
measured parameter distributions of the capacity, impedance and re-
versible self-discharge, three unique battery packs are constructed. First
battery pack does not have any cell balancing, second and third battery
packs utilize dissipative and ideal balancing systems respectively. After
the battery pack lifetime simulation, including the influence of the
temperature gradients and balancing circuits, a pack utilization is de-
termined, which is the quotient between the withdrawable energy of
the simulated pack and a uniform pack at the end of life (EOL). A
uniform pack is a simulated battery pack without temperature gra-
dients, which consists of cells with identical cell parameters and aging
rates. Subsequently, by repeating the pack simulation with new cell
parameters in each run, the distribution of the pack utilization is de-
rived, which depicts a statistical performance of the battery pack for a
given cell parameter variation and system properties, as shown in
Fig. 1.

This paper is structured as follows. First, the electrical cell model is
described, which consists of the half-cell OCVs of the anode and the
cathode, a temperature and SOC-dependent impedance and a tem-
perature and SOC-dependent self-discharge current source. Afterwards,
an aging case study, based on the manipulation of the half-cell poten-
tials is presented, aiming to identify the relevant degradation me-
chanisms on the voltage drift. Subsequently, the simulation procedure
is described, including the integration of cell parameter variations into
the variability of the 168s20p battery pack. Finally, the results re-
garding the influence of the cell-to-cell variations, the balancing ap-
proach and the temperature gradients on the utilization of the battery
pack are presented and discussed.

2. Model description

The object of this Monte Carlo study was a commercial NMC (nickel-
rich)/SiC 18650 high energy lithium-ion cell INR18650-MJ1 (MJ1)
from LGChem with a nominal capacity of 3.5A h and specific energy of
259.6 Whkg~!. According to the cell manufacturer, the recommended
operation window is between 4.2V and 2.5V. Due to the nature of the
Monte Carlo approach, which relies on a quick battery pack lifetime
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Fig. 1. Overview of the Monte Carlo simulation framework. First, based on the
measured parameter distributions of the capacity, impedance and reversible
self-discharge, three unique battery packs (no balancing, dissipative and ideal
balancing) with 168 single EC cell block models connected in series are con-
structed. After consecutive lifetime simulations a distribution of the pack uti-
lization with ideal and dissipative balancing and without balancing is derived.

simulation, equivalent circuit models were used. EC models have the
advantage of the short computational time and fewer model para-
meters, while remaining almost as accurate as physico-chemical p2D-
Newman models [20], in case no internal states of a lithium-ion cell are
of interest and no high currents are applied. In the following, the
electrical and aging parts of the model are described in detail.

2.1. OCV model

The equilibrium or open circuit voltage (OCV) of a lithium-ion cell
is the difference between the potential of the positive and the negative
electrode in their thermodynamic equilibrium state [21]. Those equi-
librium potentials especially depend on the concentration of lithium-
ions within electrodes and to a lesser extent on the temperature [21].
Furthermore, the OCV curve in the full-cell configuration, as a function
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Fig. 2. (a) Charge, discharge and averaged half-cell potentials of the anode and
cathode of the MJ1 (filled areas), (b) Averaged full-cell OCV and constructed
full-cell OCV from half-cell data. (c) Difference between measured and con-
structed full-cell OCVs.

of lithium concentration or generally of the SOC, additionally depends
on the stoichiometric properties of both electrodes, such as loading
ratio and electrode balancing [22]. Additionally, it has been shown that
insertion batteries suffer from a hysteresis effect of the OCV, depending
on the charge or discharge direction [23], which has been linked to the
fact that in a multiparticle electrode, the insertion does not proceed
coherently in all particles [24]. Further effects, such as concentration
gradients within the electrode due to prior charge or discharge, which
might last for many hours, aggravate the determination of the OCV
even more [25].

Major degradation mechanisms in lithium-ion cells have an influ-
ence on half-cell potentials and consequently on the full-cell OCV [26].
Therefore, the used EC model consists of two voltage sources, one for
each electrode, as shown in Fig. 1. Sturm et al. performed an analysis of
active materials and measured half-cell potentials for both electrodes of
the MJ1 cell vs. lithium-metal in the charge and discharge direction at
25 °C [27]. The stoichiometric properties of both electrodes were de-
rived from fitting the half-cell differential voltages with the full-cell
differential voltage in the charge direction [27]. Fig. 2a depicts the
results from half-cell measurements. Electrode balancing revealed an
oversized cathode ( ~ 9.4%) and an almost complete use of the anode
( > 99%) [27]. Such extreme utilization of the anode facilitated the
high energy density of the cell. While cathode charge and discharge
curves showed only a minimal hysteresis behavior, the charge and
discharge curves from the anode differed in their characteristics,
especially at the lower SOC, as shown with the blue and red filled areas
in Fig. 2a. Constructed OCV from half-cell data and obtained full-cell
OCV according to Table 1 are in good accordance to each other as
shown in Fig. 2b-c.

In general, the terminal voltage of a lithium-ion cell also depends on
the temperature [28]. The exact relation between the OCV and the
temperature is defined by the entropy. Although it has been shown that
entropy exhibits a non-linear, hysteresis-like behavior [29], it can be
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Table 1
Full cell OCV measurement sequence with constant current method. For the
averaging of charge and discharge curves, the data from the CC phase is used.

ine Step Parameters Termination
1. Charge CCCV I=0.2C, U= 4.2V I < 0.001C
2. Pause t > 6h
3. Discharge CCCV —I=0.033C, U= 2.5V 1> -0.001C
4. Pause t > 6h
5. Charge CCCV I=0.033C, U= 4.2V I < 0.001C

neglected in this study since differences in terminal voltage before and
after the same absolute temperature change amount only to several
100pV. However, as reported in [30,31] temperature still has a major
influence on OCV determination, among others due to unavoidable
interference of overpotentials with the measurement. Nevertheless,
reversible heat effects due to reaction entropy are neglected in the
model. The characterization of the overpotentials within the MJ1 cell is
described in the following.

2.2. Impedance model

Due to the main reaction, the finite conductivity of the cell com-
ponents and mass transport limitations of the electrolyte and active
materials, lithium-ion cells are exposed to overpotentials during the
operation [32]. The ionic conductivity of the electrolyte and the elec-
tronic conductivity of the electrode materials and current collectors
cause an instant voltage drop in case of a current flow. Double-layer
effects, in combination with charge transfer reaction and, subsequently,
mass transport effects in solid and liquid phases evoke further over-
potentials [33]. Additionally, the overall dynamic behavior depends on
the SOC, temperature and age of a lithium-ion cell [34,35].

Generally, the dynamic response can be measured in the frequency
domain via electrochemical impedance spectroscopy (EIS) [36,37] or in
the time domain among others via the galvanostatic intermittent ti-
tration technique (GITT) [38,39]. For the particular operating point
(SOC, temperature, etc.), the former approach provides a complex im-
pedance spectrum and the latter provides a voltage response to a cur-
rent step. Both outcomes are usually used for the parameter fitting of
RC networks, which can be used for the representation of the dynamic
behavior of the cell [40]. Since this work focuses on the long-term
behavior of a battery pack, rather than on the short-term response, a
simple resistor was used to model the overpotentials. Different current
steps regarding the current intensity and direction were applied at
10 °C, 20 °C, 30 °C and 40 °C on three pristine MJ1 cells over the whole
SOC range in the charge and discharge direction. For the sake of in-
tegrity, current pulses were applied after voltage equalization processes
almost decayed, which was defined as the moment after which the slope
of the terminal voltage was lower than 5 mVh~!. Depending on the
current intensity, pulses were applied for 10s or 20s, whereby a voltage
rise or drop after 10s was evaluated for calculation of the Rpcios value.
Sturm et al. used 10s pulses for fitting of an EC model for the MJ1 cell
consisting of internal resistance and RC element in series. The results
revealed that voltage errors from CC charge and discharge below 0.5C
did not exceed 20 mV [20]. The exact measurement sequence is sum-
marized in Table 2. Fig. 3a shows averaged Rpc s for different pulses,
temperatures and SOCs. Especially due to slowed down reaction ki-
netics and diffusion, overpotentials increased with lower temperatures,
as has already been reported in [41,42]. Also a high impedance increase
towards lower SOCs was presented in the literature [35] and was linked
to an increase of the cathode impedance [43]. In order to use the
presented measurement results in the EC model, the measurement re-
sults were fitted with a polynomial function Rpc105(SOC, T), which is
described in the Appendix A.
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Table 2
Impedance measurement sequence using GITT method. Discharge pulses at step
3 and 7 are not applied after the initial discharge.
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Table 3
Overview of fitting parameters for the Eq. (2), which results in a
self-discharge current in ampere.

Parameter Function

a(T) 2.753-107141.753.6

b(T) — 4.275:10719.¢01301T ¢ 6,015
oD 1.033.10739. 71359

Step Parameters Termination
1. Discharge CCCV —I=0.2C, U= 2.5V I > -0.014C
2. Pause dv/dt < 5mVh~!
3. Pulse — I=0.5C, t> 20s
4. Pause t> 1h
5. Pulse I= 0.5C, t> 20s
6. Pause t> 1h
7. Pulse —I=1C, t> 10s
8. Pause t> 1h
9. Pulse I=1C, t> 10s
10. Pause t> 1h
11. Charge I=0.2C, Q> Cy/10
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Fig. 3. (a) Measured self-discharge and fitting results of the presented self-
discharge model, (b) measured Rpc;os values and fitting results of the presented
impedance model.

2.3. Self-discharge model

In order to mimic the long-term behavior of the lithium-ion cell,
self-discharge was modeled via a current sink in parallel to the voltage
sources. Self-discharge current slowly discharges the cell, which con-
sequently leads to a voltage decay, without any change in the cell’s
capacity. Therefore, variation of self-discharge rates within an in-series
connection of cells might lead to a voltage imbalance. In our previous
study, it was shown, that the reversible self-discharge of the MJ1 was
most likely linked to coupled side reactions between the anode and the
cathode [44]. In this study, self-discharge currents for 13 SOCs between
10% and 90% at 25 °C, 40 °C and 55 °C were determined via the voltage-
based measurement method, which evaluated the voltage decay dU/dt
after all equalization processes were finished [44]. Combined with the
derivative of the open circuit voltage (OCV) dQ/dU, which was de-
termined by a small discharge pulse (0.033C), the self-discharge current
was calculated as follows:

dQ dU  dQ
ks S, SR I
U dr  dt 2 ka

(€8]

where )Ly is the sum of all side reaction currents which have an

influence on half-cell potentials of both electrodes. In our further study,
a simple mathematical model for the self-discharge current was pro-
posed [9]. The model is based on the exponential function with an
offset and depends on the SOC (between 0 and 1) and temperature T in
K [9]:

L4(SOC, T) = a(T)-ebTrSOC 4 ¢(T) 2

Model parameters are summarized in Table 3. As shown in Fig. 3b, the
fitted model is in good accordance with measurement results except for
the SOC range between 20% and 50%. However, the model is con-
sidered to be sufficient for the Monte Carlo study.

2.4. OCV changes due to different degradation mechanisms

Over the lifetime of a battery pack, lithium-ion cells usually exhibit
power fade and deteriorating energy storage ability [45,46], which are
often linked to side reactions and a loss of active materials (LAM) on
both electrodes [26,47]. In the following, a case study is presented that
evaluates an influence of each separate degradation mechanism on the
OCV and subsequently on a possible voltage drift within an in-series
connection of cells. The influence of each degradation mechanism is
evaluated by the change of the OCV at 100% SOC, which indicates
whether all cells connected in series can be theoretically fully charged.

LAM is usually attributed to particle cracking and loss of electrical
contact [26]. In that way, a part of the electrode’s active mass is no
longer available for the intercalation and deintercalation of lithium,
which can be observed in compression of the half-cell potential [48].
Anodic side reactions, such as the growth and repair of the SEIL, result in
the loss of lithum inventory (LLI), which leads to a delithiation of the
negative electrode and an associated shift of the anode half-cell po-
tential, resulting in the capacity decrease [49]. Cathodic side reactions,
such as electrolyte oxidation and transition-metal dissolution, provoke
a reinsertion of lithium into the positive electrode that can be observed
in the form of a potential decrease and might even lead to an increase of
cell capacity [50]. The mechanism of lithium plating was omitted in
this analysis, since it usually depicts an extreme case of the operation.
However, it has to be stated that temperature differences within an in-
series connection during plating might lead to voltage imbalance, due
to different relaxation voltages after the stripping reaction [51,52].

A shift and compression of the half-cell potentials of both electrodes
have been applied in the past in order to imitate LAM and LLI [22].
Using this approach, the influence of a particular degradation me-
chanism on voltage imbalance between two cells is discussed in the
following, assuming both cells are connected in series.

Fig. 4 a depicts the effect of the anodic side reactions, which lead to
the discharge of the anode. As a consequence thereof, a change in the
electrode balancing occurs by shifting the anode half-cell potential of
the aged cell to the right. In Fig. 4, the shift amounts to 0.2Ah, corre-
sponding to approx. 6% of the initial cell capacity, which emphasizes a
change between a pristine and an aged cell. Such high discrepancy in
aging rates depicts the worst case scenario in the battery pack. The
resulting OCVs of a new (gray) and aged cell (black) are shown in
Fig. 4d. The red areas represent the cut-off voltages. The aged cell limits
the capacity of 2s1p cell string at low SOC. Despite an almost flat half-
cell potential of the anode, a shift of the negative electrode results in a
small drop of the full cell voltage. Therefore, the newer cell limits the
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Fig. 4. Case study of the influence of the anode degradation effects on the voltage imbalance of two cells connected in series. (a)(d) Side reactions, LLI (b)(e) LAM at

95% SOC, (c)(f) LAM at 5% SOC.

capacity of 2slp cell string at high SOC, resulting in a voltage im-
balance between two cells with a 18 mV difference after 0.2Ah shift.

The SOC of the LAM-induced compression of the half-cell potential
has a crucial role for the voltage imbalance of a cell string. Usually, a
distinction is made between LAM at high and low SOCs. Fig. 4b depicts
LAM of the anode at high SOC. The half-cell potential is compressed
around 95% SOC with the resulting capacity reduction of the anode by
0.2Ah, which leads to a reduction of full cell capacity as shown in
Fig. 4e. The aged cell limits the capacity of the 2s1p cell string at low
SOC. However, at high SOC, there is almost no voltage imbalance be-
tween two cells.

Due to an unusual, almost full utilization of the anode, LAM at the
low SOC also results in a capacity loss of the cell, as shown in Fig. 4c. In
contrast to LAM at the high SOC, the OCV difference between an aged
and new cell results in a voltage imbalance of —52 mV. In this scenario
the aged cell limits the capacity of the 2slp string at high SOC.

From Fig. 4d and f it can be seen that side reactions on the anode
and LAM at the high SOC have an opposing effect on the voltage im-
balance. Several studies have shown that both degradation mechanisms
might occur simultaneously in cells with a pure graphite anode [53]
and silicon-graphite blend anode [54,55]. Furthermore, LAM at low
SOCs was made responsible for the degradation of the negative elec-
trode due to high mechanical stress during lithiation [56,57]. However,
the exact implication for the voltage imbalance is not clear yet, since
there is no information about the share of each degradation mechanism
on the overall aging. Nevertheless, LLI at the negative electrode is often
claimed to be the dominant degradation mechanism [58-61]. Ad-
ditionally, it can be assumed that temperature has a higher influence on
the LLI [62], since it is an electrochemical process, than on LAM, which
depends more on the mechanical properties. Furthermore, assuming
that cells are not completely discharged during the operation, LAM at
low SOCs is considered unlikely and therefore negligible.

Similar to the degradation mechanisms of the anode, the influence
of the cathode aging on the voltage imbalance is discussed in the fol-
lowing. Fig. 5a shows the influence of cathodic side reactions on half-
cell potential and subsequently on the full cell voltage. As shown in
Fig. 5d, a 0.2Ah shift of the cathode half-cell potential evokes a drop of
the cell voltage, resulting in the voltage imbalance of 61 mV. Due to the
voltage drop of the aged cell, the new cell limits the available capacity

of the 2s1p cell string at high SOC.

Owing to an oversized cathode, a LAM at the high SOC does not
evoke any capacity loss, despite a slightly changed full-cell OCV, as
shown in Fig. 5b for a compression by 0.2Ah. Small differences in OCVs
at high SOC are considered being negligible.

Due to the compressed cathode half-cell potential in the combina-
tion with a flat anode curve, LAM at the low SOC at the cathode results
in capacity loss as shown in Fig. 5c and f. The aged cell limits the ca-
pacity of the 2slp cell string at high SOC and evokes a voltage im-
balance of —68 mV.

Since such cathodic side reactions as electrolyte oxidation and
transition metal dissolution evoke a voltage decay without any capacity
loss [63,64], they are included in the self-discharge model per defini-
tion. However, transition metal dissolution might also lead to LAM,
whereby it has been shown that increased NMC cathode potential ac-
celerated the degradation of the electrode [65,66]. Furthermore, nickel-
rich cathodes suffered from cycling at high potentials even more [67].
Therefore, it can be assumed that LAM at the high SOC is a dominant
degradation mechanism at a positive electrode. However, since LAM at
the high SOC does not provoke the voltage imbalance of a cell string, it
won’t be included in the aging model.

The analysis of the single degradation mechanisms at the positive
and negative electrode showed that both side reactions and the LAM at
low SOCs at the anode might be responsible for the voltage imbalance
in cell strings. Assuming that the battery pack is not operated at low
SOCs most of the time, solely LLI will be included in the aging model as
the major degradation mechanism.

2.5. Aging model

LLI is implemented as a shift of the anode half-cell potential to the
right, according to the Fig. 4a, which occurs after each load cycle. As a
result, a new OCV curve, the actual capacity and the terminal voltage of
each cell block are updated. Such approach was validated by Birkl et al.
[26]. However, due to the lack of aging model validation for the MJ1
cell, no quantitative statements are aimed in this work. The calculation
of the aforementioned shift is presented in the following.

Despite the passivation nature of the LLI, it is assumed that the
aging rate remains constant over the course of aging. The temperature
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Fig. 5. Case study of the influence of the cathode degradation effects on the voltage imbalance of two cells connected in series. (a)(d) Side reactions, (b)(e) LAM at

95% SOC, (c)(f) LAM at 5% SOC.

dependency of the side-reaction is modeled with an Arrhenius-like re-
lation. The amount of LLI lost during one cycle Qyy; is therefore mod-
eled with an exponential dependency on the cell block temperature T
and is calculated by Eq. (3).

Qu = e#T QuieoL
= — 0
@ NgoL 3

Here, B equals 0.06931K~! which is the exponential factor that leads
to a doubling of the reaction rate for a 10K temperature increase,
compared to the reaction rate at the reference temperature of 25 °C.
Further, a = e#2815K ig the Arrhenius factor at the reference tempera-
ture. The amount of LLI at the EOL Q1 ror is chosen in the way that a
cell at the reference temperature 25 °C reaches a remaining capacity of
80% of the initial capacity after 400 full cycles, which is specified in the
MJ1 datasheet. In the chosen scenario, Q11 koL equals 21.548%, which
evokes a loss of the initial capacity Cj,it by 20% and Ngoy, is the number
of partial cycles until the EOL. Therefore, assuming a constant usage of
the battery pack during the operation life, Q11 ror. is closely linked to a
capacity loss per amount of time. For the sake of simplicity, no de-
pendency of the DOD on the aging is assumed. The new full-cell OCV
curve is calculated as the difference between the cathode half-cell OCV
and the shifted anode half-cell OCV, with the respective full cell voltage
limits, amounting to 2.5V and 4.2V.

In order to evaluate the progression of the available energy as stated
in the introduction, an inclusion of the impedance is crucial. Several
studies have shown that there is an almost linear correlation between
capacity loss and impedance increase during cycle aging [68,69]. In our
previous study, the cycle aging of an MJ1 cell at different temperatures
between 25 °C and 30 °C also revealed a strong linear correlation be-
tween the capacity loss and impedance increase [70]. In order to model
this impedance increase, the impedance Rpc;¢s is multiplied by an aging
factor y which is calculated by Eq. (4), where Ciy;, is the initial capacity,
Cact the actual block capacity and ¢ an empirically derived correlation
parameter that amounts to approx. 1.5 [70]. This number implies that
impedance increases by 30% in case of 20% capacity loss.

Cinit - Cact

= o @

2.6. Cell block parameter distribution

In order to comply with the energy/power demand of the application
and in order to increase the reliability of the overall battery pack, lithium-
ion cells are usually connected in parallel. Due to slightly different OCV
characteristics, cell capacities and impedances, short-term and long-term
load deviations along the parallel connection might occur, as reported in
[71,72]. Even cell connectors and their placing in regard to the load point
play an important role in current distribution among the cells in parallel
[73]. In the literature, there are contradictory statements regarding whether
such load deviations enable a convergence of the cell parameters [5,74] and
therefore homogeneous aging of cells within the cell block or whether the
deviations facilitate the parameter drift [14]. However, assuming that the
load current is rather smooth and there is no temperature gradient along the
parallel connection and there are no manufacturing outliers, homogeneous
aging among cells in parallel is further considered. Therefore, within the
scope of this Monte Carlo study, a cell block is modelled as a large lithium-
ion cell. However, in order to consider cell-to-cell variations on the cell
block level, the relationship between the initial parameter variations of
single cells and initial parameter variations of cell blocks is derived in the
following.

Rumpf et al. statistically analyzed the initial cell parameter dis-
tribution of 1100 mass-produced lithium-ion cells [75]. The results
revealed that cell parameters were normally distributed, which is a sign
for a random and not for a systematic deviation during the cell man-
ufacturing. Therefore, the initial variations of the capacity, impedance
and self-discharge of 24 pristine MJ1 cells presented in our previous
work [9] and shown in Fig. 1, were fitted with a normal distribution.
The mean values u and the standard deviations ¢ are summarized in
Table 4.

Table 4
Fitted u and o values of the measured capacity, impedance and self-discharge
rates of 24 pristine MJ1 cells [9].

Parameter C/ Ah Rpcios / Q Lq /UA
u 3.518 0.0442 4.248
o 0.007 3.49E-04 0.447
o/u 0.2% 0.79% 10.52%
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Since the proposed OCV model is based on charge-controlled vol-
tage sources, the overall charge, which is stored in a parallel connec-
tion, is the sum of charges stored in cells in parallel. Consequently, due
to the Kirchhoff mesh rule, which implies that the voltage in a parallel
connection is equal, the overall capacity of the parallel connection is
the sum of single cell capacities. Assuming that the cell capacities are
normally distributed and independent random variables, cell block
capacity consisting of p cells in parallel amounts to [76]:

P
Chlock = ; Ceeni ~ N (P'/‘cceu » P “Ocean )
Heplock  “Chlock )
In our previous study, investigated MJ1 cells showed a negative
moderate correlation between the distribution of the capacity and the
impedance, which implied a lower impedance with a higher capacity
[9]. This result was linked to the fact that impedance was measured
with a 1C pulse, whereby C referred to 3.35Ah and not to the actual
capacity of the cell. Assuming that the cell capacity variation is linked
to the accessibility of the active material, the same discharge pulse
created a higher current density in a cell with less active material and
thus a cell with the smaller capacity seemed to exhibit a higher im-
pedance. Similar results were presented in [75]. Therefore, a linear
correlation between the initial cell block impedance and cell block
capacity was considered in the Monte Carlo simulation, which pro-
duced a similar impedance distribution, as in Table 4:

Cblock 1 0
R = (—0.0325-—= + 0.1586)-— —
DC10s,block p p [ (6)

The distribution of the self-discharge did not show any correlation
with either the capacity or the impedance and is thus assumed to be
independent. Therefore, the resulting self-discharge currents of cell
blocks can be calculated in a similar way to cell block capacities.
According to the proposed EC model, the parallel connection of cells
leads to a parallel connection of different current and voltage sources.
Since the voltage in a parallel connection is always the same, it can be
represented by a single voltage source. Applying the junction law of
Kirchhoff, the entire self-discharge current of a cell-block is the sum of
self-discharge currents of cells in parallel. Assuming that self-discharge
rates are normally distributed and are independent random variables,
self-discharge rates of cell-blocks consisting of p cells in parallel amount
to [76]:

p
Isd,block = Z Isd,cell,i ~N (p';uISd cell ? \/ﬁ'o}sd,cell )5
O Sdeell T Y7 0T

i=1
9lsd,block ()

HIsq block

Overall, a parallel connection of lithium-ion cells reduces the initial
relative cell block parameter variance o/u by the factor of 1/,/p, which
confirms the results from Fill et al. [77]. However, in addition to initial
cell parameter variations, lithium-ion cells also suffer from the intrinsic
cycle and calendar aging differences. In general, it implies that the
relative variance of the final distribution of the capacity and impedance
at the EOL is higher than the initial one. The empirically derived factor
between the initial and final relative variance of the cell capacity, based
on the study from Baumhoefer et al. [8] and Schuster et al. [7],
amounted to 6.8 and 4.2, respectively. Based on this range, the factor
used in this study was set to 5. This factor implies that due to intrinsic
variation of aging rates, the final relative variance of the capacity is five
times higher than the initial one. This relation was implemented with a
random factor I'yy;, which was assigned to each cell block and multi-
plied with p - Q11 (Eq. (3)), resulting in intrinsically varying aging. I';1;
is a random number from a normal distribution with a mean value
amounting to 1 and standard deviation amounting to 0.04. The stan-
dard deviation was chosen in the way, the cells would intrinsically
reach a five times higher relative variance of the capacity at the EOL.
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Fig. 6. (a) Simplified load profile including the temperature progression, (b)
schematic progression of the cell block charge within one cycle.

3. Simulation of the battery pack
3.1. Generic load and temperature profile

The generic load profile for the simulation consists of three phases
and is shown in Fig. 6a. The profile depicts a simplified one day load
cycle of an EV. The first two phases are the operation phases, in which
the battery pack undergoes a discharge and a subsequent charge.
Usually, the actual charge and discharge currents, as well as the voltage
limits are set by the application. In this study, the battery pack is dis-
charged by 13.7% of the initial capacity of the reference pack (Cref,init)
with 0.2C. This cycle depth is chosen to resemble a typical trip of an EV
with the average travel distance of 38km per day, taking about one
hour in total [78].

In order to maximize the energy content of the battery pack, often a
constant voltage (CV) phase is added after a constant current (CC)
charge. By keeping the cell block voltage at its maximum value, the
current decreases until the current cut-off criterion is reached. Such a
charging protocol reduces the influence of the internal resistance of the
cell. The CV phase is considered in the simulation with the cut-off
current of 1A, which corresponds to recommended 50mA on the cell
level according to the MJ1 datasheet.

In the third phase, the battery pack rests for a certain amount of
time until the overall duration of the cycle is 24 h. The simulation is run
for 400 equivalent full cycles, which is the expected lifetime of the cell.
For the chosen DOD per cycle, it implies that the simulation is run for
2920 partial cycles (Ngor), which results in 8 years of operation until
reaching the 80% of the initial capacity.

The temperature within a single cell block is assumed to be homo-
geneously distributed at all times. However, due to the spatial location
of each cell block in the battery pack, it is almost impossible to provide
the same cooling power and thermal condition to each cell block
[79,801, which usually leads to temperature gradients during the op-
eration [81,82]. Therefore, in addition to the operation temperature
Top, a linear temperature gradient within the battery pack was im-
plemented. Starting with the temperature T, of the first cell block, the
temperature linearly increases until it reaches its maximum at the last
cell block. Such temperature distribution is rather unusual for a battery
pack with 168 cell blocks in series. However, since the goal of the
modeled temperature gradient is to provide different aging conditions
for in series connection of cell blocks and not to reflect geometrical
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Table 5
Overview of the simulation profile parameters. Monte Carlo simulations were
performed with and without temperature gradient.

Step Parameters Termination

1. Discharge CC —I=0.2C,

Top= 25 °C, AT= OK/5K

DOD > 13.7% Crefinit

2. Charge CCCV I= 0.2C, U= 4.2V, I< 1A
Top= 25 °C, AT= OK/5K
4, Pause Tamb= 10 °C, AT= OK teyele > 24h

properties of the battery pack, such simplified temperature distribution
seems to be acceptable. The temperature of the cell blocks connected in
series is given by Eq. (8), where T; is the temperature of the cell block
number i, AT is the difference between the highest and the lowest
temperature in the battery pack during the operation phase and s is the
overall number of in-series connected cell blocks.

i—1
T = Top + AT

(®

During the resting phase, the pack exhibits the ambient temperature
Tampb Without any temperature difference between the cell blocks. The
temperature transition between both cycle phases is assumed to be
immediate, as shown in Fig. 6a. The simulation profile parameters are
summarized in Table 5.

3.2. Simplified cycling model and balancing techniques

Due to the nature of the used load profile without many changes in
the load current, the cycle simulation was optimized in terms of speed,
which was favorable for the Monte Carlo approach with many lifetime
runs. Instead of using infinitesimal simulation time steps, the internal
state of each cell block, which is the charge Q, was calculated only at
the end-of-discharge, the end-of-charge and at the end of the resting
phase, as shown in a simplified progression of the cell block charges
within one cycle in Fig. 6b. The idea behind this simplified simulation
approach was to pre-calculate the maximum and minimum charges
Qach and Qq,, which can be withdrawn after the discharge and be stored
after the charge in each cell block based on the actual capacity, OCV,
impedance, load current, self-discharge and the state of charge. Sub-
sequently, by identifying the limiting cell blocks in the pack, the charge
Qpack,dch and Qpack,ch, Which can be withdrawn after the discharge and
be stored after the charge in the pack was determined. This procedure is
described in more detail in the following.

Due to the relatively small DOD of the used load profile, the dis-
charging phase is never limited by the lower cut-off voltage and
therefore, besides the last cycle, the withdrawable charge
Qdch = CinitrDOD remains constant during the entire simulation. In the
case of a full discharge, which was applied only during the last cycle of
the lifetime simulation in order to compare the withdrawable energies,
the withdrawable charge for each cell block was calculated according
to:

Qach = Qk — Qmin — Qu (C)]

where Qy is the charge in each cell block before the cycle according to
Fig. 6b, Qsq is the amount of charge loss due to self-discharge during the
discharging step and Qp,;, is the minimum charge in the cell block ac-
cording to the actual cell block OCV (Upes act — Uneg,act), impedance and
the negative discharge current Iy.,. At the first cycle, Q. depicts the
capacity of the cell block. Quin, which is the minimum possible charge
in each cell block with respect to the lower cut-off voltage and the
voltage drop caused by the discharge current, is calculated as follows:

Qmin: :Q Upos,act(g) - Uneg,act(&) + Idch'Ract(&a T) = 2.5V
Cact C C

act act

(10)
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After the discharge step, the storable charge for each cell block is
calculated as follows:

Qch = Qmax — Qk,dch + Qsq an

where Qq 4ch depicts the charge in each cell block before the charging
step, Qsq is the amount of charge loss due to the self discharge during
the charging step and Q,.x is the maximum charge according to the
actual cell block OCV (Upos,act — Uneg,act), impedance and the positive
termination current of the CV phase Icy. Qumax is calculated as follows:

Qmax: =Q UPOS,acl(C&) - Uneg,act(C&) + ICV~RaC1(C£, T) = 4.2V

act act act
12)

The actual amount of charge during the discharging and charging
step for each cell block depends on the application of the balancing
systems. Balancing circuits are usually used in order to counteract the
voltage drift in battery packs. The distinction is made between dis-
sipative and non-dissipative (ideal) balancing systems and battery
packs without any voltage equalization. In this study, all three options
are considered and integrated into the simulation by manipulating the
actual charges Qpackach and Qpack,ch in the discharging and charging
steps according to Table 6.

In case of no balancing, both the charge and the discharge are
limited by the upper and the lower cut-off voltages of the limiting cell
block. Therefore, only the smallest of the calculated possible charges
Qch and Qqcn can be applied to the battery pack. Dissipative balancing
systems are able to equalize the voltage by dissipating the excessive
charge. Hardware realization of the dissipative balancing is usually a
parallel resistor and an active switch [83]. The goal of the dissipative
balancing is to allow each cell block to exhibit the same voltage at the
end of the charging procedure. Cell blocks that exhibit a higher voltage
are discharged. Therefore, dissipative balancing theoretically allows
every cell block to reach its end-of-charge voltage, as listed in Table 6.
However, the discharge is still limited by the cell, which reaches the
lower cut-off voltage first. Non-dissipative (ideal) balancing systems are
usually more complex and consist of power electronics and control
networks. In contrast to dissipative circuits, different topologies, such
as cell-to-cell, cell-to-stack or stack-to-cell configurations have high
energy transfer efficiencies in common [84]. Such balancing systems
also perform voltage equalization during the discharge, allowing all cell
blocks to reach the same end-of-discharge voltage, as reflected by the
Qpack,ch and Qpaci,dch in Table 6.

With the manipulated charges during the charging and the dis-
charging phase for each battery pack without balancing and with dis-
sipative/ideal balancing, the simulation steps for the cycle in ac-
cordance with Fig. 6b are listed in the following:

Qk,dch = Qk — Qpack,deh — Qsd,dch (13)
Qieh = Qudch + Qpackch — Qsdeh a4
Qi rest = Qieeh — Qsdrest (15)
Qes1 = fipr (Qrests T (16)

The individual self-discharge charges Qg dch, Qsd,ch and Qsdrest are
calculated according to the cell block SOC, temperature and the dura-
tion of the cycle phase. Based on the actual charge after the resting

Table 6
Influence of the ideal balancing systems on the charging and discharging

charges. Discharging charges are only valid during the last full discharge at the
end of life.

Balancing system Qpack,ch Qpack,dch
No balancing min(Qch) min(Qqcn)
Dissipative Qch min(Qqch)
Ideal Qch Qach
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Table 7

Variation of relative parameter variances for the Monte Carlo simulation.
Scaling factor 0 0.5 1 1.5 2
Capacity oc/lc 0 0.001 0.002 0.003 0.004
Self-discharge ojgp/u g, 0 0.05 0.1 0.15 0.2
Aging rate oy11/ M 0 0.0075 0.0150 0.0225 0.0300

phase Q resc and the cell block temperature during operation T;, new
actual charge before the next cycle Q. is calculated according to the
aging model.

3.3. Simulation parameters

In order to separate the possible influence of the cell parameters on
the simulation results, the relative variance of the capacity, self-dis-
charge and LLI was changed individually in the simulation. Based on
the statistical data from Table 4, the parameters were scaled by the
factor of 0, 0.5, 1, 1.5 and 2 of the initial value and are listed in Table 7.
Only one scaling factor was changed at a time, while other parameters
were scaled by the factor of 1. The energy content of the battery pack
with the varying cell parameters was compared with the discharge
energy of the battery pack with uniform cell parameter distribution at
the EOL, E.ct/Euniform- Additionally, AUgor, the voltage difference be-
tween the maximum and minimum voltage in the battery pack after the
last charge was evaluated. The outcome of each Monte Carlo simulation
depicted the distributions of both measures.

The number of simulation runs per one set of parameters was set to
207, which allowed for an absolute error of the normalized mean value
of approx. 2%o. The absolute error e with the confidence level y of the
mean value of a normal distributed quantity is

_ Za+p)/20

NG a7

where Z(11y)2 is the ((1+y)/2)-quantile of the standard normal dis-
tribution and n the number of samples [85]. The maximum observed
standard deviation of the pack energy at the EOL in this study
amounted to o= 484W h. Therefore, by setting the confidence level to
Za+yyz = 1.96 (20), the absolute error of the resulting mean value
yielded an upper bound of e = 65.8W h, which, in combination with
the smallest observed value for Eypiform amounting to 31656W h, re-
sulted in the aforementioned absolute error of the normalized mean
value.

4. Results and discussion

In the following, the results of the Monte Carlo simulation are
presented and discussed. Fig. 7 shows the results from the parameter
study without the temperature gradient. Since the outcome of each
Monte Carlo simulation is a distribution, the mean values are depicted
as a solid line Fig. 7, whereas filled areas reflect + —1o, which re-
presents 68.2% of the whole distribution. As shown in Fig. 7a, even the
doubling of the relative variance of the capacity has no noticable in-
fluence on the energy content. Due to the high amount of cells in
parallel, the relative capacity and impedance variance of cell blocks is
negligible. These results suggest that cell matching before the pack
assembly for the investigated 168s20p pack is not necessary, leaving
out the possible influence on the parallel connection of cells. Whereas
the ideal balancing performs exactly the same as battery packs with
uniform parameter distribution, battery packs with and without dis-
sipative balancing reach 97.8% and 97.3% of the ideal discharge energy
at the EOL, respectively. Such high utilization values are due to the
absence of the temperature gradients, which imply a homogeneous
aging and low absolute self-discharge currents, resulting in the voltage
drift below 20 mV, shown in Fig. 7d.
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As depicted in Fig. 7b, the battery pack without balancing performs
as well as the one with dissipative balancing in case of no self-discharge
variation. However, an increase in relative variance of the self-dis-
charge deteriorates the overall discharge energy of the battery pack
without balancing, reaching 96.8% for doubling the relative variance.
Since the dissipative balancing is theoretically able to equalize any
voltage drift, which is shown in Fig. 7e and amounts to 32 mV in the
worst case without balancing, different self-discharge rates have no
effect on the battery pack with dissipative balancing. On the other
hand, different capacities cannot be utilized with dissipative balancing,
since the limiting cell block confines the available capacity of the pack
during the discharge. This relation is also highlighted in the Fig. 7c,
which shows that in case all cells exhibit uniform aging with no var-
iation of LLI, dissipative balancing performs as well as the ideal bal-
ancing, since there are no different capacities that can be left unutilized.
However, increasing the variation of aging deteriorates the perfor-
mance of both packs with and without dissipative balancing. Due to
almost no influence on the voltage drift (Fig. 7f), caused by low in-
trinsic aging differences and low absolute value of the self-discharge,
the battery pack without balancing performs almost as well as the one
with dissipative balancing.

The minor influence of the capacity and impedance variations on
the pack utilization without temperature gradients is only valid under
the assumption that a parallel connection within a cell block behaves as
a large-format lithium-ion cell. Despite the fact that large electrodes can
be treated as a parallel connection [86], due to spatial properties, large-
format cells usually suffer from larger internal temperature gradients
[87,88], which might lead to inhomogeneous aging within the elec-
trode [27]. However, it stands to reason that initial variations of the
impedance and the capacity play a rather minor part in the final utili-
zation of the battery pack. On the other hand, the variation of the in-
trinsic aging rates revealed the largest influence on the pack utilization.
Despite the fact that in battery packs without temperature gradients,
the voltage drift was solely caused by the different self-discharge rates,
the absolute value of the drift remained low. Therefore, no major dif-
ference between the packs with and without dissipative balancing was
observed.

Fig. 8 depicts the results of the Monte Carlo simulation with the
same intrinsic cell-to-cell variation parameters, but with an additional
5K temperature gradient along the in-series connection of cell blocks.
Similar to previous results, any change in the relative capacity variance
has no effect on the available pack energy at the EOL, as shown in
Fig. 8a. However, the presence of the temperature gradient deteriorates
the energy utilization severely for battery packs with and without dis-
sipative balancing and amounts to 93% and 91.9%, respectively. The
actual utilization is directly linked to the implemented temperature
dependancy of the aging rate and therefore has to be treated with
caution. However, despite the presence of the temperature gradient, the
difference in the utilization of the battery pack with and without bal-
ancing amounts to approx. 1%. Such little difference is especially linked
to the fact that even in the presence of the temperature gradient, the
voltage drift only increased to 24.5 mV. The battery pack without
balancing reveals decreased utilization with increasing relative self-
discharge variance, whereas the pack with dissipative balancing is not
influenced, as shown in Fig. 8b. Fig. 8e depicts the increasing voltage
drift with the increasing variation of self-discharge rates. In case of no
variation, the voltage drift is caused solely by different aging rates and
amounts to 16.7 mV, which is in the same magnitude as the voltage
drift evoked by different self-discharge rates. Therefore it stands to
reason that self-discharge rates are not solely responsible for the voltage
imbalance in battery packs, as already discussed in [9]. Furthermore, in
case of an increasing variation of the LLI (Fig. 8c), both battery packs
with and without dissipative balancing experience deteriorated utili-
zation, amounting to 90% and 89%, respectively, with increasing var-
iance in the pack performance. The deteriorated utilization was linked
to the limiting cell during the discharge rather than the voltage drift,
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Fig. 7. Monte Carlo results for battery packs without temperature gradients and with different balancing approaches (AT= 0K, T,,= 25 °C, T,,= 10 °C). (a)(d) The
utilization of the pack and the maximum voltage drift at the EOL for different capacity variations, (b)(e) the utilization of the pack and the maximum voltage drift at
the EOL for different self-discharge variations, (c)(f) the utilization of the pack and the maximum voltage drift at the EOL for different LLI variations.

which remained constant at 25 mV.

Despite the fact that the ideal balancing was able to utilize the
available cell block capacities in all simulation scenarios, real non-
dissipative balancing circuits exhibit energy transfer efficiencies lower
than 100%. Depending on the circuit topology and the position of the
cell blocks, the overall energy transfer efficiency might drastically fall,
making this technique not applicable for commercial applications.
Moreover, for the investigated battery pack with and without dis-
sipative balancing it can be concluded that initial cell parameter var-
iations of the MJ1 cell have a minor influence on the final utilization of
the pack. In general, temperature gradients within battery packs should
be avoided; however, since the influence of the temperature highly
depends on the aging model, no quantitative statements are possible.

Nevertheless, intrinsic variation of aging rates could be identified as a
major influence factor on the pack utilization, which confirms the ex-
perimental results from Schuster et al. [7]. Although different self-dis-
charge and aging rates evoked voltage drift, due to low absolute value,
the performance of packs with and without balancing differed by a
maximum of 1%. Therefore, it stands to reason that some energy sto-
rage applications might operate without balancing circuits, as long as
load profiles remain moderate and cell blocks do not exhibit any ex-
treme degradation behavior. For instance, full-DOD cycles, which were
not used in this study, could lead to a non-linear aging behavior and
therefore increase possible voltage drifts.
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Fig. 8. Monte Carlo results for battery packs with temperature gradients and with different balancing approaches (AT= 5K, T,,= 25 °C, T,,= 10 °C). (a)(d) The
utilization of the pack and the maximum voltage drift at the EOL for different capacity variations, (b)(e) the utilization of the pack and the maximum voltage drift at
the EOL for different self-discharge variations, (c)(f) the utilization of the pack and the maximum voltage drift at the EOL for different LLI variations.
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5. Summary and conclusion

In this work, the influence of the balancing circuits and cell-to-cell
variations of the MJ1 lithium-ion cell on the utilization of a 168s20p
battery pack was investigated via Monte Carlo simulation. The MJ1 cell
was represented using an EC model with two voltage sources reflecting
the OCVs of the anode and the cathode, an impedance Rpci0s and a self-
discharge current source. The EC cell model was scaled up to a cell
block representing the parallel connection of cells. The battery pack
model consisted of 168 cell blocks connected in series. Based on the
measured cell parameter distributions of the capacity, impedance and
the self-discharge, a new battery pack was constructed each time before
a lifetime simulation. For each parameter set, 207 lifetime simulations
were conducted, which resulted in distributions of pack utilization and
possible voltage drift, providing a statistically relevant statement about
the pack performance. The main findings, which are limited to systems
with low-DOD cycling and linear aging of cell blocks are summarized in
the following:

1. Intrinsic aging variations depict a major influence on the utilization
of the battery pack. An extension of cell testing with a suitable
technology for classification of the intrinsic aging behavior would be
highly beneficial for battery pack manufacturers.

2. Initial variations of the cell capacity and impedance play a rather
minor role in the utilization of a battery pack, due to a decrease of
the relative variance of cell blocks with cells connected in parallel.
Therefore, cell matching for similar battery packs seems to be dis-

Appendix A. Fitting of the impedance model
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pensable, assuming only a minor influence of possible temperature
gradients along the parallel connection of cells.

3. Different self-discharge rates, as well as different aging rates con-
tribute to the voltage drift within the in-series connection of cells.
However, due to low absolute values, there is no major difference in
the utilization of battery packs with and without balancing.
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The measurement results from Fig. 3b were fitted with the following polynomial surface using linear least squares method.

Rpc10s(SOC, T) = pyy + P1g-SOC + py;-T + p,y-SOC? + p,;-SOC-T
+ Do T? + Pyy-SOC? + p,,-SOC2T + p,,-SOC-T?
+ Do T3 + Pjy-SOC* + py -SOC3-T + p,,-SOC2.T?
+ py5-SOC-T? + p,-SOCS + p,-SOC*.T
+ Py -SOC3-T2 + p,,-SOC2.T?

The corresponding coefficients are summarized in Table A.8.

Table Al

(A1)

Coefficients for the polynomial surface Rpc1os(SOC, T).

Coefficient

Value

Poo
P1o
Po1
P20
P11
Po2

Pso

0.04733
—0.0005173
—0.006342
—0.009436
0.001053
0.001543
0.0009925
—0.0006121
—0.0002329
—1.453e-05
0.009418
0.001663
0.0003376
—0.001086
—0.003839
—0.001331
—3.572e-05
0.0005283
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Figure 4.1: Outline of chapter 4.

Based on the results from previous sections, cell-to-cell variations and different rates of LLI and self-
discharge are unlikely to induce major voltage imbalances within the battery packs. Therefore, this
chapter evaluates the remaining possible influencing factors. In order to verify this outcome, several
module aging experiments were conducted. First of all, for that purpose a 6slp module with a con-
trollable forced temperature gradient along the serial connection was constructed. This apparatus is
described in detail in the following article. After the initial checkup measurement, the module was
equalized by charging each cell at 25 °C to 4.2 V using the CCCV protocol, with a termination current
of 0.001 C. Subsequently, a temperature gradient of AT = 5K at 25°C was applied with a thermal
equalization time of 2h, in order to establish a homogeneous temperature distribution of between
25°C and 30°C between the first and the last cell within the serial connection. The cycling routine
included 20 CC cycles with 1C, and cell-level charge and discharge termination at 4.2V and 2.5V.
After each cycling sequence, the temperature of each cell was set back to 25°C. All cells were rested
for at least 12h after the last 1 C charge, so that most overpotentials had decayed. Subsequently,
the clipboard wiring was changed to a single cell configuration and each cell underwent capacity and
impedance measurements. At the end, each cell was charged to the target voltage before the checkup
measurement at 25 °C using a CCCV protocol, with a termination current of 0.001 C. This approach

allowed voltage drift of the 6s1p module, whilst conducting checkup measurement on the cell level.

The results, which are shown in Fig. 4.2, revealed that due to different aging rates there was a
detectable voltage drift within the module after the 12 h relaxation periods. After only 100 cycles, the
voltage difference between the maximum and minimum cell voltages in the charged state amounted

to 30mV, as depicted in Fig. 4.2b. The forced temperature gradient evoked different aging rates
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Figure 4.2: (a) Progression of the relative capacity of each cell in the 6slp module. (b) Increased
difference between the maximum and minimum cell voltage within the 6s1p module during
cycling with and without CV phase.

within the 6s1p module, whereby the coldest cell showed the largest degradation. In order to exclude
different impedances as the cause of the voltage imbalance, a further experiment was conducted.
Instead of the previous 1 C charge, the module was charged with 1 C and a subsequent CV phase with
a termination current amounting to C/70, minimizing the influence of the impedance. The cumulative
voltage difference between the maximum and minimum cell voltage within the 6s1p module after 12h
of relaxation is shown Fig. 4.2b. As the voltage differences are almost identical, regardless of the CV

phase, the influence of impedances was considered to be negligible.

In the following article, the observed voltage imbalance was further investigated. The idea behind this
study was to repeat the module aging experiments, while including the effects of dissipative balancing.
Furthermore, DVA and post-mortem analysis were used for more precise identification of the causes of
cell degradation. The results of the presented study were in accordance with the preliminary tests. It
could be shown that the degradation of colder cells was linked to lithium plating, possibly due to deeper
cycling and the concomitantly increased mechanical stress on the negative electrode. Furthermore,
the plating reaction was responsible for the majority of the voltage drift, which in sum amounted
to >75mV. Voltage drift limited the module’s energy, whereby dissipative balancing improved the
module utilization. Finally, cumulative balancing charge showed a strong correlation with capacity
differences between the limiting and remaining cells and could be therefore used for the identification

of lithium plating in battery packs.
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ABSTRACT

Voltage imbalance in lithium-ion battery packs, which leads to impaired utilization of the whole energy-storage system,
is often linked to different self-discharge rates. Despite the established use of balancing circuits, neither the true origin of
voltage imbalance nor the benefits of cell balancing are as yet completely understood. In this study, a forced tem-
perature gradient along six in-series connected, commercial 18650 nickel-rich/SiC cells was applied during cycles
resulting in cell temperatures of between 25°C and 30 °C. Every 20 cycles, the 6slp module was equalized using
dissipative balancing. Aging behavior was analyzed using checkup measurements, differential voltage analysis (DVA)
and conclusive scanning electron microscope (SEM) imaging of negative electrodes. The results obtained in this work
reveal that the forced temperature gradient caused different degradation rates, whereas the colder cells exhibited
aggravated aging behavior, which was linked to lithium plating. Furthermore, the lithium plating caused the majority
of the voltage drift within the module. The application of dissipative balancing enabled an improved utilization of the
module, and increased the discharge energy. Finally, the cumulative balancing charge reflected the capacity differences
between the cells, and could therefore be used for the online determination of relative aging of single cells or cell blocks
in lithium-ion battery packs..

1. Introduction

Over the past decade lithium-ion technology has overcome several
downsides such as high costs, safety hazards and short system life [1,2].
Now, the wide field of applications ranges from mobile devices to de-
centralized energy storage and electric vehicles (EVs). In order to cover
the high energy demand, battery packs usually consist of up to thou-
sands of single lithium-ion cells connected in series and in parallel. A
serial connection of cells increases the system voltage, which, due to
lower current loads, reduces ohmic losses within the battery pack and
charging infrastructure. State-of-the-art battery packs exhibit system
voltages of up to 800V with almost 200 cell blocks in series [3],
whereas each cell block contains cells in parallel. As a consequence,
there is a higher chance for cell block voltages to drift apart, limiting
the available capacity of the battery pack. Deployment of balancing
circuits usually solves this issue [4], however the true origin of voltage
imbalance is still not completely understood. Different self-discharge
rates, which evoke voltage decay without any irreversible capacity loss,
are often stated for being the major reason behind the voltage drift
[5,6]. However, recent studies of state-of-the-art lithium-ion cells with
nickel-rich cathodes and silicon-graphite anodes revealed that differing
self-discharge rates had almost no influence on possible voltage

* Corresponding author.
E-mail address: ilya.zilberman@tum.de (I. Zilberman).
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imbalance, due to low self-discharge currents [7,8].

Due to finite accuracy during the manufacturing processes, cells
vary in their characteristics even immediately after the production
stage. In general, cell parameter variations are usually linked to
minimal differences in the electrode thickness, material composition,
overall component connectivity, etc. among same type produced li-
thium-ion cells [9]. Rumpf et al. showed that initial cell parameters of
mass-produced lithium-ion cells are usually normally distributed,
which is symptomatic of random - and not systematic - deviation during
cell manufacturing [10]. Subsequently, due to negative outliers, it is
inevitable that a serial interconnection of cells or cell blocks results in
reduced pack capacity [11,12]. However, in addition to initial para-
meter variation, lithium-ion cells exhibit intrinsically varying aging
rates, even under the same operational conditions [13], although the
absolute differences remain rather low [7]. Due to spatial location of
each cell in the battery pack it is almost impossible to provide the same
cooling power and thermal condition to each cell [14,15], which leads
to temperature gradients during operation [16,17]. Several studies re-
ported that major degradation mechanisms are influenced by tem-
perature [18,19]. Furthermore, it has been shown that temperature
gradients deteriorate the capacity spread among the cells in battery
packs [20-22].
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A forced temperature gradient was applied by Klein et al. in order to
investigate the influence of non-uniform temperature conditions on
current distributions among cells in parallel [23]. In that investigation,
all cells were placed in an enclosing aluminum casing, while Peltier
elements on each side of the aluminum block controlled the non-uni-
form temperature distribution. Using two lithium-ion cells in series, one
of which was placed in a climate chamber at 55 °C and another at 25 °C,
Chiu et al. showed that temperature gradients have a negative impact
on pack performance and can induce safety issues, if cell voltage su-
pervision is neglected [24]. However, no detailed information on vol-
tage imbalance was presented. Cordoba et al. demonstrated via simu-
lation that the lifetime of a battery pack depends on the topology,
thermal properties, cell balancing and intrinsic cell parameter varia-
tions, whereas the latter were not significant for the aging progression
of the pack [25]. Unfortunately, voltage-drift progression was not also
presented. Wang et al. compared the aging behaviors of four different
battery pack typologies, including serial connection with uniform
temperature distribution among all cells [26]. The presented empirical
study revealed a higher degradation rate of battery packs compared to
single cell aging. More details on possible roots of such behavior were
provided by Zheng et al. [27]. Reduced capacity of a battery pack
consisting of two cells at 30 °C and 45 °C connected in series was linked
to voltage imbalance, which was induced by different rates of loss of
lithium inventory. However, no cell balancing during the cycling was
applied. A comprehensive aging study of two 8s14p modules with
dissipative balancing and naturally emerged temperature gradients was
carried out by Campestrini et al. [28]. Results revealed no considerable
deviations between single cell and battery pack aging. Owing to the fact
that dissipative balancing was active during the entire time and not
only during the idle phases, no statement regarding balancing charges
and voltage imbalance could be made, since the influence of im-
pedances was more dominant than the influence of different capacities.

To date, there has been no study investigating module aging with
forced temperature gradients for in-series connections, while evaluating
the root of the voltage imbalance and balancing effort. The goal of this
work is to investigate whether balancing charges can be used for the
online determination of cell aging. In order to isolate the influence of
serial connection, no cells in parallel were considered.

This paper is organized as follows. First, the investigated cells, ex-
perimental setup and all test sequences are described. After that, the
aging progressions of each cell are evaluated and the roots of the aging
are discussed using differential voltage analysis (DVA) and scanning
electron microscope (SEM) imaging. Subsequently, the aging progres-
sion of the module is presented with corresponding energy, voltage drift
and balancing charge progressions. Finally, the results are concluded.

2. Experimental
2.1. Cell and experimental setup

The object of this study was a commercial NMC(nickel-rich)/SiC 18650
high energy lithium-ion cell INR18650-MJ1 from LGChem with a nominal
capacity of 3.5 Ah and a specific energy of 259.6 Wh kg~!. According to the
cell manufacturer, the recommended operation window is between 4.2V
and 2.5V. Sturm et al. performed an analysis of active materials and
measured half-cell open circuit voltage (OCV) curves for both electrodes of
the same MJ1 cell [29]. Electrode balancing revealed an oversized cathode
(~ 9.4%) and an almost complete use of the anode (> 99%) [29]. Such
extreme utilization of the anode facilitated the high energy density of the
cell. The amount of silicon in graphite was measured via inductively cou-
pled plasma-optical emission spectroscopy (ICP-OES) and amounted to
~ 3.5wt % [29]. The ratio of nickel, manganese and cobalt in the active
material of the cathode, determined via ICP-OES, amounted to 82%-6.3%-
11.7% respectively, indicating the dominance of nickel in the cathode.

For this experiment, six pristine cells were selected with constant
current (CC) discharge capacities at 25°C of between 3.461 Ah and

Journal of Energy Storage 28 (2020) 101170

Table 1
Overview of parameters of six cells used in the experiment, including the ca-
pacity of the cell and the internal resistance.

Parameter 1 2 3 4 5 6 u o

C/ Ah 3.461 3.469 3.461 3.47 3.462 3.463 3.464 0.004
Rocios / MQ 423 427 423 43.0 424 420 4245 0.3507

3.47 Ah. The Rpcios Value, which is a DC resistance, calculated after a
10 s discharge pulse with 1 C at 50% SOC, ranged from 42.0 mQ2 to
43.0 mQ. Details of each cell, including mean and standard deviation
values, are summarized in Table 1.

Fig. 1a shows the test setup for 6s1p module aging with a forced
temperature gradient. Each cell was encapsulated in a copper block, in
order to allow a thermal contact via heat conduction. The cylinder wall
within the cell block was covered with the high thermal conductivity foil
Softtherm 86/600 with a thermal resistance of 0.2KW~! and a foil
thickness of 0.5 mm. Additionally, an increase in cell pressure due to the
mechanical expansion of the cell during lithiation was prevented thanks
to the low Young modulus of the foil material, which amounted to
77 Ncm™2. PT100 temperature sensors were integrated into copper
blocks and were mounted onto the surface of each cell. The sensors were
logged with the Cell Measurement Unit (CMU) from Basytec during the
experiment. All temperature sensors in the experimental set up under-
went offset correction at 25 °C. Each cell block was screwed to a copper
flat rail, whereby the contact areas were lubricated with a heat paste, in
order to minimize the thermal transfer resistance. Two Peltier elements
MCTE1-19913L-S from Multicomp with attached heat sinks were
mounted onto each side of the flat bar. Each Peltier element was sepa-
rately controlled via a custom-made H-bridge circuit allowing a max-
imum output power of 200 W. For the temperature control, two addi-
tional temperature sensors were used, which were placed in small drill
holes beneath the Peltier elements. Fig. 1b shows temperature settling
with a temperature gradient AT = 5K at 25 °C without any current load.
All temperatures became and remained constant after approx. 20 min,
although the temperatures were not completely equidistantly distributed.
Such discrepancy was due to the fact that the copper set-up was not
thermally isolated, which implied a loss heat flow proportional to the
temperature difference between the cell block and the environment. All
cells, including cell blocks, were placed into an assembly with six clip-
boards, which connected the positive and negative tabs of the cells with
gold contact pins in a 4-wire connection. During cycling, each cell vol-
tage was logged with a CMU. Resolution of the CMU voltage measure-
ment amounted to 0.2mV with an accuracy of 2.5mV. The clipboard
wiring allowed the connection of all six cells in series. The cycling of the
6s1p module was accomplished with a High Power System (HPS) from
Basytec with a maximum current of 5 A and maximum voltage of 60 V.
Checkup measurements were performed on the cell level with the Cell
Testing System (CTS) from Basytec with a precision of +/- 0.3mV and
+/- 0.5 pA in the smallest range for the voltage and current measure-
ment respectively. For checkup sequences, the wiring of the clipboard
assembly was changed to single-cell configuration. Fig. 1c shows cell
temperature progression during module cycling with 1C discharge,
10 min pause and subsequent 1 C charge, while applying a temperature
gradient AT = 5K between 25 °C and 30 °C. All cells managed to main-
tain a quasi-isothermal condition with a maximum deviation of + /-
0.4 °C, which was sufficient for the experiment.

After the aging experiment, SEM images of the anode of a pristine
cell, of the cell, which aged at 25 °C and of the cell, which aged at 30 °C
were taken. All cells were discharged at 0.5 C-2.5V using CCCV pro-
tocol with the termination current amounting to 50 mA. Afterwards, all
cells were opened in a glovebox under argon atmosphere and several
samples from each negative electrode were punched out. Finally, SEM
images were taken using a JEOL JCM-6000 in high vacuum mode, with
an acceleration voltage of 15kV and a high filament and probe current.
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Fig. 1. (a) Overview of the test setup for 6s1p module aging with forced temperature gradient, (b) cell surface temperature while applying a temperature gradient AT =
5K without current load, (c) cell surface temperature during 1 C discharge, 10 min pause and subsequent 1 C charge, while applying a temperature gradient AT = 5K.

2.2. Test sequence

In the following, the checkup routine and overall test sequence are
described. Each checkup measurement included a slow constant current
(CC) discharge at 0.033 C for the purpose of differential voltage analyses
(DVA) and subsequent Rpcios determination at 50% SOC. DVA is an es-
tablished method in order to analyze degradation mechanisms as loss of
lithium inventory (LLI) and loss of active materials (LAM) and was suc-
cessfully applied in the past [8,30,31]. At the same time, the CC discharge
capacity was used for the evaluation of the degradation behavior and the
determination of the absolute irreversible capacity loss. In order to guar-
antee a fixed starting point for a discharge, each cell was charged to 4.2V
via the constant current constant voltage protocol (CCCV). A detailed
description of the checkup sequence is given in the Table 2. During the
checkup measurements, all cells exhibited 25°C and were rested at this
temperature for at least 2h before the start of the measurement.

Fig. 2 gives an overview of all test sequences during the experiment.
After the initial checkup measurement, the module was equalized by
charging each cell at 25°C to 4.2V using the CCCV protocol, with a
termination current of 0.001 C. Subsequently a temperature gradient
AT = 5K at 25 °C was applied with a thermal equalization time of 2h, in
order to establish a homogeneous temperature distribution of between
25°C and 30 °C. The cycling routine included four CC cycles with 1 C, and
charge and discharge termination at the cell level at 4.2V and 2.5V

Table 2
Checkup sequence consists cycles for cell capacity determination (steps 3-4)
and determination of internal impedance Rpcios (steps 5-7).

Step Parameters Termination
1. Charge CCCV I=0.5C, U= 4.2V I <0.001C
2. Pause t > 30min
3. Discharge CC I=-0.033C U<25V
4. Pause t > 30min
5. Charge CC I=0.5C SOC >50%
6. Pause t > 10 min
7. Discharge CC I=-1C t>10s

respectively. For further investigations, which are not discussed in this
work, a concatenation of randomly chosen load profiles from the data-
base presented in [32] was applied with the same discharge termination
criteria. A dynamic cycle was deemed to be a single CC cycle, despite the
higher charge throughput. Subsequently, the module was CC charged to
4.2V. Combined with CC cycles, the whole sequence was repeated four
times, resulting in 20 consecutive cycles. After each cycling sequence, the
temperature distribution was set back to 25 °C. All cells rested for at least
12h after the last 1 C charge, so that most overpotentials were decayed
[33]. Subsequently, clipboard wiring was changed to single cell config-
uration and each cell was connected to the CTS. Dissipative balancing
was performed by discharging each cell to the lowest cell voltage Uy
(see Fig. 2) within the module using a CCCV protocol, with the termi-
nation current of 0.001 C. After that, the aforementioned checkup se-
quence from Table 2 took place, with conclusive 0.33C, 0.66C, 1C
charge and discharge pulses at 50% SOC, whereas a 1 C discharge pulse
was used for Rpcios determination. At the end, each cell was charged to
the latest Uy, using a CCCV protocol, with a termination current of
0.001 C. This approach reduced the possible influence of checkup mea-
surement on the voltage drift within the module. During the experiment,
200 cycles and 11 checkup measurements were conducted.

3. Results and discussion
3.1. Cell level

In the following, the evaluation of checkup measurements during the
experiment is presented and discussed. Fig. 3a depicts the progression of
relative capacity for each cell over 200 cycles. The colors in Fig. 3 re-
present the position of each cell along the temperature gradient, whereby
blue represents the coldest cell at 25 °C, and red represents the hottest cell
at 30 °C. The results reveal that the forced temperature gradient facilitated
different aging rates within in-series connection. During the first 40 cycles,
all cells exhibited similar aging rates. Afterwards, the cell at 25 °C started
to show an aggravated aging behavior, which continued till the end of the
experiment, when it reached almost 80% of the initial capacity. The cell at
26 °C also exhibited an aggravated capacity loss, however the aging rate
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Fig. 2. Overview of all test sequences used in the aging experiment. Figure at the bottom depicts different current loads, whereas the figure at the top depicts the

corresponding voltage response.

seemed to decelerate towards the end of the experiment, when it finally
reached approx. 90% of the initial capacity. Cells above 26 °C all showed
similar aging behavior, reaching approx. 94% of their initial capacities
after 200 cycles. The progression of the impedance increase is depicted in
Fig. 3b. The cell at 25 °C showed the highest increase, resulting in approx.
130% of the initial impedance at the end of the experiment. Similar to
capacity progression, the cell at 26 °C also showed an additional im-
pedance increase, whereas cells above 26 °C exhibited the least impedance
increase. Furthermore, Fig. 3c presents the correlation between the re-
lative capacity loss and impedance increase, which is similar for all cells in
the module. It stands to reason that impedance could be used for the
online determination of aging inhomogeneities within the scope of the
presented 6s1p MJ1 module aging. However, not all lithium-ion cells ex-
hibit such a consistent correlation between capacity loss and impedance
increase [34], which makes this method not generally applicable.

The aforementioned aging behavior might be linked to the fact, that
the charge throughput of a serial connection of cells is usually de-
termined by the cell, which reaches the end of charge and discharge
voltages first. It results in maximum depth of discharge (DOD) for the
limiting cell and decreasing DOD for other cells during the course of
aging. Furthermore, temperature dependency on degradation behavior
during cycling and in particular improved capacity retention at ele-
vated temperatures, were already reported in literature [35-37]. Such
behavior was linked to irreversible capacity loss due to lithium plating

at lower temperatures.

In general, power fade and deteriorating energy storage ability are
often linked to side reactions and the loss of active materials (LAM) on
both electrodes [30,38]. LAM is usually attributed to the particle
cracking and loss of electrical contact [30]. In that way, a part of the
electrode’s active mass is no longer available for the intercalation and
deintercalation of lithium, which can be observed in the compression of
the half-cell potential [39]. Anodic side reactions, such as the growth
and repair of the solid electrolyte interface (SEI), result in LLI, which
leads to a delithiation of the negative electrode and an associated shift
of the anode half-cell potential, resulting in capacity decrease [40].
Several studies have shown that both degradation mechanisms might
occur simultaneously in cells with a pure graphite anode [41] and with
a silicon-graphite blend anode [42,43]. Furthermore, LAM at low SOCs
was deemed to be responsible for degradation of the silicon-graphite
electrode due to high mechanical stress during lithiation [44,45].

Cathodic side reactions, such as electrolyte oxidation and transition-
metal dissolution, provoke a reinsertion of lithium into the positive
electrode, which can be observed in form of a potential decrease
without any capacity loss [46,47], and might even lead to an increase in
cell capacity [31]. Similarly to anodic side reactions, cathodic side re-
actions also result in an associated shift of the cathode half-cell po-
tential. However, side reactions, such as transition metal dissolution,
might also lead to LAM. It has been shown that increased NMC cathode
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Fig. 3. (a) Relative capacity loss of each cell, (b) relative impedance increase of each cell, (c) correlation between capacity loss and impedance increase.
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potential accelerated the degradation of active materials [48,49],
especially in the case of nickel rich cathodes [50].

Due to the shift and compression of half-cell potentials, the described
degradation mechanisms can be observed via differential voltage analysis
(DVA), which has been already successfully applied in the past [51].
Fig. 4a depicts the differential voltage in the discharge direction of the
MJ1 cell, with accordingly distinctive material markers. Graphite elec-
trodes usually exhibit a steep ascent of the potential towards delithiation
[52]. Silicon-graphite composite electrodes, on the other hand, exhibit a
smoother increase [53]. A smooth increase of this type results in two
distinctive peaks in the differential voltage of the negative electrode and
can be also observed in the full-cell characteristic between 2.9 Ah and
3.4 Ah in Fig. 4a. The distance between those two peaks is attributed to
the storage capability of silicon. The peak at ca. 1.4 Ah indicates the
phase transition between LiC;, and LiCg [54]. Further phase transition
peaks of graphite are located between 2.4 Ah and 2.7 Ah. Finally, the
nickel-rich cathode is represented only with one peak at ca. 0.7 Ah [29].

Fig. 4b shows the evolution of differential voltages of the cell at
25°C during cycling, whereby all curves are aligned at the left side.
Over the course of aging, the distance between Si distinctive peaks
decreased, such that no part of either peak was noticeable, which is a
sign for the loss of storage capability of silicon in the anode. However,
the overall cell capacity loss was much higher and bore no relation to
the loss of silicon, as depicted by @ in Fig. 4b. Furthermore, a shift of
the NMC peak was observed @. Previously, a case study was conducted,
which investigated how different degradation mechanisms influence
the differential voltage of the full cell through the compression and
shifting of the half-cell potentials of the MJ1 cell [8]. The results re-
vealed that the shift in the NMC peak as in @ is a sign of LAM at the
negative electrode, which occurred at low SOC. Despite a small shift in
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the main graphite peak, no statement regarding the LLI can be made,
since the negative electrode suffered from LAM according to DVA. The
cell at 30°C did not exhibit such severe degradation, as shown in the
evolution of differential voltages during cycling in Fig. 4c. It can be seen
that the presence of silicon faded ® over the course of aging, however,
in contrast to the cell at 25 °C, the remainder of the differential voltage
characteristics stayed almost the same.

From DVA it can be concluded that both cells suffered from a loss of
silicon in the anode during cycle aging, which has been already re-
ported in literature [44,45]. Such behavior was linked to the high vo-
lumetric expansion of silicon particles during the lithiation, which fa-
cilitated the separation of the electrical contact between particles. The
cell at 25°C suffered additionally from LAM at low SOC, which most
likely led to the observed capacity decrease.

Deteriorated aging behavior is often linked to the deposition of me-
tallic lithium, also referred to as lithium plating, which occurs on the
negative electrode during charging [55]. Triggered by cell operation at
high charge rates and/or low temperatures, lithium plating leads to se-
vere capacity loss due to the formation of passivating surface films and
due to the consumption of lithium [56,57]. Lithium plating occurs if the
potential at the graphite electrode-electrolyte interface falls below OV vs.
Li/Li+. Under certain circumstances a reverse reaction - lithium strip-
ping - can be observed, however this process is not completely reversible
[58,59]. The presence of lithium stripping is usually a clear evidence for
occurred plating reaction. A striping reaction is evident in the relaxation
voltage, which exhibits a slower relaxation, sometimes even a plateau
and is usually lower than normal relaxation voltage [60,61].

Fig. 5a depicts cell voltages and Fig. 5b temperatures during the
140th cycle and the subsequent relaxation phase at 25°C before the
balancing routine. After the cycling, the temperature control auto-
matically switched to 25 °C for each cell and reached its set temperature
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Fig. 5. (a) Cell voltages and (b) temperature during the 140th cycle and sub-
sequent relaxation phase at 25 °C, (c) enlarged view of cell voltages during the
relaxation phase.
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Fig. 6. SEM images of the negative electrode of (a) pristine cell, (b) cell aged at 30 °C, (c) cell aged at 25°C, (d) cell aged at 25 °C with a provoked crack.

after 20 min, as shown in Fig. 5b. Therefore, during the relaxation
process, all cells exhibited 25°C. Fig 5c depicts an enlarged view of
Fig. 5a. It can be seen that cells aged at 25°C and 26 °C, which also
showed deteriorated aging behavior, differed in voltage relaxation. The
cell aged at 25°C in particular exhibited the aforementioned stripping
behavior, whereas cells above 26°C exhibited a normal voltage re-
laxation behavior. Severe aging behavior of the cell at 25°C was
therefore most likely due to lithium plating. However, since it has been
shown that voltage-plateau technique might be misleading due to
concentration gradients within the cell [62], a post-mortem analysis
was carried out and is described in the following.

In order to verify the presence of lithium plating, SEM images of the
negative electrode were taken, whereby a pristine cell, the cell aged at
25°C and the cell aged at 30°C were compared. In the case of the in-
homogeneous texture of the electrode, the probes were taken from areas
which were the majority of the electrodes surface. Fig. 6a shows the anode
particles of the pristine cell. The structure of the anode in Fig. 6b, which
belongs to the cell aged at 30 °C, is not entirely altered, however, the ar-
rangement of particles seems to be more dense. Such slight electrode

degradation is in accordance with results from the DVA. In contrast,
Fig. 6¢, which represents the anode of the cell aged at 25 °C, shows severe
structural differences. Individual graphite particles are no longer visible
due to the inhomogeneous surface film near the separator. A provoked
crack of the graphite electrode, which is shown in Fig. 6d, confirms that
the observed film is confined to the surface layer, since intact particles are
visible beneath it. Combined with results from DVA and voltage relaxa-
tion, the observed surface film is most likely a deposition of metallic li-
thium. Several simulative investigation of lithium plating revealed that
such films initially occur near the separator [58,63], which is in ac-
cordance with the findings from the evaluation of SEM images.

Despite the use of easily deformed heat foil in the cell holder, the
compression of cells can not be completely ruled out. It has been reported,
that compression might facilitate lithium plating [64]. However, since all
cells from the 6s1p module were placed in cell holders, and a clear tem-
perature dependency regarding the aging behavior was observed, com-
pression was most likely not the major reason for lithium plating.

The evaluation of single cell aging behavior revealed that the forced
temperature gradient was able to cause different aging rates within a
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Fig. 7. (a) Progression of the module CC discharge energy before and after balancing, (b) end of charge and discharge voltages of each cell in the first cycle after
balancing, (c) end of charge and discharge voltages of each cell in the last cycle before balancing.
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6s1p module. During cycle aging, all cells suffered from the loss of
storage capability of the silicon. Cells aged at 25°C and 26°C ad-
ditionally experienced lithium plating, which led to severe capacity loss
due to the loss of active materials of the anode at low SOC.
Furthermore, the limiting cell experienced the highest DOD and
therefore the highest mechanical stress, which could increase over-
potentials and facilitate lithium plating.

3.2. Module level

In the following, the influence of different cell degradation rates on
module aging behavior is described and progressions of module dis-
charge energy, voltage imbalance and balancing charges are presented.
Fig. 7a shows the progression of module discharge energy, which was
withdrawn in the last cycle before and at the second cycle after the
balancing procedure. The second discharge cycle was used for com-
parison due to the application of the dissipative equalization technique,
which deteriorated the discharge energy of the first cycle after balan-
cing. The results reveal that the discharge energy decreased almost by
half after 200 cycles, despite the positive influence of cell balancing.

The origin of such behavior lay in the progression of cell voltages,
which are shown in Fig. 7b and c. Fig. 7b depicts the end-of-charge and
end-of-discharge voltages after - and Fig. 7c before - the balancing
routine. From the beginning of the experiment, the cell at 25°C re-
mained the limiting cell, reaching the end-of-charge and discharge
voltages first, whereas the cell at 30 °C exhibited the highest end-of-
discharge voltage as early as the first cycle. Such behavior was linked to
reduced overpotentials of lithium-ion cells at higher temperatures [65].
The combination of aggravated capacity loss and impedance increase of
the cell at 25°C, and steep slope of the OCV in the low SOC region
resulted in an increasing difference between the end-of-charge voltages.
Such behavior is not unusual, since the goal of dissipative balancing is
to maximize the available energy by equalizing cell voltages at the
upper area of the SOC. In that way, cells would exhibit higher voltage
during the discharge, resulting in a higher voltage discrepancy towards
the end-of-discharge, as confirmed by the presented results.

Despite the application of dissipative balancing, the differences between
single end-of-charge voltages also increased during the module aging. Due
to the lack of a CV phase after CC charging and the high impedance of the
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limiting cell, the relaxation voltage was several hundred mV lower than the
end-of-charge voltage at 4.2 V. Equalization at the relaxation voltage and
increasing capacity difference consequently led to a voltage drift at the end
of charge. Such balancing strategy would not be applicable for industrial
applications, since the module was not optimally utilized, however, it de-
monstrated that dissipative balancing was able to improve overall energy
content. The influence of balancing can be also seen in Fig. 7b, in which the
end-of-charge voltages are slightly higher than in Fig. 7c, which allowed a
longer discharge, resulting in increased energy.

The dissipated balancing charges for each cell after every 20 cycles
are shown in Fig. 8a. The limiting cell at 25°C exhibited the lowest
voltage before the balancing routine. Therefore its balancing charge
remained zero over the course of the experiment. Even after the first 20
cycles, the balancing charge started to increase, whereas the cell at
30°C remained the cell with the highest balancing effort. Since the
differences between single balancing charges were not clearly separ-
able, the cumulative balancing charge was additionally evaluated,
which is shown in Fig. 8b. The progressions of cumulative balancing
charges reveal a finer resolution of the temperature dependency,
whereas the higher temperature during cycling resulted in a higher
cumulative balancing charge. Fig. 8c depicts differences between the
capacity of the limiting and the remaining cells during the experiment.
A correlation plot between the cumulative balancing charge and ca-
pacity differences, shown in Fig. 8f, reveals a strong correlation
(Pearson = 0.995) between the two parameters. It can be therefore
deduced that within the scope of the presented experiment, a cumula-
tive balancing charge might be used for online aging determination, or
at least for the recognition of lithium plating.

Fig. 8 d depicts voltage differences between the limiting and the re-
maining cells immediately before the balancing procedure, and after 12 h of
voltage relaxation at 25°C. The voltage differences increased during the
aging, despite the application of dissipative balancing every 20 cycles. At
the end of the experiment, the voltage difference between the limiting and
remaining cells amounted to almost 20 mV. Assuming that changes in OCV
during aging are negligible and that all cells exhibit almost the same self-
discharge rates, an equal charge and discharge of the in-series connection of
cells would not lead to any voltage drift, since all cell blocks would exhibit
the same charge throughput. Even altering capacities and impedances
would not cause a voltage drift, as long as the charge throughput were the
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same for all cell blocks. In contrast to that, in the case of lithium plating, the
charge would not only participate in the main intercalation reaction but also
in parasitic plating reaction, resulting in the formation of passivating surface
films. In that way, cells, which experienced lithium plating would exhibit
lower charge throughput, resulting in lower SOC. Therefore, in combination
with the asymmetric characteristic of the reversed stripping reaction [60],
the observed high voltage drift within the 6s1p module is most likely linked
to lithium plating.

The cumulative voltage differences, as shown in Fig. 8e reveal similar
dependency in comparison to cumulative balancing charges. However,
this outcome is due to the linear relationship between the OCV and SOC,
where the evaluation of relaxation voltages took place. If the OCV
characteristic exhibited a high curvature or, in general, a non-linear
behavior, the cumulative voltage differences would be misleading.

Despite the fact that the complete potential of the 6s1p module was
not utilized during cycling, dissipative balancing accomplished to in-
crease the energy of the module. Voltage drift was most likely brought
about by the lithium-plating reaction of colder cells and cumulative
balancing charge was able to reflect differences in the capacity and
aging behavior of single cells.

4. Summary and conclusion

In this work, cycle aging behavior of a 6slp battery module with
dissipative balancing and forced temperature distribution was in-
vestigated. The temperature gradient amounted to 5K, ranging from
25 °C to 30 °C during cycling. After every 20 cycles the temperature of
all cells was set to 25 °C, after which the balancing routine and checkup
measurements were conducted. Degradation mechanisms were ana-
lyzed using differential voltages over the course of the experiment.
Additionally, SEM images of negative electrodes were taken as a part of
post-mortem analysis. The main findings are summarized below:

1. Temperature gradient during cycling led to differing aging rates,
whereas the colder cells showed aggravated aging behavior. DVA
revealed that all cells suffered from the loss of storage capabilities of
silicon. However, the severe degradation of colder cells was linked
to lithium plating, possibly due to deeper cycling and therefore the
increased mechanical stress of the negative electrode.

2. Plating reaction caused the majority of the voltage drift within the
in-series configuration of cells, limiting the module’s available en-
ergy. The application of dissipative balancing allowed an improved
utilization of the module.

3. The cumulative balancing charge showed a strong correlation with
capacity differences between the limiting and remaining cells.

The results of this experimental study suggest, that the evaluation of the
cumulative balancing charge might be used for the online detection of li-
thium plating in MJ1 battery packs. However, there are some limitations to
this approach. The equalization must take place in an idle state, in order to
ensure that the terminal voltage is not disturbed by high load currents.
Additionally, a homogeneous temperature distribution must be provided
during the balancing procedure. Furthermore, a sufficient voltage mea-
surement accuracy, low tolerance balancing resistors and stable clock source
for numerical current integration have to be considered in the BMS design.
Therefore, further validation must be performed in order to ensure the
applicability of the presented balancing strategy with different lithium-ion
chemistries, battery pack configurations and different thermal gradients.
Future work will address how different aging mechanisms affect the OCV
and the terminal voltage, and subsequently the state of inhomogeneity of
the battery pack.
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5 Summary and Conclusion

It is indisputable, that reliable and efficient energy storage solutions are one of the most important keys
to a sustainable future. Despite the fact that lithium-ion technology has overcome many shortcomings
in the past decade, a widespread use of the technology, especially in field of transportation, has still not
been achieved. As the competitiveness of a mass produced technology is often linked to its cost, the
widespread adoption of EVs cannot be expected, until the average EV prices match those of an ICE
vehicle. Due to the fact that the main EV cost driver remains the powertrain and the battery pack in
particular, a full utilization of battery pack capacity is indispensable for avoiding the overdimensioning

and therefore for cost reduction.

Due to manufacturing tolerances, produced lithium-ion cells vary slightly in capacity, impedance and
self-discharge rate. Furthermore, even under the same operational conditions, cells exhibit slightly
different aging behaviors, aggravating the parameter variations even more. In series connection of cells
is usually limited by the performance of the weakest cell, while the remaining capacity of the other
cells stays unused. The phenomenon, of voltage imbalance in cells connected in series is generally well-
known. In order to mitigate the performance limitations caused by the voltage imbalance, balancing
systems are usually used. However, the true origin of the voltage imbalance is still not completely un-
derstood, which results in the design of battery packs with diminished utilization, requiring significant

overdimensioning.

Therefore, within the scope of this thesis possible influencing factors on the voltage imbalance were
investigated. For this purpose an analytical representation of the terminal voltage was derived, which
aimed to identify the relevant influencing factors. The effects responsible were identified as differently
changing stoichiometric properties and emerging differences in the lithium-ion concentration within the
electrodes among the cells, whereby the causes were linked to varying self-discharge and aging rates
between the cells. Further possible causes, such as lithium plating were also included in the analysis.
Finally, the goals of this thesis were set to investigate the influence of different self-discharge rates,
varying reaction entropies and enthalpies induced through non-identical aging and the influence of
lithium plating on the voltage imbalance. For the purpose of the experimental evaluation, a new flexible
prototyping platform for battery management systems (EES-BMS) was developed. Since lithium-ion
cells containing nickel-rich cathodes and SiC anodes are expected to be deployed in the next generation
of EVs, the object of this work was a commercial NMC(nickel-rich)/SiC 18650 high energy lithium-ion
cell INR18650-MJ1 from LGChem.

In order to quantify the reversible self-discharge, a new voltage based measurement method was de-
veloped. In the presented study, the capacity fade of commercial 18650 nickel-rich/SiC cells after 11
months of storage in a climate chamber was analyzed using DVA. Reversible self-discharge losses were
determined via capacity measurements before and after the storage and via the decay of cell voltages,
which were monitored throughout the experiment. The results obtained in this work revealed that
capacity fade during the storage was mainly caused by the LAM from the anode, which was linked

to the presence of silicon. The calculated reversible self-discharge current ranged between 2pA and
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4.5 pA at 25°C and was most likely caused by coupled side reactions between the negative and positive
electrodes, triggered by LLI at the anode. Anode overhang impeded the capacity based self-discharge
measurement, caused long-term voltage relaxation and induced capacity recovery effect during cycling
after the storage. The overall influence of the anode overhang was non-negligible and had to be taken

into account in further voltage-based self-discharge measurements.

This voltage-based measurement method was applied in order to investigate self-discharge variations
and their influence on voltage imbalance. In the presented study, initial cell parameter distributions
were analyzed via DVA and variations of calendar aging and reversible self-discharge rates of 24 MJ1
cells were statistically evaluated. After initial characterization, all cells were stored for 10 months at a
70 % SOC and at a temperature of 25 °C, whereby the final two weeks of storage were used for reversible
self-discharge determination via voltage decay. The results obtained in this work revealed that initial
capacity and impedance variations depend neither on electrode balancing, nor the storage capabilities
of NMC, silicon or graphite. Relative variance of initial capacity and impedance distributions amounted
to 0.2% and 0.68 % respectively. Besides a moderate correlation between the capacity and silicon to
graphite ratio in the anode, no further dependencies on material markers in differential voltage were
found. Statistical evaluation of calendar aging revealed, that examined cells exhibited constant aging
rates. Relative capacity variance doubled during the storage, whereas the relative variance of the
impedance remained almost the same. Further analysis revealed that after the manufacturing process
all cells were most likely matched by capacity. Relative variance of self-discharge currents amounted
to 10%. Furthermore, no correlations between self-discharge and remaining cell parameters were
observed. Using a proposed self-discharge model, it was shown, that the maximum voltage difference
within the battery pack caused by differences in self-discharge remained under the typical cell balancing
activation threshold of 5mV.

In order to investigate the influence of different aging rates on full-cell entropy profiles and therefore the
terminal voltage, new precise entropy determination method was developed. In the presented study, the
potentiometric method was more closely investigated regarding the often assumed linear relationship
between the OCV and temperature and possible associated measurement inaccuracies. Four different,
completely equalized lithium-ion cells comprising different chemistries and cell formats were object of
this study. Two different temperature profiles with varying frequency and amplitude components were
applied and according entropic coefficients were calculated based on the preceding data. The results
obtained in this work clearly revealed a non-linear behavior of the voltage to temperature relationship
regardless of the cell format, SOC, cell chemistry or sign of the derived entropic coefficient. This non-
linearity manifested itself in a certain hysteresis of the OCV depending on the temperature history of
the cells. The results suggested to minimize the temperature pulse duration whilst still allowing for
a thermal equalization of the cell. Additionally, it was suggested to minimize the amplitude of the
temperature pulse as much as possible, whilst still allowing for an acceptable SNR for the measured
voltage response. This method was applied to determine the half-cell entropy profiles, which were then
validated via calorimetric measurements. Using a shift of the anode half-cell entropy profile in order
to mimic the mechanism of LLI, it could be shown, that entropy induced voltage imbalance accounted

for less than 5mV in this work.

Individually analyzed influencing factors regarding the voltage imbalance were integrated into a holistic
battery pack (168s20p) lifetime simulation framework, which included cell-to-cell parameter variations,
differing aging and self-discharge rates, temperature gradients among the cells and various balancing

strategies. A Monte Carlo simulation using this framework was performed in order to investigate the
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possible interaction of the influencing factors on the voltage imbalance. The results obtained in this
study revealed that intrinsic aging variations represented a major influence on the utilization of the
battery pack. On the other hand, initial variations of the cell capacity and impedance played a rather
minor role in the utilization of the battery pack, due to a decrease in the relative variance of cells
connected in parallel. Therefore, cell matching for similar battery packs seemed to be dispensable,
assuming only a minor influence of possible temperature gradients along the parallel connection of
cells. Different self-discharge rates, as well as different aging rates contributed to a voltage drift within
the in-series connection of cells. However, simulated maximum voltage differences did not exceed 25 mV

at the end of life, even in the presence of temperature gradients.

In order to verify the outcome of the four studies, the final presented work experimentally evaluated
the influence of differing operational conditions within a 6slp module on voltage imbalance. In this
study, a forced temperature gradient along six in-series connected MJ1 cells was applied during cycles
resulting in cell temperatures of between 25°C and 30°C. The 6slp module was equalized using
dissipative balancing after every 20 cycles. Aging behavior was analyzed using checkup measurements,
DVA and conclusive scanning electron microscope (SEM) imaging of the negative electrodes. The
results obtained in this work revealed that the forced temperature gradient caused different degradation
rates, with the colder cells exhibiting aggravated aging behavior, which was linked to lithium plating.
Furthermore, this lithium plating caused the majority of the voltage drift within the module, which
amounted to >75mV. Finally, the cumulative balancing charge showed a strong correlation with

capacity differences between the limiting and remaining cells.

The results presented in this thesis suggest that the use of dissipative balancing can generally improve
the utilization of large battery packs, however the required investment in extra hardware, wiring and
control methods is rather doubtful, since the absolute improvement shown by the simulated 168s20p
battery pack is under 2%. The validity of such recommendation is closely linked to the operational
conditions of the battery pack and to the quality of the lithium-ion cells deployed. If the battery
system is operated far below the absolute maximum ratings set by the cell manufacturer and the
lithium-ion cells exhibit low intrinsic aging variations, balancing circuits can be omitted. On the other
hand, battery systems, which are already equipped with balancing hardware or with to retain cell
balancing might profit from utilizing an extra signal, since cumulated balancing charge could be used
as an indicator for lithium plating. However, in order to increase the general validity of the above
mentioned statements, more cell chemistries and formats have to be investigated regarding the causes
of voltage imbalance. Furthermore, due to almost full utilization of the anode, the MJ1 cell was highly
prone to lithium plating. Therefore, the experimental studies should be repeated using cells with
incomplete utilization of the anode. Finally, more attention should be payed to the influence of the

parallel connection, which was highly simplified in this work.
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