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Abstract

The lithium-ion battery is the most preferred choice for energy storage in electric vehicles and hybrid
electric vehicle application, as it exhibits superior energy density, power density, low self-discharge,
and excellent cycle life. The performance of this battery is influenced by temperature, current rate,
cycling regime, aging process, and cell chemistry. The aging mechanism has been studied extensively
to predict and to increase the lifetime of the battery, by identifying the stress factors and by focusing
on specific aging tests. However, there has been little focus on the influence of cell size on performance
and lifetime at a time when large-format cells are becoming increasingly popular over short-format
cells because of several advantages. The main advantages is fewer connections between the cells and
wiring for the battery pack, fewer individual cells to monitor for the battery management system, more
options for delivering high energy and scale-up as the energy demand increases. However, despite these
advantages, a few challenges have to be addressed as the cell sizes increase.

An increase in cell size introduces spatial inhomogeneity in the cell, such as non-uniform temperature,
current density, and state of charge distribution. These inhomogeneities cause non-uniform utilization
of the cell’s active material and, in the long term, may lead to localized aging and the premature end
of life of the cell. This thesis is aimed at studying the inhomogeneity occurring in the cell due to an
increase in its size. Commercial cylindrical and pouch cells were selected for the sizing investigation.
The cells were chosen from the same chemistry and same manufacturer. They were subjected to
calendar and cycle aging tests to evaluate the evolution of the aging process with respect to different
cell sizes. The cycle aging results showed that the largest cell size aged faster than cells of smaller sizes,
and the smallest cell size experienced the least aging. The calendar aging results showed no influence of
cell sizing; there was no current flow leading to different current or temperature distribution, and all the
cells aged at a similar rate. Additional measurements were performed to evaluate spatial temperature
and spatial volume expansion during cycle aging. The maximum temperature gradient was recorded
in the largest cell size under all operating conditions. The volume expansion measurement showed
non-uniform expansion on the cell surface; it is a function of cell voltage or state of charge. The cycle
aging tests revealed that the cell thickness accumulated during the aging process, which is an indication
of a deteriorating state of health.

A pseudo-two-dimensional electrochemical and three-dimensional thermal model was developed with
a COMSOL Multiphysics FEM tool to simulate temperature, current density, and SOC distribution
in the cell. The voltage and temperature measurements were validated with this model for different
pouch cells with reasonable accuracy. The aging inhomogeneity was evaluated by developing a spatially
resolved equivalent circuit model on a Matlab/Simulink® platform. The model simulated current and
SOC distribution in fresh and aged cells. The results illustrated that aging increases cell inhomogeneity
and causes premature end of life, especially in large-format cells.
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Chapter 1

Introduction

1.1 Background

The success story of lithium-ion batteries started during the 1990s, when Sony Corporation first devel-
oped carbon-negative intercalation electrodes. This led to its successful introduction into the sector of
consumer electronics, such as cell phones, laptops, electronics, music devices and so on. The chemistry
quickly gained popularity, as it exhibited superior energy density, power density, low self-discharge,
and an excellent cycle life. These characteristics are the preferred choice for electric vehicle (EV) and
hybrid electric vehicle (HEV) applications [1]. Existing battery technologies, such as lead-acid and
nickel metal hydride batteries, fell out of favour because of their heavy weight and size compared to
lithium-ion batteries.

The versatile chemistry composition of lithium-ion batteries has provided several options for high
energy cells, high power cells, safer chemistry, and good lifetime performance for EV application.
The most prominent cell chemistries for automotive applications use lithium nickel cobalt aluminium
oxide (NCA), lithium nickel manganese cobalt oxide (NMC), lithium iron phosphate (LFP), lithium
manganese oxide (LMO), and lithium cobalt oxide (LCO) for the cathode. Graphite or lithium titanate
(LTO) is used for the anode. Not all the above-mentioned characteristics can be fulfilled by one cell
chemistry. LFP chemistry is considered to be safer, but it compromises energy density and power
density. Whereas NMC and NCA suffer from poor safety, they excel in specific energy, specific power,
and cycle life. Another class of anode material that provides excellent safety is LTO. However, this
chemistry has a higher operating voltage compared to metallic lithium and graphite, which results in
low specific energy [2]. The listed cell chemistries are already being used by several manufacturers to
produce batteries for EV and HEV application.

EVs have a long history that dates back to 19th century and remained as a preferred mode of trans-
portation until the advent of the gasoline-powered internal combustion engine (ICE) in the 1920s. It
created revolution in the transportation sector and nearly wiped out the existence of EVs until the
end of 20th century. Despite several advantages of EVs, they were considered to be too bulky, and
they could only store a little energy compared to gasoline-driven vehicles. It was only during the
late 1970s that the massive energy crisis and volatility in the oil market triggered the idea of efficient
transportation through an alternative energy source. This led to the development of HEVs powered
by gasoline and lead-acid batteries.
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In the 1990s, numerous efforts by car manufacturers with support from governments persuaded them
to develop EVs. Chrysler introduced TEVan, a battery-powered EV in United States that used nickel
cadmium batteries. The Ford Ranger EV was produced by Ford Motor Company between 1998 and
2002 and used lead-acid batteries, but it is no longer in production. The REVAi, produced by REVA
Electric Car Company, was introduced into the market in 2001. This EV was also powered by lead-
acid batteries. General Motor Corporation produced the EV1 from 1996 to 1999, which also used
lead-acid batteries. They also introduced the Chevrolet S10 Electric around the same time, powered
by nickel metal hydride (NiMH). Both models were later discontinued. Honda EV Plus and Toyota
RAV4 EV were introduced in 1997, powered by NiMH. By the early 2000s most of these models were
discontinued, and the focus was shifted towards HEVs.

After the introduction of HEVs, many car manufacturers adopted lithium-ion batteries due to their
inherent advantage over lead-acid and NiMH batteries. By late 2000s, interest in EVs was renewed by
the introduction of the Tesla Roadster, a battery-powered sports cars from Tesla Motors. Lithium-ion
cells produced by Panasonic were used in this battery pack. The cell type is 18650 cylindrical based
on NCA chemistry, a cell form commonly used in laptops. The production was discontinued by 2012.
Although they announced an optional upgrade to the Roadster 3.0 in December 2014, this will have a
new battery from LG Chem1. The Tesla Model S is a full-size EV, introduced in 2012, and is much
heavier compared to the Roadster but costs only half of the price. It has different options for a battery
pack, 70, 85, and 90 kWh, which provide a driving range between 390 km and 480 km. Telsa is now
producing Model X, an SUV variant with an additional motor driving the front wheels. Nissan LEAF,
a full range EV, was introduced in Japan and the US market. It is a compact, five-door hatch-back
EV, powered by lithium-ion pouch cells with manganese-based spinel chemistry, with a driving range
of 135 km. The new 2018 Nissan LEAF offers a driving range of 400 km, nearly triple that of the
first-generation LEAF. It is now the world’s leading producer of EVs, and is available in 46 countries
with global sales of over 300,000 vehicles by January 2018.

The BMW i3 was introduced into the European market at the end of 2013. It is a five-door urban EV,
powered by a 22 kWh battery pack with a driving range of 160 km. In May 2012, Toyota announced
production of its new EV version of the RAV4, a mini SUV. This was produced in joint venture with
Tesla, which provided the power train. It had a 42 kWh lithium-ion battery pack, with a driving range
of 160 km. Another leading manufacturer, Mitsubishi Motors, produced Mitsubishi i-MiEV which uses
lithium-ion cells for the battery pack. The popularity of lithium-ion batteries has been growing ever
since, and it has become the primary choice for EVs and HEVs. Fig. 1.1 shows the global forecasts for
light-duty HEVs and EVs between the years 2013 and 2020 [3]. Many EV producers such as BYD E6,
Chevrolet Spark, and Mahindra e20, and demonstration fleets such as Mini E, BMW ActiveE, Tata
Indica Vista EV, Toyota eQ/Scion iQ EV, and Volkswagen Golf Blue-e-Motion have embraced lithium-
ion batteries to power vehicles [4]. The latest addition to the demonstration e-Fleet is EVA, the first
EV specifically designed as a taxi for tropical megacities. This EV was built in collaboration between
Nanyang Technological University (NTU) and Technische Universität München (TUM), funded by
Singapore’s National Research Foundation (NRF). It has a 50 kWh lithium-ion battery pack made of
pouch cells, and it has a driving range of 300 km [5].

As the market has evolved, lithium-ion batteries have undergone several changes in chemistry, cell
form, and design since its inception to meet the specific demands of EVs and HEVs. In the initial
stages, battery cells were produced in cylindrical form. This cell form is still popular and the most

1 The facts and figures of EVs and HEVs are based on November 2017. As this is a developing field, the numbers can
change, in a short span of time. However, these numbers do not affect the results of this thesis.
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Figure 1.1: Annual electric vehicle sales by drivetrain, World Markets: 2013-2020 [3]

widely used design for rechargeable lithium-ion batteries. They are easy to manufacture, are low-cost,
provide good mechanical stability, and have excellent safety features. Cylindrical cells are designed
for robustness, with the ability to withstand vibration, shock, and high internal pressure. These cells
come in a standardized format. The most commonly available cell format is 18650. This format cell
is 18 mm in diameter and 65 mm in length. Other variants of cylindrical cells are 26650 and 32113,
designed for high-power applications, commonly used in HEVs. Some cell manufacturers, such as Saft,
Gaia, EIG, and so on, have developed even bigger cylindrical cells with up to 200 Ah capacity for
high-energy and high-power applications. But due to their geometry, they make for inefficient usage
of space, and for this reason, the volumetric packing efficiency is low compared to other cell forms.
The heat transfer to ambient is not optimal, because of the lower surface-area-to-volume ratio. For
this reason, cell designers are moving towards flat battery cells. Despite these limitations, cylindrical
cells have high energy density and compensate for the low packing efficiency.

To improve the volumetric packing efficiency, prismatic design was introduced. The prismatic cells
are contained in a metallic or plastic can, with electrodes either stacked or in the form of a flattened
spiral. This arrangement has greatly improved the space utilization, but it comes at a higher cost
of manufacturing, lower energy density, and more vulnerability to swelling. The dimensions of these
cells are not standardized, hence each manufacturer can have their own flexible design. These cells are
mainly used in mobile applications, but they are gaining popularity in HEV and EV applications.

The pouch cell offers a simple, flexible, and light-weight solution for battery design. It makes for
efficient usage of space and provides about 90–95% packing efficiency, which is the highest among all
battery designs. It has a polymer laminate enclosure instead of a metallic enclosure, which significantly
reduces the dead weight of the cells. Because of these advantages, they are extensively used in HEV
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and EV applications [6]. However, this design comes with a compromise, as the pouch cells are most
vulnerable to safety issues, and the mechanical stability is affected by the soft pouch casing. Additional
packing materials should be included in the pouch cells to handle shock, vibration, impact and so on
and this reduces the energy density of the cell. Fig. 1.2 shows the price comparison of different cell
forms between the years 2005 and 2014. Though the costs of flat prismatic design and pouch design
were high in the initial years, but they have been decreasing ever since and getting more competitive
in price [7]. This design should equal or better the performance of cylindrical cells.
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Figure 1.2: Average lithium-ion battery-cell price comparison among different cell forms [7]

Another important ongoing development in lithium-ion battery technology is with respect to the size
and capacity of the individual cell. The cell size and capacity terminology can be used interchangeably,
as the increase in cell size enhances the cell capacity. The new terms such as short-format and large-
format cells were coined to describe cells of different sizes. In any energy storage system, several
cells should be connected in a series and/or parallel combination to obtain required voltage and energy
values, because the existing battery technology can only provide around 3.7 V of nominal voltage, and it
is limited by energy content (about 400 Wh with the newest cells) at a single cell level. The integration
of the energy storage system is particularly challenging when the system voltage and energy capacity
is higher, especially for short-format cells, as they are limited by energy. Therefore, the question arises
for the energy-storage-system integration as to which combination is better, either the combination
of many small cells (short format) or the combination of a few large cells (large-format). To make a
proper comparison, several factors, such as cost/kWh, safety, assembly and integration cost, reliability,
battery monitoring, thermal management, and so on, should be considered.

Short-format cells have many advantages in comparison to large-format cells. Some of them can be
listed as having lower cell cost, improved safety due to lower energy, simple thermal management,
and so on. However, these cells also have certain disadvantages, which include many interconnections,
higher integration and assembly costs, lower weight and volume efficiency, low reliability due to the
presence of many components. The nominal voltage of the cells does not change by varying cell size,
but large-format cells do have certain advantages when the cell capacity needs to be upscaled. Many
blocks of short-format cells have to be connected in parallel to scale up the capacity. If the cell blocks
are not built with narrow distribution of internal resistance, this will have an impact on the lifetime
of the battery pack, due to high currents in individual cells at different stages of battery operation [8].
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The performance and lifetime of the individual cells, such as cell-to-cell internal resistance, discharge
capacity, aging, and so on, should be similar for the longevity of the battery pack. Otherwise, it
leads to over-utilization and under-utilization of individual cells at different stages in their lifetime.
Therefore, the choice of cell size for the battery pack design should take all these factors into account,
with several trade-offs in design, to build the battery packs of EVs.

1.2 Research Problem and Hypotheses

The performance of lithium-ion battery cells is influenced by many parameters; some of them are
microscopic in nature, and others are macroscopic. The parameters with microscopic influence in
cell performance are chemistry, particle size, diffusion coefficient, equilibrium potential, reaction rate,
thermodynamic parameters, thermal and electrical conductivity, heat capacity of active materials and
different components of a cell, and many more. These parameters are by and large responsible for
the electrochemical, thermal, safety, and lifetime performance of a battery. Besides the microscopic
effects, there are certain macroscopic effects that influence the overall performance of a battery. These
parameters are cell form, aspect ratio, overall cell thickness, number of layers, tab size and location,
thicknesses of active materials, separator, and current collectors. They are primarily used in the cell
design process. They might prove to be insignificant for short-format cells or smaller cell sizes, but, if
the geometry is scaled up to attain a larger cell size with a higher Ah capacity, it will have a substantial
effect on the performance, lifetime, and safety of a battery.

Influence
of Cell Size
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Inhomogeneity
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Inhomogeneity

SOC
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Premature End
of Life of the Cell
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Figure 1.3: Schematic of aging inhomogeneity and its influencing factors

Increase in the cell size has certain inherent disadvantages, such as inhomogeneous temperature, cur-
rent, and state of charge (SOC) distribution. The current distribution in the cell is affected by cell size,
that is, tab size, tab location, current-collector thickness, and the aspect ratio of the cell. An increase
in current-collector thickness improves its electrical conductivity and contributes to low cell internal
resistance, and vice versa. It influences the flow of current in the current collector and into the elec-
trodes of the cell. A uniform current flow due to an increase in current-collector thickness reduces the
current density distribution, but contributes to the excess weight of the cell, resulting in lower energy
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density. Despite optimizing the design, the current flow near the tabs is constricted, and the locations
near cell tabs experience higher current density compared to surfaces far away from the tabs. The
current distribution under this scenario has a direct influence on the SOC distribution. The SOC of a
cell can affect many parameters, such as cell impedance, open circuit voltage (OCV) and so on. The
current distribution influences the local heat generation and introduces temperature inhomogeneity.
Increase in the cell size reduces the effective surface-area-to-volume-ratio, which means reducing the
heating dissipation on the cell surface with respect to its volumetric heat generation. A low ratio leads
to larger temperature inhomogeneity, and vice versa. These inhomogeneities are interrelated and will
have a cascading effect on the overall cell performance. A long-term exposure to these inhomogeneities
could lead to localized aging in the cell, as shown in the schematic of Fig. 1.3. A localized aging is the
flash point that leads the cell to enter a premature end of life (EOL). In some regions of the cell where
localized aging is severe, those parts of the cell hold less capacity and are more quickly discharged
than the stronger regions of the cell, and in some cases, they might go into a deep discharge phase.
Upon charge, the weaker regions are already charged while the stronger regions are still being charged.
In both cases, the weaker regions are at a disadvantage, deteriorating them further and affecting the
overall cell performance. This is similar to battery packs where unmatched cells perform worse than
those groups of cells that exhibit similar characteristics. Therefore, aging inhomogeneity leads to an
early EOL of a given cell.

The aging process in lithium-ion batteries is a well explained topic that is characterized by loss of
cell capacity and an increase in impedance over time and usage. Many literature has described several
aging processes, such as formation and growth of solid electrolyte interface (SEI) layers, loss of cyclable
lithium-ions (Li+), and electrolyte decomposition [9–11]. Secondary losses, such as degradation of
active materials, decomposition of binders, and loss of contact between the current collector and active
material due to volume changes during cycling, are also taken into account during the aging processes.
There are several stress factors, such as temperature, current rate (C-rate), operating voltage, SOC
range, depth of cycling, and so on, that influence these aging processes. There are extensive studies
that describe how certain stress factors accelerate the aging processes, but there has been limited
focus on the effect of cell size as an influencing factor for aging processes. Much of the focuses have
been limited to the short-term performance of the cell, as this topic is still in the early stage of its
evolution. Therefore, through this thesis, an additional stress factor is introduced in the form of cell
inhomogeneity caused by the cell sizing effect. This stress factor needs to be considered in the aging
evaluation of the cells, especially for large-format cells. This type of study could be further extended
to other scopes, such as cell-to-cell variation in performance and aging for a large-scale battery-pack
system.

Research on cell inhomogeneity shows that it occurs during different cycling conditions, such as ambi-
ent temperature and C-rate [12–15]. A decrease in ambient temperature and an increase in the C-rate
together increase cell inhomogeneity caused by variation in the internal resistance and heat genera-
tion within the cell. Together with inhomogeneity introduced by cell sizing and different operating
conditions of the cells [16], this has led to the following hypotheses:

• Cell sizing influences cycle aging, i.e., when the cells are charged and discharged regularly.

• Cell sizing should not influence calendar aging, as the inhomogeneities do not occur when the
cells are stored in an OCV relaxation state.

• From a theoretical point of view, cell inhomogeneities are dependent on the electrode size, which
could influence the calendar aging (at fixed OCV storage).
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To prove the first hypothesis, cells have to be chosen from the same commercial manufacturer with
the criteria of superior manufacturing process and reproducibility of the results. Aside from these
conditions, the cell-chemistry should be the same in order to have only sizing as the influencing
parameter for the studies. The proposed hypotheses need to be proved by conducting storage and
cycle aging tests on the cells. The reason for the third hypothesis could be due to different local SEI
formation rates caused by slightly different electrolyte distribution in the anode based on different
local porosity. These differences in local porosity, however, are not primarily influenced by the cell
size. Hence, evaluation of the third hypothesis is beyond the scope of this thesis.

1.3 Dissertation Outline

• In chapter 2, a comprehensive literature review on cell sizing and its influence is provided.
The review includes (i) inhomogeneity caused by increase in cell size, geometry, macroscopic
parameters, and so on, (ii) different forms of cell inhomogeneity and influence of operating
conditions, and (iii) modelling techniques to study cell inhomogeneity. It also provides deep
insight into the aging mechanism and factors influencing cell aging. The influence of cell aging
on battery safety is also discussed.

• Chapter 3 reviews the existing measurement techniques and new measurements employed in this
thesis to evaluate cell inhomogeneity. The reason for the choice of cells for sizing investigation is
described. It also provides details about the experimental investigation performed on the cells,
including the short-term and long-term aging tests.

• Chapter 4 describes different battery modelling approaches that are widely used. An objective
comparison of three widely used battery modelling methods with varied accuracy and complexity
is provided. The development of models, including their parameterization in Equivalent Circuit
Models and Electrochemical Thermal Models, is explained in detail.

• In chapter 5, important results are discussed. The results are classified based on the type of
experimentation and duration of the tests. Section 5.1 of the results focuses on the findings of
calendar and cycle aging tests. The aging results prove the hypotheses proposed in chapter 2.
Section 5.2 evaluates the findings of the experimental results, such as temperature inhomogeneity
in different cell sizes at different operating condition. It also evaluates non-uniform volume
expansion, especially in pouch cells, and how it is affected by cell size and aging process. Section
5.3 validates voltage and temperature measurements performed on different cell sizes, with the
modelling results simulated in COMSOL. The models also simulate non-measureable parameters
such as current and SOC gradients in the cells. Section 5.4 describes a new modelling approach
to studying aging inhomogeneity through Matlab/Simulink® models. The model only describes
electrical characteristics of the cell.

• Chapter 6 explains the benefits of the cell sizing investigation. The first part describes the
necessity of selecting the right cell type for a given vehicle application. It compares the technical
details of five battery packs from car manufacturers, such as total energy content, cell form,
type of cooling, battery pack topology and so on. It explains the challenges in the design and
development of a battery pack from large-format cells. It also proposes improvement in the cell
design to reduce inhomogeneity.
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• Finally, in chapter 7, the thesis work is summarized with concluding remarks, and avenues for
future work are presented.
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Chapter 2

Lithium-Ion Battery Aging and the
Influence of Cell Size

2.1 Literature Review

Large-format cells are becoming popular in EV applications due to several advantages over the short-
format cells. The main advantages are, fewer connections and wiring for the battery pack, lower
integration and assembly costs, a higher weight-to-volume-ratio. Each individual cell can be monitored
easily, which makes the battery management system more efficient. Large-format cells provide more
options to deliver high energy and scale-up as the energy demand increases [17].

Cell manufacturers are working in the area of scale-up process by incorporating the manufacturing
method for the shorter version. LG Chem [18] adopted this approach to produce large-format cells.
Some distinguishing features of this approach are using stack and fold assembly, spinel based chemistry,
and laminate packing to reduce the cost of manufacturing. The modelling approach is the most
commonly used method to scale-up the cell size to study the performance of the battery. Mathematical
modelling plays an important role in scaling up small-format to large-format cells, as endless options
for design parameters can be used to simulate the cell performance. Kim et al. [19] used scale-up
modelling approach on 10 Ah lithium-ion cells to simulate the performance of 26 Ah cells and verified
this model with experimental discharge curves. The results showed that voltage and current density
distribution are functions of discharge time and tab configuration.

NREL developed multi-scale multi-domain (MSMD) models to simulate large-format cylindrical, stacked
prismatic, and pouch cells. The microscopic design parameters, such as material composition, porosity,
and electrode thickness, were kept constant during the development of the model. The objective was
to study the impact of large-format cell design by varying tab size, tab position, electrode area of the
unit stack, and so on. The models were simulated to study current and potential distribution, and
temperature distribution within the cell [20]. Taheri et al. [21] used a two-dimensional (2D) model
to describe the effects of cell-tab design on inhomogeneous voltage drop in a 75 Ah lithium-ion pouch
cell. An analytical model was developed to determine the bulk resistance and constriction/spreading
resistance of a current collector. The results have confirmed that domain aspect ratio, tab width, tab
eccentricity, and electronic conductivity contribute to constriction/spreading resistance, which causes
inhomogeneous voltage and current density distribution.
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Grevel et al. [13] used a coupled thermal and electrochemical model to simulate the performance
of large-format cells. It described the influence of different cooling strategies on current density and
temperature distribution inside the cell and within the cells in a stack. The main findings of this
work were that, by employing a better cooling strategy, inhomogeneity in temperature and current
density distribution can be reduced. These parameters have a significant impact on cell performance
and lifetime, depending on the features, such as thermal/electrical path, cell form factor, and cell
dimensions. In small-format cells, those features can be neglected, but the impact becomes more
significant in large-format cells [22]. The significance of tab configuration was explained by Du et
al. [23], where the effect of single-sided and cross-tab distribution was presented. The cross tab
configuration improved the temperature distribution in the cell, and widening of the tabs greatly
reduced the maximum temperature of the cell. These results were substantiated by Samba et al. [24],
using a coupled 3D electrochemical and thermal modelling approach for large-format LFP cells. This
model showed that cross tab configuration leads to more uniform distribution of temperature, SOC,
and current density.

The interdependence between current density, SOC, and temperature distribution has been described
by many authors. Zhang et al. [25] showed that current density distribution is already non-uniform
at the beginning of discharge and evolves as the discharge continues. In the beginning, current-
collector tabs attribute to higher ohmic drop due to higher local currents. The current distribution
pattern reverses at the end of discharge (EOD), caused by localized SOC non-uniformity. A new
in-situ method to measure the local potential of the cell was proposed by Osswald et al. [26]. This
method utilizes the existing multi-tab configuration of commercial A123 cells to measure the voltage
gradient between the multi-tabs at different discharge rates. The data measured were validated with
multi-dimensional modelling, which evaluates internal cell variables such current density and SOC
distribution. The simulation results show that the electrode areas near the terminals carry high current
density compared to the areas farthest away, but the pattern reverses near the EOD [27]. Li et al. [28]
studied inhomogeneous temperature distribution in 25 Ah large-format cells and devised a different
cooling strategy to reduce it. Thermocouples were housed inside the cell as well as on the surface at
the same location. Results showed that, in the through-plane direction, temperature variation was
as high as 1.1◦C in spite of the smaller thickness of the cell. The in-plane direction temperature
variation was even higher, above 10◦C under the adiabatic conditions during discharge. In another
approach, the thermal behaviour of large-format cells was modelled using the finite element method
[29]. At first, potential and current density distribution were modelled from the experimental results.
Later, these parameters were used to calculate the heat generation rate to predict the temperature
distribution in the cell. However, Fleckenstein et al. [14] described that variation in current density and
SOC distribution is mainly caused by inhomogeneous temperature distribution inside LiFePO4-based
cylindrical cells. The inhomogeneous current density distribution is a result of varying electrochemical
impedance, which is dependent on temperature. Furthermore, SOC inhomogeneity is caused by non-
uniform current distribution and open circuit voltage that is influenced by temperature.

Liu et al. [30] described a method to determine and visualize SOC in a composite electrode of a lithium-
ion battery. The results showed evidence of different in-plane SOC profiles while charging at a high C-
rate. A higher SOC was recorded at the region closer to the current-collector tab and decreased towards
the unconnected end of the electrodes. Gerschler et al. [15] discussed the effect of inhomogeneous
temperature distribution on the lifetime of single cells and battery packs through a spatially distributed
heuristic modelling approach. The influence of inhomogeneous temperature distribution has a direct
impact on internal resistance, which results in inhomogeneous current distribution. Simulation results
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showed that, by employing different cooling strategies, the resulting temperature distribution can
become homogeneous, which will increase the safety and lifetime of the cells. A three-dimensional (3D)
electric thermal modelling approach was presented by Veth et al. [31] to evaluate the internal states
of large-format cells and their inhomogeneities. This model predicted internal temperature, voltage,
current, and SOC distribution within the cell. It makes it possible to assess cooling and operation
strategies concerning the internal state values of the cell and their influence on cell performance and
lifetime. Zhang et al. [32] presented a multi-dimensional electric thermal model to evaluate the spatial
temperature inhomogeneity in large format-cells. The main cause of temperature inhomogeneity was
linked to high heat flux near the cell tabs and not due to non-uniform heat generation in the cell core.
Thermal parameters such as specific heat capacity and thermal conductivity, influence the maximum
cell temperature and temperature gradient along the in-plane direction, respectively.

Awarke [33] developed a pseudo 3D electrochemical model to study aging caused by inhomogeneous
current distribution on large-format 40 Ah Kokam cells. The model was simulated with a high C-
rate to increase the degree of inhomogeneity. The results showed that non-homogeneous growth of
SEI layers during the first half of cycling would be destroyed in the second half of cycling, ensuring
homogeneous-aging in one complete cycle. However, SEI growth is strongly dependent on temperature,
and this dependency was not considered in this work. Veth [34] performed thermal characterization
of 50 Ah large-format cells and showed strong temperature inhomogeneity in differently aged cells.
The results indicate different temperature distribution strongly exhibiting the presence of local aging
effects, which results in non-uniform utilization of the cell capacity. Cai et al. [35] presented a non-
destructive approach for studying inhomogeneous degradation in large format-pouch cells. In-situ
neutron diffraction patterns were analyzed on fresh and aged cells. SOC distribution in fresh cells was
largely homogeneous, but, as the cells aged, inhomogeneous degradation was observed near the edges of
the electrodes, which resulted in capacity fade. Contradicting this result, another study with spatially
resolved neutron-diffraction patterns on fresh cells and aged cells showed no spatial inhomogeneity in
SOC distribution. These studies were performed on commercially available short-format 18650 cells
[36]. This indicates that spatial inhomogeneity is strongly influenced by cell size.

Kim et al. [37] developed a 3D thermal abuse model to study the thermal behaviour of large-format
lithium-ion cells used in automotive applications. The model results showed that small cells had better
heat rejection compared to larger cells, which prevented them from going into a thermal runaway state
under identical operating conditions. The model results also showed that small cells heated rapidly and
stayed at higher-than-ambient temperature. Whereas larger cells heated continuously, this resulted in
continuous heat accumulation and increase in temperature. These results were supported by another
research group, which developed a 3D thermal abuse model on large-format LiFePO4 cells [38]. The
results indicated that LFP active materials are more thermally stable and are attractive for large-
format cells to prevent the cells from going into thermal runaway. Kim et al. [39] described that the
difficulty of detecting faults in large-format cells at an early stage of internal short circuit or thermal
runaway, as the effects are confined to a localized area, and a larger part of the cell is not affected.
The existing safety features do not function properly if they are incorporated into large-format cells.

Stress generation inside a battery plays a significant role in determining its performance and lifetime.
It can come from different sources, such as volume changes during the intercalation and deintercalation
process, particle size, diffusion coefficient, ion concentration, and so on. Some authors [10, 40] described
the main stress as coming from volume expansion, which causes fracturing of active material. The
stress generated in anode material is higher compared to cathode material due to different material
properties. Different anode materials have a different magnitude of volume expansion. During the
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charging process, the anode volume increases and cathode volume decreases simultaneously, with some
exceptions, depending on the cathode material, that is, LCO also increases volume while the cell
is being charged. This process is reversed during the discharge process. As the magnitude of anode
volume expansion is much higher compared to the cathode material, cell volume expands during charge
and contracts in the reverse process [41]. The high ion concentration gradient as a result of a high C-
rate is another source of stress generation. Large particle size is susceptible to volume expansion, which
causes particle fracture. A low diffusion coefficient leads to a higher ion concentration gradient and
causes pressure-induced stress volume expansion [42, 43]. Oh et al. [44] showed that, at high C-rates,
residual expansion can be observed due to thermal expansion and internal SOC, which contributes
to volume expansion. Spatial expansion was different on the cell surface, indicating inhomogeneous
cell characteristics. Bitzer [45] proposed cell volume expansion as a method of lithium plating. The
experimental conditions favouring lithium plating showed an increase in the cell thickness during
cycling, which indicates irreversible volume expansion. However, this literature does not explain the
influence of cell size on stress generation. Therefore, these microscopic parameters, such as material
properties, particle size, and diffusion coefficient, are assumed not to have significant influence at
the macroscopic level, such as cell size, cell type (cylindrical, prismatic, and pouch configuration) in
determining stress generated within the battery.

The literature study can be summarized in the following:

• Inhomogeneity exists in all cell formats, but it has a huge impact on the performance and lifetime
of large-format cells bacause of increase in cell size.

• The cell inhomogeneity is mainly caused by the evolution of non-uniform distribution of electrical
and thermal paths during the cycling operation, originated from cell design, material properties,
and different cooling strategies employed for the cells.

• Multi-scale multi-physics models can be used as tools to simulate internal states of the battery,
such as current density, SOC, voltage, and temperature distribution.

• The non-uniform distribution of these internal states causes cell inhomogeneity, and they are
interdependent on one another.

• Low ambient temperature and high C-rate increase cell inhomogeneity, and vice versa.

• Cell inhomogeneity leads to non-uniform utilization of the active electrode material and causes
localized aging.

• Short-format cells are inherently safer than large-format cells because of lower energy.

• Several in-situ and ex-situ methods are being employed to evaluate cell inhomogeneity.

2.2 Aging Mechanism

The aging mechanism is a structural and chemical change in the components of the battery or the
materials used in the battery. It is characterized by modification of battery properties with time and
usage, and it ultimately results in the failure of the battery. Essential properties of a battery are the
available energy and power throughput during its lifetime [1, 46, 47]. By definition, the EOL of the
battery is reached if its nominal capacity is reduced to ≤80%. The failure of the battery occurs due
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to a long process of degradation or due to short catastrophic events. The cell degradation is a result
of a slow process of deterioration and gradual loss of its performance, until these suddenly lead to
cell death. The short-term catastrophic events occur due to a short circuit or thermal runaway or
due to abusive operation of the battery [48–52]. In lithium-ion batteries, the aging mechanism can be
explained by active material degradation, formation and growth of a solid electrolyte interface (SEI)
layer, electrolyte degradation, lithium plating, and so on. Aging mechanisms occurring in an anode
and cathode are different, due to the different chemical and structural constituents of the materials
[9, 46]. When the battery ages, it does not necessarily mean all the components age at the same
rate, but, more often, the components age at different rates. Therefore, it is important to study the
aging behaviour of the main components and characterize which component has a dominant aging
mechanism.

Graphite material is the most commonly used anode electrode in commercially available lithium-ion
cells. However, there are different anode materials used in lithium-ion batteries with the combination
of different cell chemistries. It is difficult to analyze every combination of cell chemistries and to
understand the aging behaviour. Aging of an anode leads to modification of the electrode properties
with time and cycling. The aging process during storage will affect the calendar life of the battery,
which is mainly because of irreversible self-discharge by forming SEI layer. During cycle life, this
irreversible self-discharge is superimposed by mechanical degradation, lithium plating, and so on,
as a result of frequent charging and discharging of cells [10]. Both calendar and cycle aging will
change the performance characteristics of the cell, such as remaining capacity, cell impedance, OCV,
charge/discharge curve, SOC, and state of health (SOH). Fig. 2.2 shows the chart of aging effects,
causes, and effects.

Figure 2.1: Aging mechanism in a lithium-ion battery negative graphite electrode [10]

Lithium-ion battery anode material operates at a voltage outside the electrochemical stability window,
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and it is detrimental to the stability of electrolyte materials. Fig. 2.1 shows the illustration of an aging
mechanism in the anode. The electrolyte reduction occurs at the anode electrolyte interface layer, and
it reacts with free Li+ to form an interfacial layer on the surface of the anode. This process happens
at the beginning of the formation of the anode and continues later during cycling as well as during
storage. The interfacial layer reduces the rate of further SEI formation under the decomposition of
electrolyte. It acts as a protective layer by allowing only Li+ intercalation and deintercalation; this
semi-permeable membrane is called the SEI layer. It continues to grow from the very first cycle,
but the growth gradually fades over a few hundred cycles. In the long-term cycling, the SEI layer
can penetrate into the pores of the electrode materials and separators. This may result in reduced
accessibility of the active surface area. This phenomenon can be attributed to the impedance rise of
the cell, which reduces its power capability. A stable SEI layer is therefore essential for low irreversible
capacity loss, low self-discharge, and high safety of the cell. Elevated temperature enhances the kinetics
of the Li+ intercalation and deintercalation, but it has a severe impact on the stability of the SEI layer
due to changes in its morphology and composition. The negative impact of high temperatures can be
attributed to increased degradation of SEI, which eventually leads to the break-down and dissolution
of the layer at a temperature of > 100◦C. This may result in reformation of the SEI layer, leading to
consumption of cyclable Li+. In the worst case, it is the first step towards thermal runaway, which could
lead to fire or even an explosion of the cell. Low temperatures have different effects; the slow diffusion
of Li+ into anode, compounded with operating voltage close to lithium metal, leads to metallic lithium
plating on the anode surface. The process continues and forms lithium dendrites during charging.
Lithium dendrites subsequently react with electrolyte to accelerate the aging process or in the worst
case, an internal short circuit [11]. Fig. 2.2 shows a chart of the aging mechanism in anode materials.
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Figure 2.2: Aging mechanisms of the anode materials; causes, effects, and results [10]

Aging mechanisms in cathode materials can originate from structural changes, phase transition in the
active material, electrolyte decomposition, dissolution of metal oxide, and secondary reactions such
as current-collector corrosion and binder decomposition. Fig. 2.3 shows the schematic of the aging
mechanism in cathode materials. These reactions vary depending upon the choice of cell chemistry,
which will be discussed in detail in section 2.3.2. The intercalation and deintercalation of Li+ cause
changes in the molar volume fraction, which may induce mechanical stress and strain in the active
material. It also causes phase transition, leading to distortion of the lattice structure, and the entire
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process is not 100% reversible. In some cell chemistry, this process leads to dissolution of transition
metal oxides in the electrolyte and triggers further side reactions. Besides this, there is also layer
formation at the cathode electrolyte interface [53, 54].

Figure 2.3: Schematic diagram of the aging mechanisms of cathode materials [10]

2.3 Factors Influencing Battery Aging

The lifetime of the battery can be predicted with the knowledge of complex aging processes and many
factors that determine the nature of battery aging. These factors can be classified as stress factors,
which are derived from different operating conditions of the battery, such as temperature, operating
voltage, applied current, duration of operation, and so on. In addition to these stress factor, several
microscopic parameters, such as material structure, equilibrium potential, reaction rates, and so on,
and some macroscopic parameters, such as cell size and cell design also influence battery aging. This
section describes these factors and their effects on the lifetime of the battery.

2.3.1 Operational Factors

Temperature

The temperature has both, positive and negative effects on the cell performance. Temperature accel-
erates the rate of chemical reaction in the cell, which results in increased cell capacity and decreased
cell impedance. But, as the rate of chemical reaction increases, the parasitic/side-reaction rate also
increases exposure to temperature for a long time has an adverse effect on the cell performance. The
cell ages at a faster rate when subjected to a high temperature and long exposure time due to increase
in the internal resistance and reduction in cell capacity. The temperature dependency of a chemical
reaction can be described by the Arrhenius equation Eqn. (2.1).

Qloss = k0 · exp

(
−Ea
RT

)
(2.1)
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As a rule of thumb, every 10◦C increase in temperature nearly doubles the rate of reactions, including
side reactions and hence aging [55]. The cells stored at elevated temperatures, show increased internal
impedance and capacity fade. These characteristics can be observed by conducting a discharge capacity
test of the cell. The test results show a decrease in the discharge time and high voltage polarization,
(Fig. 5.34) which corresponds with loss of cell capacity and increase in its impedance. Electrochemical
impedance spectroscopy (EIS) of a 75 Ah cell during the same aging interval is shown in Fig. 2.4.
The impedance spectroscopy consists of several impedances, such as high frequency ohmic resistance,
semi-circular high-frequency SEI film resistance, semi-circular low-frequency charge transfer resistance,
and a semi-infinite diffusion Warburg impedance. During high temperature storage, changes in the
anode resistance are smaller compared to the cathode. In the anode, the resistance largely changes
due to surface film and charge transfer. Partial decomposition of electrolyte thickens the SEI layer and
impedes the movement of Li+ during intercalation and deintercalation process. The growth of the film
layer is accelerated at high temperatures [10, 11, 46]. In the cathode, the resistance change patterns
are different compared to the anode. The increase in film resistance is contributed by the formation
of the SEI layer; unlike the anode, the major contribution to cathode impedance is charge transfer
resistance, which increases significantly as the temperature increases. Charge transfer resistance is
strongly dependent on the surface properties of the cathode [9, 56, 57]. Therefore, increase in the
charge transfer resistance means structural deterioration of the cathode, which leads to the blocking
of the intercalation and deintercalation of Li+. Since the cathode impedance primarily contributes to
cell impedance, the change in the diffusion impedance also has an impact on high temperature storage,
because it reduces the diffusion path in the cathode surface. High temperature cycling also has a similar
effect compared to storage aging. It has been found that cycling at an elevated temperature increases
the impedance of the anode at a faster rate compared to the cathode. Under normal conditions,
cycling at room temperature increases the SEI layer thickness at a constant rate, and thus the increase
in impedance of the anode is lower compared to the cathode. Elevated temperature increases the rate
of growth of SEI thickness, and hence increases the anode resistance [58–60]. Therefore, an increase
in the anode electrode impedance, compounded with loss of primary and secondary active material,
explains the high capacity fade for the cells cycled at an elevated temperature. Aging rates increase
with decrease in temperature during cycling below 25◦C. The predominant aging mechanism is plating
of lithium metal on the anode surface and formation of dendrites [61]. Subsequently, a part of the
deposited lithium reacts with the electrolyte, leading to the loss of cyclable Li+. Hence, the optimal
operating temperature during cycling is between 25◦C and 35◦C.

Time

Time determines the length of calendar life of the cell. The reaction kinetics in the cell are assumed to
be limited by the rate at which SEI layer conductivity occurs during storage and cycling conditions.
The layer conductivity of the SEI depends on its thickness, that is, smaller thickness results in larger
ionic conductivity, and vice versa. The consumption of Li+ during the formation of the SEI is higher,
and it gradually reduces as the layer stabilizes because it acts as a protective film to prevent further
side reactions at the interface. The consumption of Li+ over time has a square root of time (

√
t )

relationship [62–64]. It is directly related to impedance rise and capacity fade, hence these parameters
can be modelled with a

√
t function.

Voltage

An increase or decrease in the cell voltage also has effects on the rate of capacity fade and impedance
rise. These parameters increase with high voltage or high SOC. The side reactions are at their peak at
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Figure 2.4: Nyquist plot of a 75 Ah cell at different aging intervals

high SOC, thus, the loss of active Li+ has a direct relation with the over-potential of the side reactions
on the anode surface. This phenomenon can be observed in cells stored at the same temperature but
at different SOC levels. The cells stored at 100% SOC have maximum self-discharge compared to lower
SOC levels. The cells cycled at the same partial SOC (∆SOC), but at different end-of-charge voltage
(EOCV), have effects similar to calendar aging, that is, cells operating at higher voltage will have
faster capacity fade and impedance rise [65–67]. The side reaction rate at the anode surface is given
by Tafel’s relation as show in Eqn. (2.2). It indicates that an increase in over potential increases the
exchange current density of the side reaction, which contribute to capacity fade and impedance rise.
It can also be noted that this equation also has a temperature dependency, therefore over potential
has increased effect at high temperature.

JLis = nFk · exp

(
±αnF
RT

·∆V
)

(2.2)

Where JLi
s is the current density of side reaction, F is the Faraday constant, α is the charge transfer

coefficient, ∆V is the over potential, R is the universal gas constant, T is the absolute temperature.

Cycles

The number of charge and discharge cycles influences capacity and impedance of the cell. When the
cycle number increases, the electrode material undergoes structural changes due to volume expansion
and contraction, and also undergoes phase transition during this process. Due to repeated cycling,
the electrode material experiences variable stress and leads to material degradation. Besides these
activities the side reactions in the cell increase and lead to formation and growth of SEI layer, which
increases the cell impedance and capacity fade. The evolution of capacity fade over cycle number
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shows para linear behaviour (
√

N dependency) in the initial cycles, followed by a gradual change to
linear behaviour (N dependency) at the latter cycles.

Qloss = k0
√
N + k1N + k2 (2.3)

∆ SOC

∆SOC, also known as partial SOC cycling, also has an influence on the cycle life of the cell. ∆SOC
means the battery is not fully charged nor fully discharged, but the SOC is maintained at a certain
level [68]. This cycling regime is practiced in off-grid energy storage or HEV application. For the same
∆SOC value, the average SOC can vary, that is, a change in SOC from 10% to 30% has the same
∆SOC as a change of SOC from 50% to 70%, but at different SOC levels. This factor has a significant
impact on the long-term cycle life of the battery. Several experimental results show a decrease in
battery life if the ∆ SOC is higher, that is, 40% ∆SOC will have an extended battery life compared
to 60% ∆SOC for the same cycle number. The half-cell study explains that cells cycled with higher
∆SOC show a sharp increase in the anode potential near the end of discharge state, that is, it mainly
results in more mechanical stress on the anode surface and causes SEI cracking. It leads to damage of
the SEI layers, and additional active Li+ are consumed by the reformation and the growth of SEI film
[63, 69, 70]. A higher ∆SOC value increases the duration of the side reaction, as shown in Eqn. (2.4),
where the time interval of the integral function indicates the duration of exposure to side reactions,
JLi

s indicates the current density of the side reaction, and Sn is the active surface area.

Qloss =

t=ts∫
t=t0

JLis Sn dt (2.4)

C-rate

Long-term exposure to high discharge rates accelerates the cell aging process. It is typically character-
ized by an increase in the cell impedance, which shortens the time for it to reach the cut-off voltage.
Hence, the performance of the battery at high discharge rates is hampered by the increase in the cell
over-potential thereby causing capacity fade. The anode degrades at a faster rate compared to the
cathode because of intercalation and thermal stresses. During cycling at high discharge rates, the heat
generation rate increases due to the Joule heating effect. Additionally, the internal pressure increases
due to the release of gases during cycling at a high discharge current. The heat generated cannot
be easily dissipated out of the cell. As a result of this, the reduction rate at the anode surface will
proceed at a faster rate, and more gaseous products will form to increase the internal pressure. The
build-up of pressure and evaporation of electrolyte at a high temperature might easily stretch and
damage the parts of the surface film. In the process, active Li+ and electrolyte reacts with lithiated
carbon particles, causing damage to the anode electrode. The product of these side reactions forms
new SEI layers, and the layer grows and becomes thicker over many cycles. This increases the surface
film resistance and the resistance of the anode material. The side reactions continue to protect the SEI
layer from cracks due to the high temperature as a result of the high discharge current. The overall
process leads to faster degradation of the cell at high discharge rates.
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Table 2.1: Stress factors and their influence of the lithium-ion battery aging mechanism

Stress Factor Aging Mechanism Causes and Effects Mathematical Ref.
Fomulation

Structural degradation during storage [57]
Cathode degardation Dissolution of transition metal oxide [58]

Increase in charge transfer resistance [46]
Formation and growth of SEI layer [71]

SEI layer Change in morphology and chemical composition [10]
Dissolution, reformation of SEI, increase in over-potential [62]

Temperature Unstable SEI exposes anode to side reaction Eqn. (2.1) [59]
Anode degradation Surface area reduction due to SEI penetration into pores [11]

Decomposition and reaction with Li+ to form SEI [72]
Electrolyte decomposition Increase in cell impedance [63]

Electrolyte evaporation at a high temperature

Surface reaction at anode High SOC increases side reactions at the anode surface [65, 66]
Active Li+ loss Accelerates the rate of SEI growth [66, 72, 73]

Voltage/SOC Accelerates the rate of SEI growth Eqn. (2.2) [10, 62]
Electrolyte decomposition Unstable electrolytes when operated at high voltage [74]

Over-potential increases loss of Li+ [71, 75]

Loss of active Li+, Formed SEI layer restricts ionic conductivity [46, 56]

Time SEI formation SEI continuous to grow over time, reduces side reaction
√

t [10, 62]
Electrolyte decomposition Capacity fade and impedance rise are proportional to Li+ loss [64, 71, 72]

Loss of active Li+ Increases side reaction due to over-potential for longer duration [60, 75]

∆SOC Side reactions Loss of active Li+ is directly proportional to exposure time Eqn. (2.4) [63, 69, 70]

Structural change due to Volume expansion induces mechanical stress [10]
volume expansion and causes structural damage to the anode [40]

Cycles Side reactions Anode degradation can also occur because of side reactions Eqn. (2.3) [47]
Phase transition and Destabilization of the cathode structure [64]
metal oxide dissolution initiates further side reactions [1, 62]

Internal impedance increases due to limitation of diffusion [76]

Discharge Rate Anode degradation SEI breakdown and reformation due to a high temperature [64]
Electrolyte decomposition Anode stability is affected by side reactions and high pressure [69, 74]

Interfacial resistance Internal resistance increases by slow diffusion limited by reaction kinetics [76, 77]

Charge Rate Side reactions High charge rate causes lithium plating and dendrites growth [78, 79]

During the charge phase, the over-potential of the cell is higher at a high C-rate. This leads to a
shortened time in the constant current (CC) and a longer time in the constant voltage (CV) phases.
The entire process accelerates electrolyte decomposition supported by a high temperature as a result of
a high current. At a high C-rate, the reaction kinetics are limited by slow diffusion of Li+. Instead of
intercalating into the anode electrode, the migrated Li+ are reduced to lithium metal, and the process
is called lithium plating. Besides a high-charge C-rate, low temperature also supports lithium plating.
As the process of lithium plating continues, the deposited lithium metal grows and form dendrites,
hence accelerating the aging process.

2.3.2 Cell Chemistry

The choice of the cell chemistry plays a major role in determining the cell performance, lifetime, and
safety of the battery. The electrolyte material used in lithium-ion batteries are Li-salts and organic
solvents, the most common Li-salt being LiPF6, which has low electrical resistance, and the solvents
are polycarbonates. They are ionic-conductive and electronic-non-conductive liquid solutions, which
act as a medium to transport the Li+ between the cathode and anode. Another electrolyte material
is a solid electrolyte, and it finds application in solid-state batteries. The choice of anode material is
fairly simple, as the commercially available lithium-ion cells use graphite as anode materials. Besides
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LTO anodes, more recently, silicon-based anode materials are also being synthesized, which exhibits a
theoretical capacity of up to 4200 mAh g−1 in comparison to 372 mAh g−1 for graphite-based anode
materials [80]. However, pure silicon-based material cannot be applied to commercially available cells
due to structural weakness and dramatic volume changes during cycling. Consumer 18650 cells with
C-Si composite anodes are, however, already commercially available from Panasonic, LG, and Samsung.

The cathode materials for lithium-ion batteries can be classified based on their compound structure
as layered oxide, spinel, and olivine structure, as shown in Fig. 2.5. The blue colour indicates the
structure of the host lattice, and the red dots indicate the occupation of Li+ in the host lattice. In the
layered oxide structure, the most commonly used materials are LCO, NMC, and NCA. While LCO
is not as stable compared to other layered-based cathodes, it undergoes performance degradation at
high voltage. The increase in charge voltage increases the cell capacity, but it leads to rapid capacity
loss after subsequent recharges. The main reason for this performance loss is due to the dissolution of
cobalt in the electrolyte, which results in less Li+ reintercalation in the discharge phase. Structural
modification due to less lithium content and the CoO2 layer formed after the delithiation cut into the
electrode surface, which can lead to stress and micro-cracking of the cathode particles [81]. In the NCA
structure, during the charge phase, the delithiated layers lead to migration of nickel cations into the
lithium planes and hamper the process of lithiation and delithiation. Another approach to the mixing
of LiNiO2 and LiMn2O4 leads to good cycle life performance and stability at high temperatures. The
dissolution of the metal oxide is reported to be quite low. However, a large amount of non-removable
Ni in the Li layers blocks the diffusion of Li+, hence reducing its rate capability [82]. An addition
of Co ions to the existing structure reduces the occupation of Ni in the Li layers, and hence NMC
composition is regarded as a stable structure during the lithiation and delithiation process. It improves
the cycle life performance of the cell, especially with low Co content [2]. In summary, layered oxide
chemistries deliver a high capacity due to their high operating voltage, hence they have good energy
density. However, in practical applications, the reversible capacity is limited by structural instability
at low concentrations and high voltage. The rate capability is still low due to the slow diffusion process.

Figure 2.5: Crystaline Structures of different cathode materials (a) Layered Oxide, (b) Spinel, and (c)
Olivine [83]

The spinel structure in LMO is another promising cathode material, in which Mn occupies the octahe-
dral sites, while Li+ occupies the tetrahedral sites. This structure is based on a 3D network where the
intercalation and deintercalation of Li+ are faster compared to the layered oxide materials, while the
latter permits only 2D transport of ions. However, this material is found to encounter severe capacity
fade, which occurs both at low and high SOC. At low potentials, LMO can insert additional Li, and a
Mn3+ Jahn-Teller distorted tetragonal phase is formed. Low potentials also lead to a decomposition
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reaction and dissolution of Mn2+ in the electrolyte. At higher potentials, Mn dissolution is evolved by
a chemical delithiated reaction with hydrofluoric acid (HF). Mn dissolution leads to loss of cyclable
Li+, and dissolved manganese ions migrate to the negative electrode and incorporate into the SEI.
This leads to electrolyte decomposition and increases self-discharge of the lithiated anode. Partial
substitution of manganese ions by trivalent or divalent cations like Cr, Co, Al, and Mg and partial
substitution of manganese by excess lithium can improve capacity retention. Acid dissolution can be
minimized by HF free-conducting salts [83].

The LFP chemistry has an olivine structure, and it is considered a promising battery material for
HEVs. Despite low material cost and abundance compared to other cathode materials, the drawbacks
mainly come from low operating voltage, poor electronic conductivity, and low ionic diffusivity. Several
improvements have been made to conductivity and diffusivity by carbon coating and reducing particle
size, respectively. For LFP cathodes, long cycle lives have been achieved through various laboratory
tests. The possible aging mechanism of LFP/Graphite cells that contributes to capacity fade are loss
of cyclable Li+ or Li inventory, active material degradation due to cracking and dissolution, impedance
rise due to SEI layer formation, and physical degradation of electrodes [40, 47]. Iron precipitates are
observed on the surface of the anode and separator. The dissolution of iron has multiple effects, such
as catalyzing the formation of the SEI layer and thereby reducing the Li inventory and impedance
rise. The dissolution rate of iron depends on many factors, such as high temperature, cut-off voltage,
impurities, and so on. The capacity retention can also be improved by coating the graphite anode or
LFP particles with polymer or oxide films to retard the iron dissolution and deposition [84].

2.3.3 Cell Size and Design

Lithium-ion batteries have undergone several changes in cell design since their inception, to meet the
demands of the EVs and HEVs. Different geometries have been designed to meet higher gravimetric
and volumetric energy density, minimize packing space, reduce manufacturing cost, and so on. There
are various geometries in lithium-ion batteries, of which planner, spirally wound, and prismatic wound
designs are being used. Fig. 2.6 illustrates the designs of commonly used geometries. The spirally
wound design is used in cylindrical cells, which consists of a positive current collector, a negative
current collector, a separator, a positive and negative active materials stacked together and rolled in
the form of a jelly roll. These colours indicate the positive electrode, separator, negative electrode, and
separator. The planar design looks like sheets of paper stacked upon one another, where each sheet
can be viewed as an electrochemical cell. This design is used in pouch cells. The prismatic design is
a hybrid version of the spiral and planar designs, which is wound around a rectangular centre. It has
both flat and spiral portions [85]. Spiral designs are easier to assemble, and their manufacturing cost
is quite low. But they offer poor volumetric space, which is a major drawback for the construction
of battery packs for EVs and HEVs. The planar design offers very good volumetric space, but it
is time-consuming and costly to assemble. The prismatic design provides a trade-off between better
volumetric space utilization and low cost of assembly, similarly to the spiral design.

Upscaling to large-format cells does not have an influence at the microscopic level. However, at
the macroscopic level, it has a significant influence on the performance and lifetime of the cell. As
described in section 1.2, a large-format cell reduces the total surface-area-to-volume ratio, which results
in lower heat dissipation than the amount of heat generated in the cell. This causes significant internal
heating of the cell, which is strongly influenced by the ambient temperature and C-rate. As a result,
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Figure 2.6: Different cell geometric designs; (a) Spirally wound (b) Prismatic wound (c) Planar [85]

inhomogeneous distribution of temperature occurs and leads to internal current and SOC imbalance,
causing localized degradation. Certain design parameters have greater influence on heat generation
and distribution in the cell, such as temperature and current inhomogeneity. These design parameters
listed below have been known to influence the microscopic electrochemical processes and degradation
mechanism, which affect the performance and lifetime of the cell:

• Cell aspect ratio

• Tab size and location

• Current-collector thickness

• Multi-tab configuration

• External heat transfer

The aspect ratio in a cylindrical cell is the ratio of diameter to its height. By changing the aspect ratio,
different cylindrical geometry can be designed, as shown in Fig. 2.7. Tall height or large diameter
increases the path of current flow1 in the cell. Eqn. (2.5) shows, that an increase in the length of the
current flow (l) in the foil can increase the power loss, thereby reducing the battery power capability.
This can be overcome by adding multiple tabs to the current-collector foil to effectively reduce the
length of current flow path. However, the most critical disadvantage of a thicker cell is the bad heat
transport in the radial direction, especially if the height of the cell is not low. Kim et al. [86] showed
that cylindrical cells with a tall height have low power capability compared to a normal height and
large diameter. Tall height has the greatest temperature rise due to lower heat rejection, as most of
the heat is trapped in the cell core.

Ploss,foil = ρfoil · l · I2

δ ·W
(2.5)

1 assuming only part of the foil is in contact with the terminal
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(a) (b) (c)

Figure 2.7: Cylindrical cells with different aspect ratio; (a) Large diameter , (b) Nominal, (c) Tall
height [86]

In pouch cells, different designs can be achieved by varying the aspect ratio, changing tab location,
using a different tab size, and so on. Aspect ratio is defined as the ratio of length to width. The cell
stack area can be effectively increased by increasing the width or length. In normal tab design (NT),
the tabs are located adjacently, whereas, in counter tab design (CT), they are located on the opposite
faces of geometry. Tab size can be made smaller, and these designs are called small tab design (ST);
in addition to these, the aspect ratio of the electrode can be changed to obtain wide stack design
(WS) and long stack design (LS). The performance of the cell varies for each design, depending on the
current flow path, heat generation rate, and heat dissipation rate. Tab. 2.2 shows the comparison of
different cell design on the performance of pouch cells.

Electric current in current-collect foil converges and diverges near the cell tabs during the charge
and discharge process. The convergence and divergence of current flow in a current-collector foil
represents electrical constriction (RC) and spreading resistance (RS) respectively. The bulk resistance
(RB) is the resistance of the current-collector. The sum of this resistance together with electrochemical
resistance contributes to the internal resistance of the cell [21], as shown in Fig. 2.8. The resistances
RC and RS contribute more to potential drop compared to RB, which causes larger local deviation of
electrochemical and thermal equilibrium near the tabs, as described in section 1.2. As a result, active
material near the tab vicinity charges and discharges at a faster rate. A high resistance value contributes
to heat generation in the cell and increases localized electrochemical reaction. Additionally, a high C-
rate enhances local transfer reaction. All these factors contribute to non-uniform charge/discharge
reaction, temperature, and current density distribution along the in-plane direction.

Increasing tab size and reducing tab eccentricity also decreases the in-plane temperature inhomogeneity.
Tab eccentricity can be reduced by placing tabs at the centre along the length direction. Positioning
the tab on either side of the centre increases eccentricity, and, as a result, constriction and spreading
resistance increases. This is the main reason why ND, ST, and WS introduce greater inhomogeneity,
as there is no option in design to use the centric tab position, because both positive and negative tabs
are positioned along the same side. Therefore, CT design, with its inherent low tab eccentricity, offers
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Figure 2.8: Schematic representation of constriction, spreading, and bulb resistances in the cell [21]

a better in-plane temperature, current density, and potential distribution in the cell [88].

Cylindrical cells do not have the benefit of positioning tabs to reduce inhomogeneity. This limitation
can be overcome by introducing multiple tabs in parallel, which results in better distribution of in-
coming/outgoing current. In a normal cylindrical cell design, a pair of long and continuous current
collectors is attached to the electrode layers, which delivers an electrical current to the external circuit
through an extension of a small portion of the current collector (discrete tab). As the electric current
converges, there is a large potential change near the tabs compared to other locations. The ideal way
to minimize this potential change is to extend the entire current collectors (continuous tab), where
every single point acts as a tab. However, this is difficult to achieve; instead, multiple discrete tabs
can help to reduce the inhomogeneity. Fig. 2.9 shows the temperature contour simulation of wound
cylindrical cell and its unwound section during a 5 min discharge at 4C current for a 20 Ah cell of
different tab designs. It is apparent that increasing the number of tabs greatly reduces temperature
inhomogeneity. It is also revealed that poor electrical and thermal conduction in a large-format cell
could lead to non-uniform utilization of the cell. It also shows the significance of these macroscopic
parameters and how the inhomogeneity is influenced by the cell design [89].

The electric and thermal properties of the current collector pairs are critical to temperature and current
density distribution in the cell. Since copper material has higher electrical and thermal conductivity
compared to aluminium, temperature and current density distribution can be more uniform in these
materials inside the cell. To negate this imbalance, the aluminium current collector foils are thicker than
copper foils, in order to have similar heat generation and heat transport in both foils. Increasing the
thickness of the copper and aluminium foils decreases ohmic resistance, which is primarily dominated
by constriction/spreading resistance and bulk resistance of the current collector [21].
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Table 2.2: Different cell designs in pouch cells and how it affects the cell performance [22, 87]

Cell Design Causes and Effects Inhomomgeneity

Potential drop near cell tabs due to Current density, SOC, and temperature inhomogeneities
NT concentrated electric and thermal paths near the tabs. are similar to ST but greater than CT.

Average temperature is similar to CT and ST.

Uniform potential drop due to Better temperature, current density, and SOC
CT better distribution of electric and thermal paths. distribution among all designs.

Average temperature is similar to NT and ST. Performance and lifetime can be improved by this design.

Potential drop due to small tabs, as electric and thermal paths Current density, SOC, and temperature inhomogeneities
ST are highly concentrated near the tabs. are similar to NT but greater than CT.

Average temperature is similar to CT and ST.

Highest potential gradient due to wider stack area Current density, SOC, and temperature inhomogeneities
WS non-uniform potential drop across the in plane. are worse than CT, NT, and ST.

Average temperature is lower due to a better heat rejection rate.

Figure 2.9: Temperature contours in the wound view (left) and unwound view (right) of the five
different cell designs investigated at 5 min after the start of 80 A (4C) constant current discharge [89]

2.4 Inhomogeneities in Large-format Cells

2.4.1 Current Density Distribution

Current density is one of the main parameters that needs to be considered in the macroscopic design of
large-format cells. It is the measure of electric current flowing per unit area of the cross section. There
have been several methods for evaluating current density distribution through unique measurement
techniques. These methods are described in section 3.1. This parameter is important for the electrical
and thermal design of a cell. The cell performance strongly depends on distribution of current density
during a charge/discharge process. Uneven current density distribution has an adverse effect on the
performance and lifetime of the cell. The regions with higher current density experience a higher
magnitude of current flow, which leads to a loss of power in the form of heat. This increases the local
temperature of active material and creates interdependent effect between temperature and current
density. At the first instance, the increase in local temperature reduces the local internal impedance of
the cell, which further causes the current density to increase. This process continues as local current
density and temperature increase as a function of time. As a consequence of these effects, the active
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materials are either over-utilized or under-utilized at localized spots, depending on the active material’s
temperature and current density distribution. Therefore, local SOC distribution also changes. It is
difficult to come to a conclusion about what the cause (temperature/current) is and what its effects
(temperature/current/SOC distribution) are.

Cell macroscopic design has a critical impact on current density distribution, which has already been
described in section 2.3.3, especially the electric current paths in the vicinity of the cell tabs. There
is a concentration of current flux at the beginning of discharge, mainly caused by cell design, which
creates uneven current density distribution along the in-plane of the electrode. This results in high heat
generation and over-utilization of the active material. As the discharge process continues, the current
density redistributes due to non-uniform utilization of active materials across the plane. The currents
follow the the path of least resistance2, because the transverse current density caused by Li+ transport
is normal to the plane of the electrode. This finally leads to reversal of the current distribution pattern
towards the EOD [25].

The C-rate also influences the current density distribution in the cell. At a low C-rate, the discharge
current is low; therefore, power loss due to heat dissipation is also low. This leads to lower deviation of
cell temperature from ambient conditions. As cell impedance is sensitive to temperature, the spatial
distribution of impedance is more uniform, hence the current density distribution is homogeneous at
low C-rates. In contrast, high C-rates have significant Joule heating loss due to higher over-potential,
and the temperature distribution is highly heterogeneous, which again leads to non-uniform spatial
distribution of impedance. Therefore, it can be concluded that low C-rates have more uniform current
distribution compared to high C-rates.

2.4.2 Temperature Distribution

The temperature distribution in a cell is contributed by several factors, including cell design parameters
(described in section 2.3.3) and the source of heat generation, and heat dissipation. Additionally, cool-
ing strategies employed on a cell also determine the temperature distribution during a charge/discharge
process. The amount of heat generation in a cell depends on its total volume, and heat dissipation is
influenced by the total surface area of the cell. As the cell size increases, the surface-area-to-volume
ratio decreases, thereby increasing the overall cell temperature [86]. Therefore, the thermal manage-
ment becomes challenging, and additional cooling methods should be employed to remove excess heat
generated in the cell. Hence, different strategies should be used to meet the cooling requirements, as
the amount of heat generated to heat dissipation ratio determines the overall temperature of the cell.
Fig. 2.10 shows the graphical representation of inhomogeneity as a function of cell size.

Heat generation in the cell has two sources: Joule heating and entropic heating. A cell internal
resistance is the main contributor to Joule heat or irreversible heat. It is called irreversible heat because,
irrespective of the direction of current flow in the cell, the process is always exothermic, whereas the
entropic heat, a thermodynamic phenomenon that is related to the temperature coefficient of the OCV,
also accounts for the heat generation in the cell. However, the entropic heat is reversible and depends
on the direction of the current flow; hence, it is also called reversible heat. The contribution of entropic
heat is dominantly endothermic during charge and exothermic during discharge [90] for most lithium-
ion chemistries. Therefore, the amount of heat generated in the lithium-ion cells during the discharge
process is always greater than in the charge process in case of identical currents. The contribution

2Current in a parallel network always follows path of least resistance
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of entropic heat and Joule heat to the total heat generation is different at different C-rates and at
different SOCs. At low C-rates, entropic heat generation is more dominant, and, at a high C-rate, it
can be neglected. Heat generation towards the EOD is mainly contributed by an entropic coefficient,
and it is higher at low SOCs.

Figure 2.10: Graphical representation of inhomogeneity as a function of cell size [86]

The thermal properties of the battery material determine the temperature evolution and its distribu-
tion throughout the volume. Some thermal parameters, such as specific heat capacity (Cp), thermal
conductivity (λ), material density (ρ), and electrical conductivity (σ), influence the temperature pro-
file, along with the macroscopic cell design. The Cp and λ values affect the maximum temperature
and temperature distribution in the cell, which are largely determined by the battery material compo-
sition. The temperature at the positive tab increases faster compared to other locations in the battery,
which is due to larger electrical resistivity and the contact resistance to the external circuit. However,
the negative tab’s temperature is lower compared to the positive tab, as the electrical conductivity
of copper is better than that of aluminium. In general, the area near the tabs remains at a higher
temperature compared to other locations, due to higher current density, which generates more heat in
this region. However, other locations far way from the tabs also experience a higher temperature due
to the redistribution of current density [32].

Ambient temperature also influences the temperature distribution in the cell. The cell internal resis-
tance is very sensitive to temperature, especially at low temperatures. A small change in the tem-
perature can increase or decrease the internal resistance, which determines the heat generation in the
cell. However, at a high ambient temperature, the internal resistance is very low and not so sensitive
to the temperature changes. Therefore, at a low temperature, the combination of heat generation and
temperature change creates a large temperature variation in the cell and increases the temperature
inhomogeneity, and the effects are reversed at a high ambient temperature. The cell tab size and
positions have effects on temperature distribution similar to that of current distribution. The primary
effect of the tab configuration is on the current distribution, and the temperature distribution is the
result of the current distribution, and not the other way around.

On the other hand, optimizing the cooling strategy for battery modules/packs used in EV for different
charging currents will help to reduce the operating temperature and decrease inhomogeneity, and thus
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improve the performance and lifetime of the battery [13, 15]. Different cooling strategies, such as free
convection [13], contact heat sink, forced air circulation, and terminal cooling (on the tab surface), are
being employed to study the effectiveness of these cooling strategies. The terminal cooling also depends
on tab positioning, and whether it is ND or CT configuration. The cell temperature distribution is more
uniform in natural convection because no cooling methods are employed. This is good for homogeneous
temperature distribution, but the main disadvantage is a higher average temperature, which reduces
the lifetime of cell. The cooling with contact heat sinks helps to reduce the average temperature of
the cell significantly, but temperature inhomogeneity is very high. This has a long-term effect in the
form of inhomogeneous aging within the cell, which effectively reduces the lifetime of the cell. Using
adiabatic conditions (no heat exchange with the outside) as a cooling method leads to operating the
cells in dangerous conditions, and the cell is more likely to go into a thermal runaway condition if the
temperature rises at an uncontrollable rate. Air cooling with forced air convection is another cooling
strategy that is being used in some battery-pack thermal management. It is cheaper than contact heat
sinks, the principle being that cool air is made to flow from left and right on the larger surface of the
pouch cell, where cool air absorbs heat from the cell surface and relatively hot air comes out of the
outlet. This is not an effective solution, as the left half of the cell is relatively cooler than the right
half, and it is also not effective for the cell, with cross tab configuration where hot spots are generated
on both sides of the surface. The efficient means of cooling is via terminal cooling, where terminals can
be connected to the cooling plates or any other passive heat sinks. This cooling strategy also depends
on the configuration of cell tabs.

2.4.3 Voltage/SOC Distribution

The current distribution in the cell has a direct influence on the SOC or voltage distribution. The
SOC is the integration of current over time, and non-uniform distribution of current can cause SOC
inhomogeneity. The drop in SOC percentage is also an indication of reduction in OCV, terminal
voltage, and the energy content of the cell, and vice versa when the SOC percentage increases. The
SOC level indicates whether the local active material is over-utilized or under-utilized. Due to the cell
design, the locations closer to the cell tab experience higher current density compared to the farthest
location. As a result, there is lower SOC closer to the tabs during discharge. The non-uniform SOC
distribution also changes the local impedance of the cell and influences the redistribution of current
and heat generation at the later stage of discharge process. The redistribution of current occurs when
there is a change in local impedance due to a change in SOC. This helps to slightly reduce the SOC
imbalance within the cell, but not that much, as the over-utilized active material could enter into an
over-discharge state or, in the least case, could reach the cut-off voltage sooner when a large part of
the active material is still in an under-discharge state. This leads to non-uniform utilization of active
materials, reducing the total energy throughput of the cell, and it is also likely to cause localized
degradation and earlier EOL of the cell.

The non-uniform SOC distribution can be improved by using CT or multi-tab configuration [25, 87].
Increasing the number of tabs can definitely improve the current and SOC distribution, but hav-
ing many tabs does not make any significant improvement in current distribution beyond a certain
threshold. An increase in the C-rate also increases the SOC inhomogeneity, as described in section
2.4.1.
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2.4.4 Aging Inhomogeneity

Many of the aging inhomogeneity studies have focused on battery modules and packs, as a lot of
emphasis has been place on the cell-to-cell variation in battery systems. The causes of aging inhomo-
geneity in a battery-pack, due to the cell-to-cell variation, are nevertheless similar to what happens
in a single cell, by taking into account of inhomogeneous distribution of temperature, current, and
SOC, within the cell. At the module and pack level, in addition to the existing inhomogeneities, varia-
tion in cell-to-cell initial resistance and capacity, contact resistance between the cells in a module and
the module-to-module connection in the battery pack at the beginning of life (BOL) of the cells also
influence the variation in aging between many cells in a battery pack [8, 91].

As shown in Tab. 2.1, temperature, current, and SOC have major influence on battery lifetime. It is
imperative to assume that cell inhomogeneity leads to aging inhomogeneity with long-term usage. On
the one hand, a large ∆T accelerates the aging process at locations that experience high temperatures.
On the other hand, a large SOC gradient caused by current density distribution leads to under-
utilization or over-utilization of the cell’s active material, depending on the location in the cell. Over-
utilization of the active material on a certain location could lead to deep-discharge or over-charge if
the cut-off voltage is not reached. If this process continues for many cycles, the regions of over-utilized
active material undergo accelerated aging, and overall cell performance is determined by the regions
of over-utilized active material [16].

It has been reported in some literature that inhomogeneous current density distribution on the anode
surface results in the formation of small lithium deposits and dendrites, especially at a high C-rate
supported by low temperature. This process is well known as lithium plating. During a high C-rate
operation, the high current density induces stress and creates cracks in the SEI layer and exposes
the anode surface to lithium plating, which will further increase the localized current distribution
that accelerates the growth of dendrites. Hence, the detection of lithium plating is an indication of
inhomogeneous aging in the cell [92, 93]. The occurrence of aging-induced lithium plating is also
described as a source of nonlinear aging in the cell, because the plated lithium further restricts the
ionic movement by reducing its conductivity to graphite. This further promotes SEI layer growth
and lithium plating in a vicious cycle, thus accelerating the aging process [94]. Another method used
to detect inhomogeneous aging includes in-situ neutron diffraction patterns of aged cells and thermal
characterization to evaluate localized aging, which are discussed in section 2.1.

2.5 Influence of Aging on Safety

Safety is critical, especially for automotive applications, keeping in the mind that batteries should store
more energy, deliver high power, and have a wide temperature range of operation. The electrochemical
energy stored in a battery must not be released in an uncontrolled way under any operating or external
conditions. Practically, it is impossible to achieve these criteria, and hence several safety tests, such
as over-charge and over-discharge tests, short-circuit tests, thermal-abuse tests, and other mechanical
abuse and environmental tests, are performed to ensure the safe operation limits of the battery. There
are several factors that determine the safety of lithium-ion batteries.

• Cell chemistry: The choice of cell chemistry is vital to the safety and stability of a battery
(section 2.3.2).
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• Cell size and design: Safety is directly related to the size of the cell. Small-format cells contain
less active material and, therefore, less energy, and they are safer than large-format cells of the
same design and chemistry. Additionally, small cells have a higher surface area per unit volume,
which results in more relative cooling in the case of overheating.

• External casing: This aspect should be considered, as the cells should be able to meet the me-
chanical and environmental conditions to which they will be exposed. High shock and vibration,
temperature extremities, or other adverse conditions may be encountered during use and han-
dling, and the cell and its mechanical integrity must be maintained. Cells should be hermetically
sealed to contain the materials inside and to prevent them from leaking.

• Safety features: The safety features should be incorporated into the cell, taking into account
accidental or unexpected handling procedures. Some examples of these features are pressure
vents to prevent excessive internal cell pressure build-up, a current interrupting device (CID), a
positive temperature coefficient (PTC) device, external protection circuitry, and so on, as shown
in Fig. 2.11

• Heat exchange with surroundings: Adequate thermal management should be implemented such
that there is a good rate of heat exchange between the cells and the external environment.
The worst case scenario would be adiabatic conditions between the battery system and the
surroundings, which increase the self-heating rate in the battery and lead to thermal runaway.

• BMS: External battery monitoring units that ensure the operation of the battery is well within
the safety limits and prevent operation whenever the safety limits are about to be breached.

(a) Cylindrical cell (b) Prismatic cell

Figure 2.11: A schematic of cell forms with safety features [95]

Internal short circuits leading to thermal runaway are the most catastrophic failures of lithium-ion
batteries, and they are treated as safety hazards because of the large amount of energy released in a
short period of time. Thermal runaway is related to the thermal stability of the components of the
battery material, primarily dominated by choice of electrode material, in particular, cathode material
composition. It is also influenced by the nature of the SEI layer, solvents, electrolyte, and so on. The
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source of heat generation, exothermic reactions gradually increase the cell temperature. Above 80◦C,
the SEI layers become unstable and start its decomposition process between 90◦C–120◦C. Until this
point is the first onset of thermal runaway; after this event, a chain of reaction proceeds: At first,
an exothermic reaction occurs between intercalated lithium and electrolyte at temperatures above
120◦C. The positive active material in the oxidized state decomposes at temperatures above 200◦C,
releasing oxygen and reacting with electrolyte in a highly exothermic reaction, which leads to the
thermal runaway event with fire and may be even explosions (see Fig. 2.12).

As the chemical and thermal characteristics of the electrode material, separator, and electrolyte changes
during the aging of the battery, aging process can also influence the thermal runaway profile at various
stages of heat generation. There is a good literature database to describe the thermal stability of
new cells, but it is equally important to ensure the safety of the battery during its entire lifetime.
However, there has been evidence to suggest that the aging process improves the thermal stability
of the cell based on the accelerating rate calorimeter (ARC) and differential rate calorimeter (DSC)
measurements. The improved thermal stability of the cell can be ascribed to the following changes.

• Aged cells show a higher onset temperature and a reduced heating rate, which means thermal
runaway is triggered at a higher temperature in comparison to fresh cells [96, 97].

• In high-temperature aging, pronounced SEI layer growth reduces the onset temperature, but
it also significantly reduces the exothermic heat released because the aged anode contains less
intercalated lithium, which could react with the electrolyte during the thermal runaway [98].

• In aged cells, less active material is left, as some portion of it is consumed during the side reaction.
Therefore, impact of thermal runaway is not as severe as in new cells, where the abundance of
active material can release more heat at the trigger point [99, 100].

However, on the other hand, aged cells pose more of a risk than a safety hazard due to excess self-heat
generation during the normal operation. At high discharge and charge C-rates, the temperature rise is
more in aged cells in comparison to fresh cells under similar operating conditions due to higher internal
resistance developed during the aging process [102, 103]. Therefore, adequate safety thresholds must
be adapted aside from improving the cooling medium for heat exchange between the cell and the
surroundings, which could limit the rise in cell temperature. In the research of Wu et al. [104], it is
reported that the thermal stability of electrode materials decreases with aging, in contrast to what
has been explained by other sources. It also mentions that the breakdown of the SEI layer increases
the exothermic heat generation as the cells age. Therefore, the safety mechanism, such as a separator
shutdown, may not be useful for the aged cells due to reduced thermal stability. Even though the
results are contrary to various sources, it is clear that improving the thermal stability of the battery
materials can improve a battery’s safety.

Moreover, all aging conditions do not improve the safety of the battery. Safety depends on the condi-
tions in which the cells are handled, such as storage, cycling, temperature, and charge and discharge
C-rate, that is their aging history. The cells cycled at low temperatures when subjected to ARC mea-
surements show that the self-heating rate started at a lower temperature. This thermal behaviour is
significantly different from that of the fresh cells. Around ∼180◦C the self-heating rate in the cell
increased to an uncontrollable level and resulted in thermal runaway. This shows the worsening in
safety behaviour as the thermal runaway shifted to a lower temperature than usual in comparison to
fresh cells. However, cycling at a high C-rate showed only marginal changes in the safety behaviour, an
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Figure 2.12: Source of heat generation and temperature evolution in lithium-ion cells [101]

indication that thermal stability was not disturbed by this cycling regime. As low temperature cycling
enhances lithium plating, this could have possibly increased the self-heating rate of the cell. Lithium
plating supports the growth of dendrites, along the anode surface and could lead to puncturing of the
separator and connecting both electrodes of the cells, to cause internal short circuit [105]. In addition
to this, cell safety with respect to cell size is critical to the commercial success of large-format cells.
These aspects are summarized in section 2.1.
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Chapter 3

Methodology and Experiments

3.1 Review of Existing Measurement Techniques

This section compares different measurement techniques to evaluate inhomogeneous temperature, cur-
rent, and SOC distribution. Most of the methods described have been developed very recently, as most
of the cell measurements are primarily focused on cell characterization and aging, thermal manage-
ment, safety, and so on, rather than on cell inhomogeneities and its effects. With the enhancement of
cell capacity by increasing size and design, the topic of cell inhomogeneity has become more relevant.
Although electrochemical model-based simulations have existed for long time, it is still being used
to measure complex parameters such as internal temperature, current, and SOC distribution within
the cell and at the battery pack level. This model-based approach is now being used to develop ac-
celerated battery designs, which provide endless combinations of size, geometry, and chemistries to
improve the performance and lifetime of lithium-ion batteries. At present, this is the only method that
provides detailed analysis of temperature, current, and SOC distribution in the cell with reasonably
good accuracy, depending on the complexity of the model.

A more practical approach uses a direct measurement technique, which can be validated with the
simulation results. However, this is a very tedious, time-consuming, expensive approach, and it takes a
lot of effort to develop such a method, while it also has its own challenges and limitations. Nonetheless,
several attempts made at direct measurements have been met with reasonable success, just at a smaller
cell size. Indirect methods have also been proposed in some works that do not require lot of effort,
and they are also less expensive. The summary of direct and indirect measurement techniques for the
evaluation of cell inhomogeneities are shown here:

Surface temperature measurements with temperature sensors

• A relatively old and easy approach, now it has been improved with spatial temperature measure-
ments at several locations on the cell surface, as shown in Fig. 3.1.

• Thermocouples or resistance temperature detector (RTD) sensors can be used to record temper-
ature values.

• It is easier and less expensive to setup the measurement devices.
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• The volume of the data measurements depends on the measurement sampling rate, cell size. For
example, the data volume is higher if the sampling rate is high and the cell size is bigger, which
makes it difficult to handle data if the experiments run for a long time, especially in aging tests.

• The method may not be suitable for cylindrical cell forms, as internal and surface temperature
differences are quite high even at a low C-rate and high temperature.

• This method is more suitable for pouch cells considering its form, and it is applicable for all cell
size.

• Cell characteristics are not affected and it is easier to reproduce the results.
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Figure 3.1: Schematic of temperature sensors distributed spatially along the surface of a 75 Ah cell
[12, 28]

Surface temperature measurement with a thermal camera

• A relatively old and easy approach to capturing the surface temperature with a high-resolution
thermal camera, as shown in Fig. 3.2.

• It is easier, but expensive cameras are required to set up the measurement device.

• It is not suitable for capturing data for a long period, but can be used to capture measurements
at different stages of aging. Measurement accuracy and the sampling rate are determined by
camera settings (e.g., image resolution to distinguish temperature contour).
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• For a cylindrical cell, it requires multiple cameras to capture the temperature along the cell
contour.

• This method is being used practically.

• Cell characteristics are not affected, and it is easier to reproduce the results.

Figure 3.2: Picture of a thermal camera setup to measure the surface temperature of a pouch cell [106]

Internal temperature measurement

• A newer and difficult approach, it can capture internal temperature, as shown in Fig. 3.3.

• Specially designed thermocouples are required to be placed inside the cell.

• It is expensive, know-how expertise is required for the measurement setup, and complexity in-
creases with an increase in cell size.

• Suitable for capturing measurements for a long time, provided the sensors do not fail. The
volume of the data measurements depends on the measurement sampling rate and cell size.

• This method is suitable for all cell forms, but there are many complexities and challenges in
placing sensors for a large cell size.

• It is used very rarely, because of the complexities of placing sensors inside a cell and sealing
them, and they should be non-reactive to the cell components.
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• Cell characteristics might be affected, and the reproducibility of the results depends on the quality
of the cell, as most of these cells are produced in laboratories without advanced equipment for
cell construction.

Figure 3.3: Internal sensors embedded in the cell [28]

Multiple/ segmented electrode measurement

• A newer and very difficult approach, it is possible to measure current and SOC distribution with
the help of shunt resistors [25].

• It is expensive, know-how expertise is required for the measurement setup, and complexity in-
creases with an increase in cell size.

• It is suitable for capturing measurements for a long time, provided the sensors do not fail. The
volume of the data measurements depends on the measurement sampling rate and cell size.

• This method is suitable for cylindrical, prismatic, and pouch cell forms, but there are many
complexities, challenges exist in preparing the cell sample, and it is almost impossible for large-
format cells.

• This technique is only being used by one research group, because of the complexities in the
preparation of such cells, sealing the case and non-reactive sensors with the cell components, and
so on.

• Cell characteristics might be affected, and the reproducibility of the results depends on the quality
of the cell, as most of these cells are produced in laboratories without advanced equipment for
cell construction.
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Local potential measurement through modified commercial cells

• Commercial A123 26650 cells with multiple tab configurations were used for the measurement of
local potential [26].

• The cells were modified by opening the cell and separating the tabs, which allows the voltage
measurement across four different positions on the electrode.

• This is an inexpensive method that can be adapted to high-quality commercial cells for in-situ
measurements.

• In comparison to the unmodified cell, the performance of modified cells was affected by opening
and hermetically sealing the cell again.

• This method can only be adapted to those cylindrical cell types, that come with multi-tab
electrodes, but it is difficult to make such cell designs for commercial pouch cells.

In-situ and ex-situ diffraction/neutron imaging

• This is an old and easier approach to measuring current and SOC distribution [35, 36].

• X-ray diffraction and neutron imaging are the commonly used tools.

• Even though it is easier, these are highly expensive measurement setups, as not many research
groups can afford such a facility, especially for neutron imaging.

• The samples can only be measured at different stages of aging and not throughout the length of
the experiment.

• Only predefined dimensions of the sample cell that fit the measuring device can be used. There-
fore, the cells need to have customized dimension for in-situ measurements. Cells that are outside
the measurement dimensions have to undergo ex-situ measurements.

• This method has been published by many authors, hence it is a reliable method.

• Cell characteristics will be affected in ex-situ measurements, and it is not possible to continue
testing further, but the cell characteristics are not affected during in-situ measurements. The
results can be reproduced.

3D/pseudo-3D battery models

• This is an existing method for evaluating temperature, current, and SOC distribution.

• Computer simulation tools such as COMSOL, ANSYS, or any equivalent Multiphysics platform
can be used.

• It is an easier and much faster approach, and almost every research group employs this method
to obtain results. There are numerous publications on 3D modelling and simulation.

• Cell measurements may be required to obtain some parameters required for the mathematical
equations and to validate the results. Most parameters can be found in the literature, but few
parameters have to be obtained experimentally.

37



CHAPTER 3. METHODOLOGY AND EXPERIMENTS

• Data handling depends on the complexity of models and accuracy of the simulation results.

• This method is suitable for all cell forms and sizes available commercially, and it is also possible
to obtain any number of combinations of designs that are not commercially available. Overall,
it is a very versatile tool.

Volume expansion in pouch cells

• This is a new method for evaluating cell volume expansion during the charge and discharge
process; the schematic is shown in Fig. 3.4.

• Although it is not used to measure inhomogeneous temperature, current, or SOC distribution,
non-uniform volume expansion has a strong connection to aging, especially at the edge of the
pouch cell.

• Displacement sensors are used to measure the thickness change or volume expansion at different
locations on the cell surface.

• This method is suitable for pouch and prismatic cell forms of all sizes. A large cell size requires
more sensors to record spatial displacement.

• The sample measurements can be done at different aging intervals, usually once when the cells
are new and once when they reach the end of life.

• The main objective of the study is to evaluate intercalation-induced stress during the charge and
discharge process and its influence on cycle life aging of the cell.

• Recent publications show that, this method can be used to study lithium plating [45].

Figure 3.4: Schematic of cell volume expansion along the thickness of pouch cells [107]

3.2 Selection of Cells for Sizing Investigation

The choice of the cells is very critical to the investigation of sizing influence on their performance
and lifetime. Different sizes, from small to medium, to large cells, have been considered in this in-
vestigation. The microscopic parameters, such as the active material composition, separator, current
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collector material, cell chemistry, particle size, diffusion coefficient, equilibrium potential, reaction rate,
thermodynamic parameters, thermal and electrical conductivity, heat capacity of active materials, and
different components of a cell, should be identical in all cell sizes to have the same electrochemical,
thermal characteristics. Otherwise, these parameters may have additional influence on performance
and lifetime. However, the macroscopic parameters such as cell form, aspect ratio, thickness of active
materials, current collector and separator, tab size, and its location attain significance when studying
the influence of cell size. Besides these criterion, the cells should have a superior quality of manufac-
turing, with a low tolerance limit on geometry and cell performance to obtain reproducible results.
Therefore, commercial cells from a renowned manufacturer were chosen for the sizing investigation.
The cells were selected from the same manufacturer, so that the effect of cell manufacturing would
have a similar influence on their electrochemical and thermal performances. The different cell sizes
were chosen strictly on the basis of availability of the cells on the market. The specification of the cells
are shown in Tabs. 3.1, 4.2 and 4.3.

Table 3.1: Specification of investigated pouch cells; also refer to Tabs. 4.2 and 4.3

Nominal Size (mm) Weight Electrode Area Ratio No. of layers1

Capacity (Ah) (WxHxT) (g) (Cathode/Anode)
8 105× 100× 7.05 157 0.952 16
25 225× 224× 6 570 0.963 14
53 225× 224× 12.3 1,200 0.965 29
75 263× 266× 11.2 1,500 0.983 28

Fig. 3.5 shows the visual comparison of the cells used for the sizing investigation. These cells belong
to the category of high-energy pouch cells, with a nominal voltage of 3.6 V. According to the data
sheet of the manufacturer, the active material consists of a NMC cathode and a graphite anode. The
electrolyte is made of a solution of lithium hexafluoro phosphate (LiPF6) in a mixture of the organic
solvent ethylene carbonate (EC) and ethyl methyl carbonate (EMC).

Figure 3.5: Visual comparison of different cell sizes

Besides pouch cells, the cylindrical cells were also chosen in the sizing investigations, but the tests
were limited to calendar and cycle aging tests. The specification of cylindrical cells are shown in Tab.
1The electrodes are double-side-coated, except for two single-side-coated cathodes at the top-most and bottom-most
layers of the pouch cell. Hence, the number of cathode layers are one more than the anode layers.
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3.2. These cells are an LFP-based cathode and a graphite-based anode. The electrolyte is LiPF6 in
a mixture of the organic solvent EC, propylene carbonate (PC), diethyl carbonate (DEC), dimethyl
carbonate (DMC), and EMC. These cells belong to the category of high-power cylindrical cells, with
a nominal voltage of 3.3 V.

Table 3.2: Specification of investigated cylindrical cells

Nominal Diameter Length Weight
Capacity (Ah) (mm) (mm) (g)

1.1 18 65 39
2.5 26 65 76

3.3 Short-term Characterization Tests

Several tests were performed on the cells to evaluate their characteristics and to obtain parameters for
battery modelling. The battery models can be used to simulate the results and validate them with the
experimental data. In some cases, the battery models can be used to simulate certain results, which may
not be possible to determine them experimentally, particularly the cell-sizing investigation. The tests
can be basically classified into short-term tests, where the duration of a test is between several hours
and less than one week, and long-term or aging tests, where the duration of a test extends beyond
a week and up to an year. This section describes the experimental setups with the measurement
techniques used for the short-term tests. The next section, 3.4, describes the measurement setups for
the long-term tests.

3.3.1 Discharge Capacity Test

This test determines the cell capacity at a given temperature, the discharge C-rate, and the cell’s aging
history. Due to the dependency of the cell capacity on these factors, the discharge capacity test was
standardized at 25±1◦C and 1C discharge current from a fully charged state (100% SOC). Prior to this
test, the given cell was fully charged in constant current constant voltage (CCCV) mode at 1C, cut-off
voltage at 4.2 V, and cut-off current at 0.05C, and rested for 1h to obtain temperature and voltage
equilibrium. This test was performed when the cell was new as well as at different aging intervals to
evaluate the remaining capacity, SOH, and the remaining useful life (RUL) of the cell. Additionally,
this test was done at different temperatures and C-rates to evaluate the performances, such as rate
capability, Ragone plots, and energy and charge efficiency. Fig. 3.6 shows the voltage profile used for
the standard discharge capacity measurement of a 75 Ah cell. The discharge was stopped at the lower
cut-off voltage 2.7 V.

3.3.2 Impedance Characterization Test

The impedance characterization of the cells can be performed with two different methods. They
are classified as time-domain-based measurements, also known as hybrid pulse power characteriza-
tion (HPPC), and frequency-domain-based measurements, also known as electrochemical impedance
spectroscopy (EIS).
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Figure 3.6: Discharge voltage profile to measure the cell capacity of a 75 Ah cell at 25±1◦C and 1C
discharge rate

3.3.2.1 Hybrid Pulse Power Characterization

This is a very commonly used technique, wherein a cell is charged and discharged with a high current
pulse, typically a 3C current with a duration of 10 s. The voltage response of the cell is recorded as
an output. The cell impedance is calculated as the ratio of change in the voltage response to change
in the input current. The current and voltage measurement sampling rate should be greater than
1 kHz range to obtain a more accurate impedance value. This technique has certain drawbacks due to
limitations in the measurement sampling rate caused by measurement noises and inaccuracies of the
current sensors. However, this method is often used because of its simplicity.

The cell impedance is also sensitive to temperature, current, SOC, and its aging history. Therefore, to
obtain impedance parameters for different operating conditions, additional measurements need to be
performed, for example, at a different temperature and SOC range. In this thesis, the HPPC measure-
ments were used mainly for aging characterization and battery-modelling-parameter extraction. For
the aging characterization, this measurement was standardized, and the tests were done at 25◦C. The
cells were pulse discharged at a 10% SOC step from a fully charged state, as described in the following
steps:

1. Fully charge the cell in CCCV at 1C C-rate until the upper cut-off voltage and 0.05C current
cut-off.

2. Pause for 1 h to obtain temperature and voltage equilibrium.

3. Repeat the following test sequence for each of the SOC steps (starting from 100% SOC and down
to 0% SOC at a 10% SOC step):

(a) Apply discharge pulse for 10 s.

(b) Pause for 3 min.

(c) Apply charge pulse for 10 s.

(d) Pause for 3 min.

(e) Discharge the cell at 1C until the next SOC step.
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(f) Pause for 1 h to obtain temperature and voltage equilibrium.

The current amplitude for the pulse current was 3C for all cells except 75 Ah, where the current
amplitude was restricted to 200 A due to the limitation of maximum current from the battery tester.
Fig. 3.7 shows the voltage and current profile of HPPC measurement for a 75 Ah cell.
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Figure 3.7: HPPC test profile of the 75 Ah cell at 25◦C

A closer view into the voltage response of the HPPC profile, as can be seen in Fig. 3.8, shows an
immediate voltage drop when the current pulse is applied. This is a clear indication that the battery
has some internal resistance. It can be also observed that there is a time-varying voltage, which can be
interpreted as the presence of additional elements, like a capacitor (in combination with resistance).
The time-varying voltage part can be divided into short-transient and long-transient RC elements
because of different time constants in the voltage profile. The mathematical representation of these
elements is shown in Eqns. (3.1) – (3.3).

Ri = ∆V0

Ip
(3.1)

R1 = ∆V1

Ip
(3.2)

R2 = ∆V2

Ip
(3.3)

The time period t1 for the short time resistance (R1) is approximated to about 500 ms after the
immediate drop, and the time period t2 for the long time resistance (R2) is approximated to about
9.5 s after the end of t1. However, the time constants vary for different cell sizes and their aging
histories.
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Figure 3.8: Closeup view of the voltage response and current pulse of the HPPC profile

3.3.2.2 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a common analysis used in electrochemistry to eval-
uate the impedance characteristics of a battery by applying an excitation signal at a wide range of
frequencies. EIS is also a special case of impedance spectroscopy. It is a powerful and non-invasive
measurement technique to investigate the complex impedance of a battery that is connected to differ-
ent electrochemical processes occurring inside a cell. EIS measurement is performed by employing a
small sinusoidal excitation signal at different frequencies, ranging from 5 mHz to 10 kHz. The great
advantage of EIS measurements over HPPC measurements is the ability to separate different elec-
trochemical activities occurring simultaneously inside a cell and accurately determine the impedance
of the battery with the application of a multi-frequency excitation signal, also known as a frequency
sweep. The impedance is calculated as the ratio of output response to input excitation [108]. The
excitation signal can be applied in the form of voltage to produce an output current, which is called
as potentiostatic method, or it can be applied in the form of current to produce an output voltage,
which is called as galvanostatic method.

As batteries are best known as current-controlled devices, the galvanostatic method is preferred for
EIS measurements. In this method, a small sinusoidal excitation current is applied to the battery to
measure its voltage response. The cell impedance at a given frequency is calculated as the ratio of
voltage response to its current input by assuming the cell behaviour to be in the linear region, as shown
in Eqn. (3.4).

Z̄(f) = V̄ (f)
Ī(f)

(3.4)
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When doing an EIS measurement, three important points must be considered: linearity, stability, and
causality of the test system [109].

• Linearity: Batteries are highly non-linear, especially when operated under high currents. To avoid
non-linearity, the applied AC amplitude must be small enough. Nevertheless, the amplitude must
still be large enough to measure a voltage response without noise in the measurements.

• Stability: Battery electrode materials change their structure during charge and discharge. In
addition to this, variations in temperature and SOC change the electrochemical behaviour of a
battery. To ensure good results, the overall state of the system must not change significantly
during the EIS measurement.

• Causality: The output of the system has to correlate with the applied excitation. Therefore, the
cell must be shielded from outside perturbations. For example, a sinusoidal input should produce
a corresponding sinusoidal output response.

The impedance spectroscopy has different regions, a high-frequency region that consists of a series
inductance and resistance, a mid-frequency region that is a depressed semi-circle, and a low-frequency
tail representing diffusion impedance. The series inductance might be due to connection cables, the
type of wiring, porous electrode structure, and so on. The series resistance is mainly caused by the
electronic resistance of current collectors, active material, electrolyte resistance, contact resistance, and
so on. It is denoted by Ri, calculated as the value at the x-intercept on the Nyquist plot, typically at
1 kHz frequency2. The mid-frequency arc is the result of the electrode-electrolyte interface (SEI layer),
charge transfer, and double-layer capacitance. The low frequency slope is associated with Warburg
impedance, representing the diffusion of ions in the solid phase [110]. Fig. 3.9, shows the typical
impedance spectrum of a lithium-ion battery.

III. SEI Layer

I. Inductive Part

II.Resistance part (Ri)

IV. Charge Transfer &
Double Layer Capacitor

V. Diffusion

-Im(Z)     

ω

Re(Z) Ohm

ω
Ohm

Figure 3.9: Schematic impedance spectrum in a Nyquist plot for a lithium-ion battery (based on [110]).

Even though this method is more accurate compared to HPPC, it has seldom been used in the
impedance parameterization of batteries for aging studies. This is due to the complexity of extracting
different impedance for a battery, longer measurement duration in comparison to the HPPC technique,
and the high volume of impedance measurements. However, this technique is still used to extract the
2 The frequency is not always 1 kHz; on the 75 Ah pouch cell, it varied from 500 to 700 Hz, depending on its SOH.
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impedance parameters for multiphysics-based battery models (Section 4.4) as well as in determining
the evolution of SEI resistance under the different aging conditions of the battery. Additional results
are shown in App. A4.

The impedance behaviour for the cells was investigated at different temperatures and SOCs. The
procedures for the EIS measurements have been adapted from Waag et al. [111] as described here:

1. Fully charge the cell in CCCV at 1C C-rate until the upper cut-off voltage and 0.05C current
cut-off.

2. Pause for 1 h to obtain temperature and voltage equilibrium.

3. Repeat the following test sequence for each SOC (starting from 100% SOC and down to 0% SOC
at 10% SOC step).

(a) EIS measurement in the frequency range 10 kHz – 5 mHz.

(b) Discharge the cell at 1C until the next SOC step (based on actual cell capacity).

(c) Pause for 1h to obtain temperature and voltage equilibrium.

The test temperatures were 15, 25, and 40◦C. The measurements were performed within the selected
frequency range at 8 points per decade, with an excitation current input 0.05C, and the output voltage
response was expected to be around 10 mV AC amplitude. However, the EIS measurements for aging
tests were only performed at 50% SOC and 25◦C, with an interval of four weeks between the successive
tests.

3.3.3 Open Circuit Voltage Measurements

The OCV is the measurement of terminal voltage of a battery under no-load conditions (I = 0). In
addition to this, the battery must be in complete equilibrium, w.r.t. voltage and temperature, such
that there are no dynamic reactions within the cell. The OCV for most cell chemistries are dependent
on the cell SOC, except for LFP chemistry (nearly flat OCV characteristics). Besides SOC, OCV is
also a function of temperature, aging, and, to some extent, battery hysteresis.

There are two methods for measuring the OCV of the cell. In the first method, the cell from a fully
charged state is discharged stepwise at different SOC intervals. The shorter the interval between
two SOCs, the more accurate the result. In general, 5% and 10% SOC steps are commonly used
measurement techniques. In this work, a 10% SOC step was used in most of the OCV measurements
(refer to the HPPC profile in Fig. 3.7). The second method is more accurate, and it is mainly used for
multiphysics simulation purposes. In this method, the cell is discharged from 100% SOC with a very
low C-rate for the reason that voltage polarization is very low. The voltage measured at the battery
terminal is taken as OCV. Even with the low C-rate (0.05C) discharge, the polarization voltage cannot
be completely neglected. Hence, after the complete discharge, the cell is charged again with the same
C-rate used for the discharge. Finally, the OCV is calculated as the average of the charge voltage and
the discharge voltage to negate the effect of polarization. Fig. 3.10 shows the OCV measurement for
a 75 Ah cell. This technique is also known as pseudo-OCV measurement.
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Figure 3.10: Measurement data of charge and discharge pseudo-OCV and evaluation of average OCV
on a 75 Ah cell at 25◦C ambient temperature

3.3.4 Spatial Temperature Measurements

As explained in section 3.1, this technique can be used to measure the temperature inhomogeneity on
the surface of the cell. As this technique is feasible for the pouch dimension, only the cells from Tab. 3.1
were considered for the measurements. The surface measurement points were chosen to be equidistant
from one another in the form of a square matrix. The total number of measurement points were chosen
to be nine for 8 Ah cells and twenty-five for 25, 53, and 75 Ah cells. The schematic representation of
spatial temperature measurements on a 75 Ah cell is shown in Fig. 3.1. The temperature sensor is a
thermocouple Type K with a fine-gauge, exposed welded tip. The dimensions of the thermocouple were
1 mm in length and 0.0076 mm in diameter. Some measurements were done with aluminium plates
attached as cooling plates3 for the thermal management of the cell. The temperature sensors attached
to the cell surface should be very thin (µm scale) to ensure very good contact between the cooling
plate and the cell surface. The test profile for the spatial temperature measurements are described in
the following steps:

1. The cell is rested for 3 h before the start of the test to attain temperature and voltage equillibrium.

2. Fully charge the cell in CCCV mode at a 1C C-rate with the cut-off criterion described by the
manufacturer’s datasheet.

3. Relaxation for 3 h to attain an equilibrium state, and all the dynamic reactions fade away.

4. Discharge the cell in CC mode at a 0.5C C-rate.

5. Pause for 10 min before repeating steps 2 to 4, but replace step 4 with discharge C-rates 1C, 2C,
and 3C.

6. Steps 1 to 5 can be repeated at different ambient temperatures, such as 15, 25, and 40◦C.
3Water is circulated through the cooling plates, which absorbs the excess heat transferred to the aluminium plates
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In order to study the effect of the cooling medium, the spatial temperature measurements were per-
formed with and without the cooling plates. The test setup with the cooling plates is shown in Fig.
3.11. More pictures of this test setup are shown in App. A1.

30
30

30
30

30
30

30

16

265240

Measurements are in mm

(a) (b)

(c) (d)

Figure 3.11: Test setup of spatial temperature measurements on a 75 Ah cell with aluminium plates
as the cooling medium (a) temperature sensors on the cell in a 5x5 matrix, (b) dimensions of the
aluminium cooling plate, (c) the cooling plate on the cell surface, and (d) the Julabo chiller unit

3.3.5 Volume Expansion Measurements

This section describes the experimental setup to evaluate the cell expansion behaviour via displacement
measurements on the surface of lithium-ion cells, especially pouch cells. The setup comprises five parts,
as listed here:

1. Investigated cell and the cell fixture

2. Sensors (displacement and temperature)

3. Temperature Chamber

4. Battery test system

5. Data-acquisition unit

Additional items include control and data storage to operate the equipment and store the measurement
data, respectively. The work mainly focuses on the normal operations of the cells, hence, the cell ex-
pansion is relatively small (∼1.5–2% displacement compared to the cell thickness) from a macroscopic
perspective. Given these preconditions, the fixture should be solid enough to minimize the measure-
ment error, hence, a proper design of the structure is critical to the reliability of the results. Fig. 3.12
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Figure 3.12: Schematic diagram for displacement measurement on the pouch cell. Measurement points
are shown in Fig. 3.13.

shows the schematic of the displacement test setup. Additional details about the setup construction
can be found in App. A2.

Fig. 3.13 shows the number of measured data points for the volume displacement of different cell sizes.
The 8 Ah cells had nine measuring points (a 3x3 matrix) on the front surface and correspondingly
equal points on the back surface (hidden from view). The larger cells 25, 53, and 75 Ah had ten
measurement points, selected from a 5x5 matrix. The total displacement at a given point on the
cell is calculated as the sum of front and back displacements. The number of sensors used in the
measurements were four, and it was possible to measure displacement at two given points. The
experiment was repeated to measure the displacement on remaining positions. As depicted in Fig. 3.4,
the cells were mounted vertically in order to measure the displacement along the thickness direction,
which allowed free expansion on the cell without any constraints. This would not have been possible
if the cells had not been mounted horizontally, because that could have restricted the displacement on
the bottom surface. This is also applied to the cell’s geometric edges, where there were no constraints
caused by the mounting of the cell. However, some constraints did occur due to the sealing of the
external pouch laminate as well as to spot welding near the current-collector tabs. This situation could
not be avoided because of the process involved in the cell manufacturing.

The displacement measurements were performed on the cells, as shown in the following steps. The
precondition before the start of a displacement test was that the cell was assumed to be at 0 % SOC,
if otherwise, it was completely discharged using the CCCV discharge regime at a 1C discharge C-rate,
2.7 V cut-off voltage, and 0.05C cut-off current.
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Figure 3.13: Front view of measurement points on the surface of (a) 8 Ah and (b) 75 Ah pouch cells

1. At 0 % SOC, the cell was rested for 4 h to attain consistency in the displacement sensor4

readings. During this long pause, the temperature and voltage equilibrium could be attained
simultaneously.

2. After the long pause, the cells were completely charged with the standard CCCV regime.

3. Pause for 2 h to attain displacement relaxation, as well as temperature and voltage relaxation.

4. Discharge the cell at a given C-rate (0.5, 1, 1.5, & 2C) in the CCCV regime.

5. Repeat step 3 to attain displacement relaxation.

6. Steps 1 to 5 can be repeated at different ambient temperatures.

3.4 Aging Characterization Tests

As described in section 1.2, an increase in the cell size leads to certain inherent disadvantages in the cell
performance, such as temperature, SOC, and current density distribution. The hypothesis proposed in
this work has led to conclusion that inhomogeneous cell characteristics could affect the lifetime of the
battery. It was also proposed in the hypothesis that only cycle aging affected the cell inhomogeneity
due to increase in cell size, but not the calendar aging. Therefore, for the aging characterization,
calendar and cycle-life tests were performed on all the cell sizes to evaluate the proposed hypothesis.
Some operating conditions are also well explained in section 2.4, such as low ambient temperature
4 The sensor readings showed time-related drift with an increase in value that was significant in the initial 2 h. The drift
effect significantly faded away after 3 h, and hence a 4 h pause was chosen to minimize the drift effect.
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(15◦C) and high C-rate (3C) increasing the cell inhomogeneity. This condition could make a perfect
case study for aging inhomogeneity. However, these conditions are also favourable for lithium plating,
another aging process occurring in the cell. As this aging inhomogeneity study is based on the influence
of sizing in the context of cell geometry, 40◦C and 1C cycling conditions (1C CCCV charge and 1C CC
discharge) were preferred for cycle aging. The ambient temperature of 40◦C was chosen for another
reason, that is, to compare the results of cycle and calendar aging. It has been well established that
calendar aging can be accelerated by high ambient temperature. Hence, to obtain the aging results in
a defined time frame, the conditions for calendar aging were set as 40◦C and 100% SOC (i.e., the cells
were fully charged before the storage) [16].

Prior to the aging tests, the discharge capacity of the cells was measured at 100% SOC, 25◦C, and
a 1C discharge C-rate. The HPPC and OCV tests were performed as described in sections 3.3.2.1
and 3.3.3, respectively. These tests can be collectively put together as a reference performance test
(RPT). The cells were divided into two groups each for calendar and cycle aging tests. The aging
tests were briefly interrupted at specific intervals, 4 weeks and 100 cycles for calendar and cycle aging
tests, respectively. During the brief interruption, the RPT was performed on the aged cells to obtain
the aging parameters of cells, such as remaining capacity, pulse power, impedance, and OCV. After
the completion of these tests, the aging tests were continued until the remaining capacity of the cells
dropped below 70% of its nominal capacity value or at the end of 40 weeks, whichever one was earlier.
In addition to these tests, long characterizations were performed every 12th weeks, for calendar tests
and every 400th cycles for cycle aging tests. The tests included an EIS test at 50% SOC and one cycle
of 0.05C charge and discharge, a pseudo-method to evaluate the OCV of a given cell. The schematic
of the aging tests is shown in Fig. 3.14.
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Figure 3.14: Schematic of calendar and cycle aging tests for the selected cells
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3.4.1 Calendar Aging Test

The calendar aging test determines the shelf life of a battery under storage conditions. Prior to the
start of the tests, the cells were charged to the target SOC and temperature, that is, 100% SOC and
40◦C. The cells can be aged under float or storage conditions. In float conditions, the storage voltage of
the cells was kept constant (without allowing the cell to self-discharge), whereas, in storage conditions,
the voltage was not maintained at a constant level, allowing self-discharge in the cell caused by side
reactions inside the cell. After four weeks of storage, the cells were brought to 25◦C. At first, they
were completely discharged to measure the self-discharge during the storage aging. After this step, the
cells were charged to 100% SOC. In the next step, the discharge capacity of the cells was measured,
and this was later followed by charging the cells again to 100% SOC, before starting the HPPC test.
These charge and discharge protocols were ensured to measure the self-discharge, and reversible and
irreversible capacity losses in the cells. After the completion of the HPPC test, the cells were charged
again to 100% SOC and stored at 40◦C for another period of four weeks of calendar aging.

3.4.2 Cycle Aging Test

The cycle aging test determines the usable life of the battery under cycling conditions. The cycle life
aging tests were always started in the complete discharge state (0% SOC) and at 40◦C ambient tem-
perature. During the tests, the voltage, current, Ah charge and discharge, and temperature parameters
were closely monitored. The following procedure describes the cycling regime.

1. Charge the cell in CCCV mode at 1C C-rate, 3.6 V and 4.2 V cut-off voltages, respectively, for
LFP and NMC cells, and 0.05C cut-off current.

2. Pause for 15 min.

3. Discharge the cell in CC mode at 1C C-rate, 2 V and 2.7 V cut-off voltages, respectively, for
LFP and NMC cells.

4. Pause for 15 min.

5. Repeat steps 1 to 4 one hundred times.

After 100 cycles, the cells were brought to 25◦C before starting the HPPC test. Once these tests were
completed, the cells were discharged to 0% SOC and cycled at 40◦C ambient temperature for another
period of 100 cycles. Additional results of the aging tests can be seen in App. A1.7.

3.5 Cell Disassembly and Coin-cell Characterization

These tests were performed by disassembling the commercial cells inside the argon-filled glovebox.
The objective of these tests is to evaluate the half-cell characterization of cells, such as discharge
capacity, OCV measurements, and the calculation of the entropic coefficient from a given half/full cell.
These measurements provide input parameters for the multiphysics COMSOL models. Some results
are shown in the appendix.
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Figure 3.15: Schematic of coin-cell (half-cell) preparation from a commercial lithium-ion pouch cell.

3.5.1 Coin-cell Preparation

The cells were completely discharged in the CCCV regime at a 0.5C discharge C-rate at 2.5 V cut-off
voltage, before going inside the Argon glovebox. The reason was to discharge the cell to the extent
that it would not cause any mishap during the cell disassembly process. Even the tools used for
disassembly, such as scissors, a knife, and tweezers, were either made of ceramic or plastic material
to avoid an accidental short circuit. Once the outer pouch laminate was removed, the positive and
negative electrodes were separated. The separators used in the original cells were discarded, because
they had already been damaged during the aging process or some damages had been caused during the
disassembly. The selected electrodes were washed in DMC and dried to remove the remaining traces
of the original electrolyte and any impurities. The electrodes were cut into a coin-cell shape with a
16 mm diameter. The separator used was a commercial glass microfiber filter (CAT No. 1825-047),
cut to a 19 mm diameter. For full cell preparation, the counter electrode was 16 mm graphite, whereas
the half cell had lithium metal as the counter electrode (16 mm diameter). The commercial electrolyte
Tomiyama was used in the coin-cell preparation. The specifications of the electrolyte are 1M LiPF6

in EC and DEC (1:1 by volume). The coin cells were assembled as shown in Fig. 3.15 (steps 1 to 7 as
indicated in the schematic). After assembling the components, the coin cells were pressed against the
machine for strong mechanical and electrical contact. The coin cells were punched out of the electrodes
from specific locations and layers, as indicated in App. A1.9. Meanwhile, the remaining layers were
used to measure the electrode dimensions, tab dimensions, thicknesses of electrodes, current collectors,
separator, and pouch laminate foil. Finally, the number of layers were counted. These measurements
were used as cell parameters for multiphysics-based models.

3.5.2 Coin-cell Characterization

The assembled coin cells cycled at a 0.1C C-rate and 25◦C ambient temperature to measure the
remaining capacity [112]. The coin-cells were divided into full-cells, cathode half-cells, and anode half-
cells. The full-cells and cathode half-cells had 4.2 V and 2.7 V as upper and lower cut-off voltages,
respectively, whereas the anode half-cells had 2 V and 5 mV as upper and lower cut-off voltages. The
following steps were used to measure the remaining capacity of the cells:
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1. Discharge the cell at 0.1C to the lower cut-off voltage, to remove the cell’s residual capacity.

2. Pause for 1 h.

3. Charge the cell at 0.1C to the upper cut-off voltage.

4. Pause for 1 h.

5. Repeat step 1 to measure the discharge capacity.

The OCV measurements for the half-cells were done using the same measurement technique explained
in section 3.3.3. Fig. 3.16 shows the half-cell OCV measurements performed on the NMC cathode and
the graphite anode. The cathode OCV measurement was performed by preparing coin cells from the
disassembled 75 Ah cell, while the anode measurements were adopted from the previous measurements
[113]. The entropic coefficient calculation for the half-cells are explained in App. A1.6.
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Figure 3.16: Open circuit voltage measurements of the NMC cathode and graphite anode half-cells

In addition to these tests, aged cells were also disassembled in the glovebox. Only two cell sizes were
considered for this investigation, namely, 8 Ah and 75 Ah cells. There are many tests to determine the
extent of the deterioration of the primary components of the aged cells, such as positive and negative
electrodes, a separator, current collectors, and so on. The degradation of the materials can be linked
to several sources, such as SEI formation, lithium plating, exfoliation of electrode coating from the
current collector, and damage to the separators. This characterization requires extensive post-mortem
diagnostic tools, equipment, and so on, and they are beyond of scope of this study. The disassembled
aged cells have been compared with the fresh cells for visual inspection to identify the extent of the
damage caused by aging of the cathode and anode electrodes. These results are discussed in chapter
5.5.
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Chapter 4

Battery Modelling

This chapter deals with various battery modelling approaches that are widely used in different appli-
cations based on various motives. Each type of battery modelling varies in accuracy and complexity.

• Diagnosis: In this approach, not all variables in a battery are directly measurable. Even if it is
possible to monitor the status of a specific variable, it can be very complex. Therefore, these
models assist in diagnosing the battery and determining some of its unknown variables [114].

• Monitoring and Controlling: This approach is mainly used in real-time systems, where the
internal state variables of the battery can be monitored and it is possible to adapt the operation
parameters by controlling the state variables to achieve the desired results.

• Battery Design: This is mainly used before the development stage of the cell to study its desired
characteristics. Prototypes are costly and time-consuming, whereas simulation tools that provide
endless combinations of design variations can help to minimize the development cost.

• System Design: This approach is mainly used in the design of the battery pack size, capac-
ity, power requirements, lifetime, and thermal management for a given driving condition. The
system simulations can estimate driving range, state of function (SOF) derived from power ca-
pability, cranking power, cooling power requirements, energy throughput during its lifetime, and
so on. These models are generally simplified to 0D, which reduces the model complexity and
computational effort.

4.1 Classification of Battery Models

The models can be classified mainly based on the level of the physical interpretation of the battery
characteristics. They are mathematical, electrical equivalent circuit, and physical-chemical-based mod-
els classified according to many literature sources [115–118]. Each model type find its own relevance
and application based on the area of study. They have their own advantages and drawbacks in terms of
accuracy, computational complexity, and configuration effort. As a battery is a complex electrochemi-
cal system, the fundamental approach helps us to understand its distinct nonlinear behaviour, such as
electrochemical kinetics, explained by Newman and Doyle’s porous electrode and concentrated solu-
tion theory, diffusion, charge transfer, aging mechanism, and so on. These characteristics can be best
explained by physical-chemical models with relevant equations, parameters, and boundary conditions
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[119, 120]. In other words, physical-chemical model is a white box model with a complete understand-
ing of all the entities existing in various stages of modelling. These models have the highest accuracy,
but require a complex approach and are computationally very time-consuming. A relatively easier ap-
proach is the depiction of the cell’s physical-chemical behaviour as electrical circuit parameters. This
method is best known as equivalent circuit modelling. The battery can be modelled as a combination
of OCV, resistors, capacitors, and cell capacity [121–123]. Its accuracy is lower compared to the fun-
damental approach, but the complexity and computational effort can be reduced significantly. As this
model is in the electrical system domain, it is easier to implement in a real-time application, such as
BMS, to monitor and control the operation of the battery within the defined safety criteria. Although
it is in the electrical domain, it still has some physical relevance to the battery characteristics; for
example, this modelling approach is applied in different battery chemistry, but with some grey areas
where some battery characteristics cannot be depicted by an equivalent component in the electrical
domain. The last modelling technique is like a complete black box, without any knowledge about the
intermediate stages between the input and output. This is also known as a mathematical model, where
the mathematical equations have very little or no physical meaning to describe the battery characteris-
tics. Some examples of these modelling techniques are polynomial equations generated by curve-fitting
methods, fuzzy logic, artificial neural networks (ANN), and so on [124–126]. These models are gener-
ally less accurate and very simple to develop. They find application in system-level simulation for the
overall diagnosis. Tab. 4.1 shows the evaluation summary of different battery modelling techniques.

Table 4.1: Evaluation of different battery models and their application

Model Accuracy Comp. Config. Physical Application
Complexity Insight

Mathematical Low Low Low Low Diagnosis
(2–5 params) System Simulation

Electrical Circuit Medium Medium Medium Medium Real-time
(10–20 params) Systems

Physical Chemical High High High High Battery Design
(>100 params) Reference Models

4.2 Mathematical Model

Mathematical models can be built from the past experimental data without necessarily understand-
ing the fundamentals of battery dynamics. They are developed to simulate battery output voltage,
temperature, SOC, as well as to estimate the battery capacity, RUL, and SOH. Some models include
simple mathematical expressions, such as polynomial, exponential, power, and trigonometric functions,
or the combination of these functions to simulate the battery. The common examples are Peukert’s
expression for battery capacity as a function of current and the OCV expression with a sigmoidal
function, as shown in Eqns. (4.1) and (4.2), respectively [127]. These models are simplistic and do not
take into account of load profiles, cell chemistry, reaction kinetics, aging mechanism, and so on. They
are not accurate for predicting the exact performance of the battery, and, hence, their application is
restricted mainly to diagnostic application.

C = Ip · t (4.1)
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1

1 + eα1(z−β1) +K2
1
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+K4
1

1 + eα4z
+K5z (4.2)

where K0, K1..., α1, α2..., β1, β2 are constants and z is SOC between 0 and 1.

The model estimation can be improved by applying statistical tools, so-called known as stochastic
models. These methods take into account the unknown internal state variables that are inaccessible
to the measurement system and whose performance is affected by external and load conditions (taking
into account modelling inconsistency, process noise, measurement noise, etc.) [128–130]. Instead of
assuming mean estimate, these models generate a probability distribution over time, encapsulating
the uncertainties inherent to the system, and provide a more realistic estimation of the output. Some
tools, such as the relevance vector machine (RVM), support vector machine (SVM), and particle filter
(PF), are generally used in the stochastic models.

New methods, such as ANN and fuzzy logic, are increasingly being used in the estimation of battery
output, as shown in Fig. 4.1. These models are fast compared to high-fidelity physical-chemical models,
but nevertheless are still accurate to a certain extent compared to other simple mathematical models.
The improvement in the accuracy can be achieved by collecting a significant amount of data required
to train the ANN [131]. Because of its open-loop characteristic, the trained ANN data for new cells
cannot be accurate for aged cells. Furthermore, change in cell chemistry requires new training data for
ANN to estimate the battery output. The accuracy of the model depends on the amount of training
data and the number of hidden layers with the interconnection of neurons. This method is known as
the direct estimation of battery output with ANN.

Current
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Weighted 
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Figure 4.1: Schematic of Artificial Neural Network (ANN) for battery output estimation

If ANN is combined with other techniques, such as closed-loop SOC estimation based on the extreme
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learning machine (ELM) together with the extended kalman filter (EKF), the results improve due to
the adaptivity of the model [126]. Another advantage of closed-loop or adaptive estimation is that
the training of the ANN data can be done during the online operation of the battery (i.e., the same
model can be used for new-cell and aged-cell data). ANN models are used in different fields of science,
like engineering and medicine, and, more recently, in battery-state determination. These models could
also be used in evaluating inhomogeneity in large-format cells. Of course, this requires a completely
different approach to train the hidden layers in the black box model. If the hidden layers can be trained
using the historical data with the specific objective of evaluating, for example, inhomogeneity in large
cells or the impact of cell design and form, it could be possible to obtain the desired results with this
modelling approach. However, training these models can be very time-consuming and requires a big
pool of data from different cell sizes over a long period. Such modelling approaches have not been
attempted yet, nor have the results been published.

4.3 Equivalent Circuit Model

This is the most widely used approach for battery modelling. It strikes a perfect balance between
accuracy and complexity. The models can be embedded in micro-controllers that can provide the
real-time results of the battery output. The equivalent circuit model (ECM) can be further classified
based on the measurement technique, time domain, and frequency domain, as described in sections
3.3.2.1 and 3.3.2.2. Even in the time-domain methods, there are different versions of the model based
on the number of resistors in parallel with the capacitor (RC) elements. The number of RC elements
in a circuit determines the order of the ECM. The schematic of ECMs with different orders are shown
in Fig. 4.2.
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OCV OCV OCV OCV
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C1

R1

C1

R2
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Rn
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Ri Ri Ri

Accuracy

Computation Speed

0th or. ECM 1st or. ECM 2nd or. ECM nth or. ECM

Figure 4.2: Equivalent Circuit Model (ECM) based on time-domain measurements

The ECM models are quite flexible with accuracy and complexity. Higher accuracy at the cost of
complexity and low computation speed can be achieved by increasing of the order of the ECM, and
vice versa. The simplest of all is the 0th order ECM, which is seldom used or has become obsolete.
The more common variants are the 1st order and 2nd order ECM. Beyond the 2nd order model, the
improvement in the accuracy is negligible compared to the increased complexity, configuration effort,
and so on. Hence, the 2nd order model can be considered as a benchmark model for lithium-ion
batteries. The estimation of the circuit parameters along with the OCV values are explained in detail
in section 3.3. The electrical equation of a 2nd order model is shown in Eqn. (4.3). The time-domain
ECM are real-time implementable and can be run on Hardware in Loop (HiL) platforms. Hence, they
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are useful for BMS development and serve as a part of vehicle-level simulation studies for battery-pack
sizing and range-estimation calculations [121].

V (t) = OCV + I(t)Ri + I(t)R1(1− e
−
t

τ1) + I(t)R2(1− e
−
t

τ2) (4.3)

τ1 = R1C1 (4.4)

τ2 = R2C2 (4.5)

The 2nd type of ECM, that is, frequency-domain-based impedance models, are also used as alternatives
to time-domain models. The main advantage of the impedance model is the accuracy with which the
battery impedance can be measured. The impedance spectra also give the complete range of battery
dynamics, starting from the high frequency inductance, internal resistance to the slow process of
solid-state diffusion (towards the lower frequency spectrum). At high frequencies, inductive behaviour
dominates the impedance characteristics of the cell. This behaviour is caused by geometry, especially
in a cylindrical cell. Additionally, the measurement setup including the connection cables, type of
wiring, and so on, influences its inductance. This is not a battery dynamic phenomenon, and hence
this element is neglected in the ECM. The next element is internal resistance or pure Ohmic resistance,
and it is one of the key parameters for evaluating power capability, heat generation, and temperature
evolution in the battery. Frequency-domain measurements are more accurate compared to time-domain
measurements. In a way, many parameters, such as SEI resistance, charge transfer, and diffusion
coefficients, evaluated by EIS measurements can be used in the physical-chemical models. The semi-
circular parts in the mid-frequency range (see Fig. 3.9) do not have circular contour; instead, they
appear to be bulged or depressed semicircles. CPE elements are used instead of pure capacitors
because the spatially distributed reactions in the layers result in different time constants [108]. In the
low-frequency range (below 10 Hz), diffusion processes dominate in the anode and cathode. This is
represented by Warburg impedance (ZW), which describes the mixed electronic and/or ionic conduction
in electrodes. The course of the impedance spectrum corresponds to a 45◦ slope in the Nyquist plot
[110, 132]. The impedance parameters are extracted from the Nyquist plot (see Fig. 3.9). The
parameters extracted from the Nyquist plot can be represented in the form of an electrical circuit, as
shown in Fig. 4.3.

Ls Rs

RSEI

CPE1 CPE2

Rct

ZW

Figure 4.3: Equivalent Circuit Model (ECM) based on EIS measurements in the frequency domain

The expression for the complex impedance of the cell in different frequency spectra is shown in Eqn. 4.6.
The circuit parameters are estimated by the least-square-curve-fitting method. Once the impedance
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parameters are estimated, the battery SOH can be predicted by changes in the impedance values. For
example, the change in the internal resistance and the SEI resistance serves as an indication of SOH.
If these resistances increase, the SOH of the battery is lowered as an indication of fast degradation
[133, 134]. Despite these great advantages, the EIS method does not easily estimate the battery
capacity or SOH, as the results are hard to reproduce, mainly due to the fact that the system being
monitored needs to maintain a steady state behaviour throughout the testing. This method is also
costlier and requires bulky measurement equipment to generate a small signal AC and to analyze the
responses in the Nyquist plot [135, 136]. Moreover, for practical reasons, it is preferable to use simple
models (time-domain-based ECM) that facilitate on-board monitoring and control. As a result, EIS
cannot be used to implement the real-time SOC and SOH estimation function of a battery [137].

Z̄(ω) = jω · Ls +Rs +
RSEI · CPE1

RSEI + CPE1
+

Rct · CPE2

Rct + CPE2
+ ZW (4.6)

ω = 2πf (4.7)

CPE = A · (jω)−ξ (4.8)
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Figure 4.4: Flowchart implementation of the Adaptive Extended Kalman Filter (AEKF) [138]

Even though the ECM are quite effective in evaluating battery output characteristics, in reality, they
suffer from measurement noise, process error, and other disturbances, which could be the result of
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sensors degraded by harsh working environment. Besides these factors, some initial parameters also
determine the accuracy of the results. To overcome these limitations, the ECMs are combined with
filtering approaches by means of state-space battery models. Some of the widely used filter techniques
are EKF, adaptive extended kalman filter (AEKF), sliding mode observer (SMO) [139]. The EKF-
based algorithms strongly depend on the accuracy of the battery model, as well as the measurement
and process noise, covariance matrices, and so on. If these settings are incorrect, it results in less
accuracy and deviations from the measurements. Therefore, AEKF comes in handy to improve the
accuracy of the output estimation by adaptively updating the process and measurement noise covari-
ances [140, 141]. Fig. 4.4 shows the flowchart implementation of AEKF. Here, x is the state vector; y
is the output; u is the system input; w and Q represent process noise and its noise covariance, respec-
tively; vk and Rk represent measurement noise and its noise covariance, respectively; H is the observer
matrix; P is the covariance matrix; Ck is the innovation covariance matrix; Kk is the Kalman gain
matrix; and ek is the difference between observation and predicted observer [138]. The SMO has been
known to have robustness in the presence of parameter variations and noise. It has a robust tracking
performance in modelling uncertainties, environment and simple control structure [142]. However, the
main disadvantage of these filtering methods is the estimation of battery SOC and SOH, that requires
high computation power. The calculation involving complex matrix operation (covariance and inverse
covariance matrices) could lead to numerical instabilities, and it additionally leads to complexities in
the implementation of the algorithms in low-cost processors [116].

4.4 Electrochemical Thermal Multiphysics Model

Electrochemical thermal multiphysics models are based on physical-chemical models that follow the
fundamental approach to describing the non-linear battery characteristics. The term, multiphysics, is
often used in battery modelling of such complexity because of interactions between different physics,
such as electrochemistry, Joule heating, and thermal characteristics, of the components used in the
battery. A simple example to illustrate the interaction of the different physics involved in a battery is
explained here. The electrochemical reactions in the battery produce either endothermic or exothermic
heat, depending on charge or discharge. Additionally, irrespective of charge or discharge current, Joule
heat is produced. These combined heats can act on the components, which results in an increase or
decrease in the temperature of the battery. The temperature influences the electrochemical reactions
in the battery, and this entire process results in the interaction of many physics, and hence the battery
models of these types are multiphysics in nature. These models employ partial differential equations
along the spatial geometry of the cell. They are very useful in the study of temperature, current density,
and voltage distribution within the cell, which cause inhomogeneity. With the existing methodologies,
it is difficult to evaluate cell inhomogeneity, but it can be overcome by adopting an electrochemical
thermal model.

The model framework in this thesis is based on a multiscale multiphysics platform. A 3D electrochem-
ical thermal model is an ideal platform for evaluating different inhomogeneities in the cell. However,
it is very computationally challenging and expensive, especially if the cell dimensions are larger in
magnitude (large-format cells). Several modelling approaches propose a trade-off by reducing certain
dimensions of a given physics under consideration without significantly compromising on the accuracy
of the results. This greatly helps to achieve computational effort and modelling efficiency. Therefore,
a multiscale modelling approach is presented in this thesis that consists of:
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• 1D electrochemical sub-model

• 2D current collector model

• 3D thermal model
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Figure 4.5: A 2D view of an electrochemical cell along the thickness plane

The cross-sectional representational view of a single-layer cell along the thickness plane is shown in Fig.
4.5. It consists of a cathode, an anode, an electrolyte, additives, a separator, and two current collectors.
These components are essential to the electrochemical modelling of a cell. The electrochemical model is
further divided into a 1D electrochemical sub-model (Fig. 4.7) that includes porous electrodes (cathode
and anode), a separator, and a 2D current-collector model that includes both current collectors.

Tabs. 4.2 and 4.3 show the microscopic and macroscopic geometric properties of all the pouch cells
used in the simulation. Most of these parameters were obtained by measurements. Therefore, one cell
of every cell type was carefully opened in a glove box. After opening the cells, the number of anode and
cathode layers was counted. Additionally, the sizes of the electrode and the separator were measured,
as well as their thickness. The measurements show that the macroscopic geometric parameters of the
cells differ in the size and number of layers and the size and position of the current collector tabs.
However, the thickness of all the layers is equal for every cell. Fig. 4.6 is a schematic representation
of macroscopic geometric parameters.

Table 4.2: Microscopic geometry parameters for all the cells used in the simulation

Symbol Explanation Value Source
Lpos Thickness cathode in m 63× 10−6 measured
Lsep Thickness separator in m 20× 10−6 measured
Lneg Thickness anode in m 75× 10−6 measured
Lcc,neg Thickness current collector anode in m 7.5× 10−6 measured
Lcc,pos Thickness current collector cathode in m 10× 10−6 measured

In porous electrode theory, the electrode is treated as a superimposed continuous sequence of active
material, electrolyte, binders, and so on, which is actually related to its micro-structure. To simplify
1 double-side coated layers; actual number of layers = Nca×2
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Table 4.3: Macroscopic geometry parameters for individual cells used in the simulation

Symbol Explanation 8 Ah 25 Ah 53 Ah 75 Ah Source
H Height of electrode plane in mm 83.5 183.5 183.5 222 measured
W Width of electrode plane in mm 100 203 203 244 measured
Ltab,t Thickness of tab in mm 0.3 0.3 0.3 0.3 measured
Ltab,W Width of tab in mm 10 81 81 86 measured
Ltab,H Height of tab in mm 12.5 32 32 32 measured
dp,tab Position of positive tab in mm 14 17 17 17 measured
dn,tab Position of negative tab in mm 42 105 105 141 measured
Nca1 Number of layers 16 14 29 28 measured
V Volume in cm3 60.35 227.61 449.80 602.89 calculated
A Surface area in cm2 87.72 387.09 387.09 551.04 calculated
S/A Surface area to volume ratio in cm−1 1.453 1.701 0.861 0.914 calculated
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z
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Figure 4.6: Schematic representation of the macroscopic geometry of the pouch cells used in simulation

further, the particles are assumed to be of spherical geometry with a known porosity. The conservation
of lithium in a single particle is described by Fick’s diffusion law [120].

∂cs

∂t
=
Ds

r2

∂

∂r

(
r2 ∂cs

∂r

)
(4.9)

Figure 4.7: Schematic of a 1D electrochemical sub-model
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with boundary conditions:

∂cs

∂r

∣∣∣∣
r=0

= 0 (4.10)

Ds

∂cs

∂r

∣∣∣∣
r=Rs

=
− jLi

asF
(4.11)

In Eqns. (4.9), (4.10), and (4.11), c represents Li concentration, and the subscript s denotes the solid
phase. Ds is the solid phase diffusion coefficient, jLi is the volumetric rate of electrochemical reaction
at the particle surface, as is the specific interfacial surface area, and F is Faraday's constant (96487
C/mol).

For spherical active-material particles of radius Rs occupying electrode volume fraction εs, the inter-
facial surface area is given by:

as = εs
3
Rs

(4.12)

The electrochemical model of the particle surface at the electrode/electrolyte interface is given by
cs,e(x,r,t) = cs(x,Rs,t). The lithium conservation in the electrolyte phase is given by:

∂(εece)
∂t

=
∂

∂x

(
Deff
e

∂

∂x
ce

)
+ (1− t0+)

jLi

F
(4.13)

where ce is the Li concentration in the electrolyte phase, εe is the electrolyte phase volume fraction,
and t0

+ is the transference number of Li+ with respect to the velocity of solvent.

There is zero flux boundary condition at the current collectors2:

∂ce

∂x

∣∣∣∣
x=0

=
∂ce

∂x

∣∣∣∣
x=L

= 0 (4.14)

The effective diffusion coefficient is calculated from the relative diffusion coefficient using the Brugge-
man factor, taking into account of the mean Li+ flow path (Tortousity) through the porous medium.

Deff
e = Deτ

p
e (4.15)

where De is the diffusion coefficient in the electrolyte phase, and τp
e is the Tortuosity correction factor.

The potential in the solid phase can be described by Ohm’s law:

2 Lithium cannot be transported through the current-collector and the external circuit.
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∂

∂x

(
σeff

∂

∂x
φs

)
− jLi = 0 (4.16)

σeff = σεs (4.17)

where σeff is the effective conductivity of active material (S/m), and p, n indices indicate positive and
negative electrodes, respectively; φs is the potential in the solid phase (V).

The boundary conditions at the current collector are:

−σeffn

∂φs

∂x

∣∣∣∣
x=0

= σeffp

∂φs

∂x

∣∣∣∣
x=L

=
Icell

A
(4.18)

Followed by zero electronic current at the separator boundaries:

∂φs

∂x

∣∣∣∣
x=Lneg

=
∂φs

∂x

∣∣∣∣
x=Lneg+Lsep

= 0 (4.19)

The potential in the electrolyte phase can be described as:

∂

∂x

(
κeff

∂

∂x
φe

)
+

∂

∂x

(
κeffD

∂

∂x
ln ce

)
+ jLi = 0 (4.20)

κeff = κεpe (4.21)

where κeff is the effective Li+ conductivity of the electrolyte (S/m), and κeff
D is the effective Li+

diffusional conductivity of the electrolyte (A/m).

With the following boundary conditions:

∂φe

∂x

∣∣∣∣
x=0

=
∂φe

∂x

∣∣∣∣
x=L

= 0 (4.22)

The effective diffusion conductivity can be derived from concentrated solution theory.

κeffD =
2RT κeff

F
(t0+ − 1)

(
1 +

d ln f±
d ln ce

)
(4.23)

These governing PDEs Eqns. (4.9), (4.13), (4.16), (4.17), (4.20), and (4.21) describing lithium conser-
vation and potential in solid and liquid phases, respectively are coupled in the Butler Volmer equation
[143], which describes the electrochemical kinetics as being expressed as:
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jLi = asi0

{
exp

[
αaF

RT
η

]
− exp

[
−
αcF

RT
η

]}
(4.24)

i0 = k(ce)αa(cs,max − cs,e)αa(cs,e)αc (4.25)

The cell over-potential is given by:

η = φs − φe − Eeq (4.26)

The potential distribution in current collectors is described by two 2D models, one part representing the
cathode and other part the anode. The 2D current collectors are coupled with the 1D electrochemical
sub model along the thickness direction of the cell to represent a pseudo two-dimensional (P2D)
electrochemical model. While building the 1D sub-model, it was assumed that a single sub-model
represented the whole of the electrochemical cell. But, in reality, there is always spatial inhomogeneity
that needs to be taken into account. Hence, to overcome this problem, the 2D current collector
models were subdivided into nine parts, wherein each of these parts was connected individually to 1D
sub-models, as shown in Fig. 4.8.

1D Model

1D Model

1D Model

1D Model

1D Model

1D Model

1D Model

1D Model

1D Model

Cathode Anode

Figure 4.8: 2D current collectors coupled with 1D electrochemical sub-models

The charge balance in the current collectors is described as:

σcc,j
∂2φcc,j
∂y2 + σcc,j

∂2φcc,j
∂z2 + J · û

δcc,j
= 0 (j = p, n) (4.27)

where J is the current density (A/m2), δcc is the thickness of the current collector (m), and p and n
indices indicate positive and negative current collectors, respectively.

The boundary conditions at the interface between the current collectors and tabs of the positive and
negative are:
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û · (−σcc,p∇φcc,p) =
Icell

Lδcc,p
(4.28)

φcc,n = 0 (4.29)

The remaining boundaries are assumed to be electrically insulated and can be represented as:

û · (∇φcc,j) = 0 (j = p, n) (4.30)

The thermal model of the cell is constructed in 3D geometry, which is based on these works [23, 33,
144, 145]. Similar to the 2D current collector model, this model is subdivided into nine equally divided
segments and coupled with the corresponding segments of the P2D electrochemical model to achieve
non-uniform heat generation, and hence inhomogeneous temperature distribution in the cell. In a
commercial pouch cell, there are several layers consisting of active materials, current collectors, and
separators stacked one above the other, and they together constitute a cell sandwich, that is, a cell
with a single layer. A multi-layered cell can be assembled by Z-folding. Fig. 4.9 shows the schematic
of a multi-layered pouch cell. The active material used in this model is a composite material consisting
of a cathode, anode, and separator.

Positive current collector

Negative current collector

Active material
(Cathode+Separator+Anode)

Figure 4.9: Schematic of a multi-layered pouch cell used in the 3D thermal model

The thermal parameters used for the active material is the average value of all the parameters (cathode,
separator, and anode) calculated from a single layer. The average specific heat and average density of
the material is calculated as shown in Eqns. (4.31) and (4.32).

Cp,act =
∑
i LiCp,i

L
(4.31)
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ρact =
∑
i Liρ,i

L
(4.32)

where Li is defined as the thickness of the cathode, separator, and anode. Besides the average heat
capacity and density, another important thermal parameter is the thermal conductivity of the com-
posite material. The thermal conductivity accounts for heat transfer in the material, and it is also
dependent on ambient temperature. Lower thermal conductivity reduces heat transfer (thermal insu-
lation) and results in non-uniform heat distribution, whereas higher thermal conductivity improves the
heat transfer (heat sink) and the heat distribution in the cell. The thermal conductivity also depends
on the in-plane (along the surface) and through-plane (along the thickness direction) of the cell. The
average thermal conductivity in a composite material is shown in Eqns. (4.33) and (4.34), for in-plane
and through-plane direction respectively.

λact,y = λact,z =
∑
i Liλp,i

L
(4.33)

λact,x =
L∑

i Li/λp,i
(4.34)

Furthermore, the thermal contact resistance between the layers is not taken into account, because most
of the pores and gaps are filled with an electrolyte, which has a comparable thermal conductivity to
the separator and the electrodes.

The thermal model is described by the set of equations:

The energy conservation in the cell core is described by Eqn. (4.35).

ρCp
∂T

∂t
= ∂

∂x

(
λx
∂T

∂x

)
+ ∂

∂y

(
λy
∂T

∂y

)
+ ∂

∂z

(
λz
∂T

∂z

)
+ Q̇− qconv (4.35)

The heat source mainly comes from the cell over-potential or Ohmic drop during charge/discharge; this
heat is also known as irreversible heat. This heat is dissipated in the cell irrespective of the direction
of current flow. The second source of heat is the entropic heat or reversible heat. In addition to these,
heat is dissipated due to current flow in the tabs and is described in Eqns. (4.36), (4.37), (4.38), and
(4.39).

Q̇ = qr + qj + qtab (4.36)

67



CHAPTER 4. BATTERY MODELLING

qr = jLi(φs − φe − Ueq) (4.37)

qj = σeff∇φs · ∇φs + κeff∇φe · ∇φe + κeffD ∇ ln ce∇φe (4.38)

qtab =
I2
cell ·Rtab,j
Atab,j · δcc,j

(4.39)

where Rtab,j is the resistance of the cell tab (Ω), and Atab,j is the surface area of the cell tab (m2).

Heat flow also depends on the ambient temperature. If the cell temperature is different than the
ambient temperature, convective heat should be considered, as shown in Eqn. (4.40).

qconv =
2 · hconv(T − Tref )

δcell
(4.40)

In Eqn. (4.38), the first part is the Joule heat from the solid phase, the second part is contributed
by the electrolyte phase, and last part of the heat source comes from the concentration gradient in
the electrolyte, which is also called the heat of mixing. The heat of mixing contributes little to the
irreversible heat generation, and hence it is neglected.

Coupling is required between the electrochemical models, the current collector models, and the thermal
model in order to determine the temperature distribution throughout the cell and to study the influence
of temperature changes on the electrochemical performance. To couple all the sub-models, two basic
rules were applied and illustrated in Fig. 4.10.

• To couple higher hierarchy domain variables with lower hierarchy domain sub-models, the vari-
ables are averaged and no spatial dependence is kept.

• To couple lower hierarchy domain variables with higher hierarchy domain sub-models, source
terms are used. The variables are averaged over that domain's geometry, eliminating the coor-
dinate system dependence, and then are converted into volumetric source terms in the higher
hierarchy domain sub-model.

The 1D model receives temperature and current collector potentials as input and provides transverse
current density and electrochemical heat generation as output. The input parameters of 2D current-
collector model are the electrode current density and the electrode current source from the 1D model.
As output, the Joule heating (irreversible heat generation) and electrode potential are provided. The
inputs of the 3D thermal model are the initial temperature, ambient temperature, convective heat
coefficient, and heat generation. The heat generation consists of irreversible heat, reversible heat,
heat-mixing, and phase-change heating. Heat mixing and phase-change heating were neglected, as
they did not contribute significantly.
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Figure 4.10: Schematic of the coupling of the electrochemical and thermal models of a cell

The electrochemical thermal model was simulated using the finite element method (FEM) software
developed by COMSOL multiphysics. This multiphysics tool can solve different physics interfaces, in
this case, an electrochemical battery module and heat transfer in a solid physics module. A segregated
approach was used for the simulation of multi-physics. The 3D thermal sub-model was evaluated using
the parallel direct solver (PARADISO), whereas the 1D electrochemical and 2D current collector sub-
models were solved with the multi-frontal massively parallel solver (MUMPS). Both solvers were set
to a relative convergence tolerance of 10−4. Although the segregated approach generally needs more
iterations until convergence, it requires less memory and time for each sub-step. Therefore, the total
solution time and memory usage is low. This tool offers two types for meshing the geometries. The
fastest and the easiest approach is physics-controlled mesh, depending on the type of physics. However,
it is not applicable for complex geometries. The second type of meshing is user-controlled, wherein
the user has the flexibility to define mesh according to the contours and complexity of the geometry.
This type of meshing is suitable for 3D models, keeping in mind that certain sections of the geometry
can have finer or coarser mesh depending on the accuracy and complexity of the model. Hence, the
1D and 2D models have physics-controlled mesh, and the 3D model has user-controlled mesh.
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Table 4.4: Electrochemical and thermal parameters of cells used in the simulations

Symbol Description Value Source
rs,neg Solid particle radius anode [m] 3.5× 10−6 [33]
rs,pos Solid particle radius cathode [m] 0.7× 10−6 [33]

cs,neg,max Maximum lithium concentration anode [mol/m3] 30555 [33]
cs,pos,max Maximum lithium concentration cathode [mol/m3] 49500 [33]
cs,neg,0 Initial lithium concentration anode [mol/m3] 0.0287 ∗ cs,neg,max fitted
cs,pos,0 Initial lithium concentration cathode [mol/m3] 0.82 ∗ cs,pos,max fitted
ce,0 Initial electrolyte concentration [mol/m3] 1000 assumption
σs,neg Electronic conductivity anode [S/m] 100 [33]
σs,pos Electronic conductivity cathode [S/m] 25 [146]
Ds,neg,0 Solid diffusion coefficient anode [m2/s] 3.9× 10−14 [147]
Ds,pos,0 Solid diffusion coefficient cathode [m2/s] 4× 10−11 [148]
De Electrolyte diffusion coefficient [m2/s] Lookup table fitted

Ueq,neg Equilibrium potential anode [V] Lookup table [113]
Ueq,pos Equilibrium potential cathode [V] Lookup table fitted
t0+ Transference number 0.38 [149]

∂lnf±
∂lnce

Thermodynamic factor Lookup table fitted
ka,0 Anodic reaction rate 1.7× 10−11 fitted
kc,0 Cathodic reaction rate 1.7× 10−11 fitted
αa Anodic transfer coefficient 0.5 [147]
αc Cathodic transfer coefficient 0.5 [147]

σcc,neg Electronic conductivity copper [S/m] 5.99× 107 COMSOL library
σcc,pos Electronic conductivity aluminium [S/m] 3.78× 107 COMSOL library
hconv Heat transfer coefficient [W/(m2K)] 9 measured
Cp,neg Heat capacity anode [J/(kg K)] 1437.4 [38]
Cp,pos Heat capacity cathode [J/(kg K)] 1269.21 [150]
Cp,sep Heat capacity separator [J/(kg K)] 1978.2 [38]
Cp,al Heat capacity aluminium [J/(kg K)] 900 [38]
Cp,cu Heat capacity copper [J/(kg K)] 385 [38]
λneg Thermal conductivity anode [W/(m K)] 1.04 [38]
λpos Thermal conductivity cathode [W/(m K)] 1.58 [150]
λsep Thermal conductivity separator [W/(m K)] 0.3344 [38]
λal Thermal conductivity aluminium [W/(m K)] 238 [38]
λcu Thermal conductivity copper [W/(m K)] 400 [38]
ρneg Mass density anode [kg/m3] 1347.33 [151]
ρpos Mass density cathode [kg/m3] 2328.5 [150]
ρal Mass density aluminium [kg/m3] 2700 [38]
ρcu Mass density copper [kg/m3] 8900 [38]
εe,neg Electrolyte porosity at anode 0.33 [152]
εe,pos Electrolyte porosity at cathode 0.35 [152]
εe,sep Electrolyte porosity at separator 0.35 [145]
εs,neg Anode volume fraction 1− εl,neg − εnon,neg [153]
εs,pos Anode volume fraction 1− εl,pos − εnon,pos [153]
εnon,neg Volume fraction of non-active material anode 0.1 [146]
εnon,pos Volume fraction of non-active material cathode 0.3 [146]
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Chapter 5

Results and Discussion

5.1 Aging Test Results

This chapter evaluates the performance of different cell sizes and cell forms by performing the aging
tests on the selected cells. The selection of the cells for this investigation can be seen in Tab. 3.1. In
addition to this, the influence of cell form was also evaluated with comparison of aging results of a
pouch cell form (Tab. 3.1) and a cylindrical cell form (Tab. 3.2). The cylindrical cells of different size
and NMC chemistry were not commercially available for comparison. Therefore, the LFP chemistry
with two different sizes was chosen for the investigation. The subsequent sections compare capacity
fade, impedance rise, OCV and SOC characteristics, storage, and cycling characteristics of the selected
cells.

5.1.1 Capacity Fade

The capacity fade was measured by comparing the discharge capacity of the cells with respect to their
initial discharge capacity. As the discharge capacity of the cell varies with temperature and discharge
C-rate, these conditions were kept constant at 25◦C and 1C discharge current, respectively. The end
of the test criteria was reached if the cell capacity dropped below 70% of its initial value (C0). Fig. 5.1
shows the remaining capacity under cycle aging conditions for different cell sizes. The results consisted
of two parts, (a) pouch cells and (b) cylindrical cells. The evolution of capacity fade in pouch cells were
different for different cell sizes. The capacity fade showed non-linear characteristics, that is, the rate
of capacity fade was not constant throughout the cycles. There was an increase in the cell capacity
for pouch cells, except for the 8 Ah cells in the initial cycles, that is, between 0 and 2 weeks. This
strange phenomenon has not been discussed in the literature related to aging studies. In general, the
cell capacity decreases rapidly in the initial cycles, due to the formation and growth of SEI layer. After
the initial phase, the growth of SEI layer decreases, thereby reducing the consumption of cyclable Li+

[11, 154, 155]. On the one hand, the growth of SEI indicates the existence of side reactions in the cell,
but, on the other hand, the SEI layer also functions as a protective layer and reduces the rate of side
reactions. Hence, the rate of capacity loss decreases after the initial cycles. The 8 Ah cells shows similar
behaviour to this. However, the capacity increase in 25, 53, and 75 Ah cells indicate that there might
be high initial self-discharge reaction on the anode, which during the initial cycling weeks resulted in
more active Li+ upon reversible self-discharge during subsequent charge and discharge steps.
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Figure 5.1: Remaining capacity (normalized) for different cell sizes under cycle aging conditions, (a)
pouch cells, (b) cylindrical cells

Capacity balancing of the anode and cathode is done by the manufacturer to obtain optimal perfor-
mance, electrochemical and thermal stability, and safety of the lithium-ion batteries. Both electrode
materials have different gravimetric energy densities. This value in combination with useful stoichiom-
etry of the electrode material provides the active mass of the electrode. The ratio of the active masses
of the anode and cathode determines the capacity balancing of a cell, as shown in Eq. (5.1).

γ = m+

m−
= ∆xC−

∆yC+
(5.1)

The notations ∆x and ∆y are the stoichiometric ranges (0 < ∆x,∆y < 1) of negative and positive
electrodes, respectively. The electrode’s active mass and coulombic capacity (in mAh) are denoted as
m and C, respectively. In ideal conditions, the active mass ratio (γ) does not change over time or
with frequent cycles of charge and discharge, that is, its value remains constant throughout. However,
in practical conditions, there are many side reactions occurring inside the cell that alter the active
mass ratio. The most common side reactions are the formation and growth of the SEI layer, lithium
plating, and other aging processes (described in section 2.2). As the SEI layer has both, positive
and negative contributions to cell performance, cell designers keep the active mass ratio higher at the
beginning to aid the formation process, that is, the excess capacity is the measure of the amount of
lithium required to form a stable SEI layer. However, the active mass ratio (γ) cannot be increased to
an indeterminate value, as an excess positive material could lead to a lithium plating process, under
favourable conditions. Hence, the anode material is slightly oversized (in dimensions) with respect to
the cathode to prevent lithium plating on its surface. Tab. 3.1 shows the ratio of the electrode area
of the cathode and anode. It is apparent that the active mass ratio of the cell increases from 8 Ah to
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75 Ah. In larger cell sizes, a higher self-discharge reaction followed by capacity recovery contributes to
a slight increase in the cell capacity in the initial stages of the cycle aging. However, at the later stages
of cycling, the side reactions from the cell contributed to the loss of cyclable Li+, thereby resulting
in a loss of capacity. The quantity of the cyclable Li+ was determined by the range of stoichiometry.
This range should be chosen carefully such that the electrochemical reaction is reversible and the cell
is used in the safe operating window [156]. Hence, in most cases, the full range of stoichiometry is
avoided, and only a limited range is used for a stable reversible reaction.

The cylindrical cells 1.1 and 2.5 Ah showed capacity fade similar to the 8 Ah cell, that is, loss of
capacity from the start of cycling. Even after 44 weeks of cycling, the capacity loss rate was linear.
In comparison to the 8 Ah cell, the cylindrical cells of both dimensions showed excellent capacity
retention, and there was only 10% capacity loss after 44 weeks, whereas the 8 Ah cell lost nearly 35%
capacity after 34 weeks. The aging of cylindrical cells towards the end was linear compared to the
aging of pouch cells. In spite of different cell chemistries of cylindrical and pouch cells, the results
showed that there was a strong influence of cell size when the cells were subjected to cycle aging.
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Figure 5.2: Remaining capacity (normalized) for different cell sizes under 40◦C and 100% SOC storage
conditions, (a) pouch cells, (b) cylindrical cells, measured at room temperature

The performance and aging characteristics of the cells under storage conditions determine the shelf life
of the cells. In most private HEVs/EVs, the battery packs are not used for 90% of the operational time.
Therefore, the cells are predominantly subjected to calendar aging under different SOCs and storage
temperatures. Fig. 5.2 shows the remaining capacity of cells stored at 40◦C and 100% SOC storage
conditions. In this research, the cell capacities were measured at room temperature, as described in
section 3.4.1. The results showed that calendar aging is nearly the same among different cell sizes, sub-
jected to ±2% variation in remaining capacity. The variation in the measurements can be contributed
by multiple factors, such as actual cell temperature inside the storage chamber, measurement inaccu-
racies, cell manufacturing conditions, and so on. The results of the storage test for the cylindrical-form
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2.5 Ah cell was also similar to that of the pouch cells. However, the 1.1 Ah cylindrical cell form showed
a slightly higher capacity loss. This could be attributed to the measurement inaccuracies contributed
by differences in the manufacturing processes.

5.1.1.1 Calendar Aging and Cycle Aging Comparison

Figure 5.3: Plot of differential capacity fade with respect to time; (a) cycle aging, (b) calendar aging

The comparison of capacity loss during calendar and cycle aging tests on the selected cells clearly
indicated that calendar aging has little influence on overall aging during the same period as compared
to that of cycle aging. It shows that cycle aging induces more stress and causes the cells to degrade
faster during a selected period of time in comparison to cells stored at the same ambient temperature. It
was also observed that calendar aging was nearly the same among different cell sizes, subjected to ±2%
variation in the cell capacities due to measurement inaccuracies. These results gave an indication that
calendar aging had very little or no influence arising due to variation in cell size, that is, irrespective
of whether the cell size is smaller or larger, of whether calendar aging was similar under the same
chemistry, or cell composition and manufacturing process. To further validate this, a closer view of
Fig. 5.3(a) revealed that there were different stages of aging where the capacity loss rate was either
linear or non-linear and the loss rate was not same for all cell sizes, especially for cycle aged cells.
The differential plots indicated that sizing did have an influence on cycle aging. At the initial stages
of cycling, the cells of larger size had a negative capacity loss rate, owing to increase in cell capacity.
The 8 Ah cell showed nearly constant capacity loss up to 24 weeks, which is similar to capacity loss
rate for the 25 and 53 Ah cells between 4 to 24 weeks of cycling time. However, the 75 Ah cell showed
an increased rate of capacity loss throughout the cycling time. Towards the EOL, all pouch cells
showed non-linear aging. Hence, these results concluded that pouch cells of different sizes experienced
non-linear aging, which is strongly related to inhomogeneity, and the degree of non-linearity increased
with the increase in cell size. In comparison, the cells that experienced calendar aging (Fig. 5.3(b))
had constant capacity loss rate. This behaviour is slightly different from the square-root-of-time
characteristics described in the literature. However, if the aging factor or capacity loss factor is slow
[157], the square root and linear function results are similar, that is, there is no significant loss of
capacity in the calendar aged cells.

Therefore, these results have proved the following hypotheses, proposed in Chapter 1.2 of the thesis.

• Cell sizing influences cycle aging, that is, when the cells are charged and discharged regularly.
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• Cell sizing should not influence calendar aging, as the inhomogeneities do not occur when the
cells are stored in OCV relaxation state.

5.1.1.2 Self-Discharge During Storage

The scope of the aging tests on different cell sizes were not intended to develop a holistic aging model,
but rather to prove that cell size has an influence on cycle life aging. Nevertheless, with limited
tests performed to evaluate calendar aging, it is interesting to study the self-discharge losses in cells.
Self-discharge is a phenomenon in batteries wherein the internal electrochemical reactions reduce the
storage capacity, without any external connection. It reduces the calendar life of the battery by being
able to discharge less capacity than its previously charged capacity. Lithium-ion cells have low self-
discharge rates compared to other battery technologies, such as NiCd and NiMH. Self-discharge in
lithium-ion cells consists of reversible and irreversible losses. Reversible capacity loss can be defined
as a process wherein the cyclable Li+ can be recovered by charging and discharging the cell again,
whereas irreversible losses is the capacity that cannot be recovered. The following steps explain the
calculations of these losses [157]:

1. The discharge capacity of the cell is measured at 25◦C, as explained in section 3.3.1.

2. Fully charge the cell in CCCV at 25◦C, 1C C-rate until the upper cut-off voltage 4.2 V and 0.05C
current cut-off.

3. Calendar aging test at 40◦C for 4 weeks.

4. Measure the discharge capacity as explained in step 1.

5. Calculate the difference between the cell capacity measured in step 1 and step 4 to obtain self-
discharge loss.

6. Charge the cell as described in step 2.

7. Discharge the cell again as described in step 1. The difference between measured capacity in step
1 and the current step is the irreversible capacity loss.

8. The difference between the self-discharge and irreversible capacity loss is known as the reversible
capacity loss.

9. Repeat steps 2 and 3 to continue the calendar aging tests.

The formation and growth of SEI layers due to electrolyte decomposition and consumption of cyclable
Li+ is one of the by-products of irreversible capacity losses. Other irreversible side reactions, such
as metal-oxide dissolution, solvent dissolution, and lithium plating can also contribute to irreversible
capacity loss. The rate of self-discharge depends on the nature of the electrolyte and solvents. Ad-
ditionally, pore blockage due to oxidation products and high internal resistance also contribute to
self-discharge. The reversible capacity losses can be recovered mainly by reversible insertion of Li+

into the positive electrode structure. This can be done by recharging the cell. The reversible losses
can also be attributed to the leakage currents through the separator of the cell due to impurities that
exist in the separator. This capacity can be recovered with low C-rate cycling.

Fig. 5.4 shows the comparison of self-discharge and reversible and irreversible capacity losses during the
calendar aging tests of the pouch cells. In the initial weeks, the self-discharge rate was high for the cells.
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Figure 5.4: Comparison of self-discharge, reversible capacity loss, and irreversible capacity loss during
calendar aging

After the self-discharge was measured, the cells were recharged to 100% SOC and discharged again to
measure reversible capacity loss and the capacity fade due to irreversible losses. The capacity retention
was excellent, with very low losses due to irreversible reactions. Hence, during the initial weeks of the
storage, the cells exhibited an overall good capacity retention during the second discharge, which
followed the self-discharge tests. As the weeks progressed, the self-discharge rate was low compared
to that of the initial weeks, but the capacity recovery gradually decreased, and, at the same time,
the irreversible losses also increased. Towards the end of 40 weeks of storage, the self-discharge again
increased due to the significant contribution of irreversible capacity losses.

Hence the results can be summarized as follows:

• High capacity recovery during the initial weeks ensured that cells were able to retain most of the
lost capacity during self-discharge.

• As the storage time increases, the reversible losses decreased and irreversible losses increased as
an indication of the continuing aging process in the cells.

• Accumulated irreversible losses towards the end of 40 weeks were high, assuming that the aging
process was influenced by the growth of SEI layers, dissolution of cathode materials, and other
side reactions.

5.1.2 Power Fade

Power fade is the loss of power capability during the operation of a battery, resulting from an increase
in its internal resistance or impedance. It reduces the efficiency of the battery, especially at high C-rate
cycling, inducing rate capability losses. It also reduces the charge and discharge capacity of the cell
because of higher voltage polarization, which causes the cut-off voltage to be reached sooner. The
resistance increase is also an indication of the low SOH of the battery, for example, a battery with low
SOH attains the upper cut-off voltage faster when it is charged in the CC phase and remains in the
CV for a longer duration. Fig. 5.5 shows the plot of resistance over cycling time at 20, 50, and 80%
SOC intervals for different cell sizes. The cell resistance was calculated from the 10 s current pulse and
by measuring its voltage response, as shown in Fig. 3.8. Eqns. (5.2) and (5.3) were used to calculate
the resistance and discharge power of the cell, respectively. It can be observed that, irrespective of the
size, the resistance of the cells increased with cycling time, that is, the capacity increase in the initial
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stages of the cycling of 25, 53, and 75 Ah cells had no effect on the evolution of the resistance.

Rcell =
(

∆V 1

∆I

)
t=10s,3CDCH

(5.2)

PDCH =
Vmin · (OCV − Vmin)

Rcell

where Vmin ≈ 1
3 ·OCV

= 2/9 · OCV
2

Rcell
(5.3)
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Figure 5.5: Normalized 10 s DC resistance vs. the cycle time of different cell sizes and SOC intervals

The results show the resistances of the 25 Ah cells at different SOCs were higher compared to the
other pouch cells. Similar results were also observed with respect to capacity loss in the selected cells.
However, the 75 Ah cell showed significant increase in its resistance between 20 and 26 weeks. This
phenomenon coincides with its rapid capacity loss during the same duration. Hence, there is a strong
relation between the capacity loss and resistance increase. At 20% SOC, it is not clear which cell size
had a higher resistance increase, but, at 80% SOC, it became clearer that the 8 Ah cell and 75 Ah cell
had respectively lower and higher resistance increases, with the exception of the 25 Ah cell.

Fig. 5.6 shows the normalized discharge power of selected pouch cells plotted with respect to the
cycling time. These values were directly derived from their respective cell resistances. When these
results were compared with the discharge power from the calendar aging tests shown in Fig. 5.7, cycle
aging had a maximum impact on the discharge power of the cell. The actual discharge power was
reduced to less than 40% of its nominal value throughout different SOC levels. It was expected that
the discharge power capability of cells undergoing calendar aging would be similar across different cell
sizes, as it was the same in the case of discharge capacity. Nevertheless, the differences in the discharge
capacity were less in calendar aging when compared with cycle aging results. Even though there is a
correlation between measured capacity and power capability, they are still different cell parameters.
While the former arises due to loss of cyclable Li+, structural degradation, active material dissolution,
the latter is due to SEI film resistance, electrolyte resistance, loss of contact between active material
and current collectors, and so on.

1∆V = ∆V0 + ∆V1 + ∆V2 as shown in Fig. 3.8
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Figure 5.6: Plot of discharge power at different SOCs during cycle aging for different cell sizes
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Figure 5.7: Plot of discharge power at different SOCs during calendar aging for different cell sizes

5.1.3 OCV and SOC Dependency on Aging

SOC is an indication of the amount of charge remaining in the battery. When the battery is new, the
rated or nominal capacity refers to its actual capacity. Aging of a battery introduces capacity loss,
and hence towards the EOL, the actual SOC would not attain 100% of its rated value. This constant
changing of SOC definition throughout the lifetime of the battery could influence the functioning of
BMS. OCV is closely related to SOC in most battery technologies, with the exception of LFP-based
materials. The estimation of SOC requires accurate evaluation of OCV and hence is an important step
towards the prediction of battery performance and its safe operation window.

From a modelling and simulation perspective, the cell OCV, resistance, and capacitance values are
dependent on SOC. The evaluation of these parameters at different SOC intervals was done by SOC
definitions based on the actual capacity remaining at every aging interval. Thereafter, the battery
models were simulated based on these parameter adjustments to obtain output voltage, power capa-
bility, and so on. Fig. 5.8 shows measurements of OCV with respect to actual SOC at different aging
intervals for 8, 25, 53, and 75 Ah cells.

A 2D lookup table for OCV comprised of SOC interval and cycling time, together with lookup tables
for other parameters were passed on to the battery model to simulate terminal voltage, as described
in section 5.4. At first glance, it appeared as though there was not much change in the OCV values in
different aging histories, but a closer observation at 100% SOC state showed a slight drift in the OCV
value. To quantify this deviation, the OCV values at 100% SOC for a 75 Ah cell were plotted versus
cycling time, as shown in Fig. 5.9 (a). At the beginning of cycling, the OCV value at 100% SOC was
high, but, as the cycling time increased, the OCV value dropped by nearly 30 mV towards the EOL.
The gradual decrease in the OCV could be an indication of consumption of Li+ inventory, thereby
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Figure 5.8: Open circuit voltage as a function of SOC and cycling time for 8, 25, 53, and 75 Ah pouch
cells
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affecting the stoichiometry of the cathode material or an increase of the resistance [158]. Fig. 5.9 (b)
shows the OCV value versus cycling time at complete discharge state (0% SOC). The OCV value had
significantly decreased in the initial weeks and continued to decrease until 20 weeks. This was similar
to the voltage drop at 100% SOC. Thereafter, it started increasing again until the end of its life. The
sharp increase in the OCV might have been influenced by the cell cut-off voltage being attained faster
due to an increase in the cell resistance during the same time [26]. Therefore, high polarization voltage
close to 0% SOC and followed by 1 h of rest time could have resulted in the voltage relaxing to a higher
value.

5.2 Spatial Measurements to Evaluate Inhomogeneity

Spatial measurements of the battery is a widely used method to evaluate temperature and volume
expansion inhomogeneity. These measurement techniques are explained in section 3.1 and employed
in the pouch cells, where it is easier to place sensors on the cell surface. The spatial measurements
consist of temperature and displacement measurements on different cell sizes. The results of these
measurements are discussed in this section.

5.2.1 Spatial Temperature Profile

The spatial temperature measurements were recorded on the pouch cells with different sizes at differ-
ent ambient temperatures and C-rates, as described in section 3.3.4. The measurements were done by
employing different cooling techniques, forced air convection, and aluminium cooling plates, placed on
the two largest cell surfaces. At first, these measurements were done on fresh cells before the com-
mencement of aging tests. These measurements were repeated when the cells reached their EOL. The
measurements were evaluated to find the maximum temperature gradient (∆Tmax) at each tempera-
ture and C-rate. Fig. 5.10 shows ∆Tmax measured among different cell sizes, plotted over different
C-rates and temperatures. In this setup, the cells were cycled inside the temperature chamber at
a constant ambient temperature. Hence, the heat dissipation from the cell occurred through forced
air convection. It was observed that ∆T, the temperature inhomogeneity, increases with increase in
ambient temperature and C-rate. ∆T also increases with an increase in cell size, with the exception
of 25 Ah, whose ∆T value is lower than that of the 8 Ah cell, even though its geometric size is large.
It was observed that 25 Ah cells had the smallest thickness of all the cells (Tab. 3.1). The slimmer
cell could have resulted in less heat trapped in the volumetric heat source and might have resulted in
better heat exchange with the outside [22, 37]. Fig. 5.11 shows ∆Tmax measured among different cell
sizes at different ambient temperatures and C-rates, with aluminium cooling plates on the cell surface.
Indirect cooling with aluminium cooling plates was more effective than forced air convection, as the
two largest surfaces of the pouch were in contact with the plates.

In comparison to the forced air circulation, the ∆Tmax was always greater for the cooling plates setup
for all temperatures, C-rates and cell sizes. But the similarities in both cases were that ∆T was
determined by temperature, C-rate, and cell size. Again, there was an exception for the 25 Ah cell,
where ∆T was much lower than for the other cells for all test conditions. The explanation is the same
as described in the previous paragraph, based on the cell thickness.

The cooling plates employed on the cells improved the overall thermal management of the battery
by dissipating the heat generated in the cells, which reduced the temperature rise significantly. Tab.
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Figure 5.10: Maximum temperature gradient measured on the cell surface, plotted against C-rate and
temperature for an a) 8 Ah cell, b) 25 Ah cell, c) 53 Ah cell, and d) 75 Ah cell under forced air
convection

Figure 5.11: Maximum temperature gradient measured on the cell surface, plotted against C-rate and
temperature for an a) 8 Ah cell, b) 25 Ah cell, c) 53 Ah cell, and d) 75 Ah cell with Al. cooling plates
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5.1 shows the comparison of the maximum temperature attained by the cells during 3C discharge
current, with different cooling methods. The cells cooled with forced air convection did not dissipate
the heat efficiently, resulting in a large difference between the temperature attained by the cell and the
ambient temperature. It is a well established theory that temperature accelerates the aging of the cells,
explained by the Arrhenius equation. If this temperature evolution were to continue over many cycles
of charge and discharge, the expected lifetime of the cell would be reduced significantly. According to
Arrhenius relations, the life expectancy of the cell reduces at temperatures above 20◦C [61]. In addition
to lifetime reduction, the safety of the cells could be compromised if the cell temperature exceeds 60◦C,
especially for the larger cell sizes. This situation arises especially at high ambient temperatures and
C-rates (e.g., 40◦C and 3C discharge current). If battery packs are to be built with large format cells
(e.g., 75 Ah cells), forced air cooling might be ineffective due to stressful operating conditions.

Table 5.1: Comparison of maximum temperature attained with a 3C discharge C-rate; (a) forced air
convection, (b) aluminium cooling plates at different ambient temperatures

Cell Type
Max. Temperature [◦C]

Forced air convection Al. cooling plates
15◦C 25◦C 40◦C 15◦C 25◦C 40◦C 2

8 Ah 42.1 49.1 54.8 22.8 32.3 46.3
25 Ah 35.8 47.8 59.4 22 30.8 44.5
53 Ah 42.9 52.5 63.7 29.8 36 47
75 Ah 43.8 54.8 65.2 32.7 39 50.1

As observed in Tab. 5.1, large-format cells are relatively safer to work with when aluminium cooling
plates are employed for the thermal management. Even though aluminium cooling plates reduce the
overall cell temperature, they increase the temperature inhomogeneity, and this leads to different
regions of the cell experiencing varied temperatures. If the non-uniform temperature distribution
continues for many cycles, the cell undergoes inhomogeneous aging.

Figure 5.12: Internal resistance of the cell measured with electrochemical impedance spectroscopy
(EIS) at different temperatures and SOCs

To study the impact of ambient temperature on ∆T, the sources of heat generation in the cells were
evaluated. One of the main sources of heat generation comes from Joule heating, which depends
2Ambient temperature
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on input current and the internal resistance of the cell. The EIS tests were performed on these
cells at different temperatures and SOCs, as explained in section 3.3.2.2, to evaluate their internal
resistance (Ri). The internal resistance is the sum of electrolyte resistance, current collector resistance,
active material resistance, and so on. Other resistances, like solid electrolyte interface resistance
(RSEI), charge transfer resistance (Rct), diffusion impedance (ZW), and double layer capacitor (Cdl)
also contribute to irreversible heat loss, but not to the extent of Ri. Fig. 5.12 shows the plot of
Ri, calculated from EIS measurements at different temperatures, SOCs, and cell capacities. It can
be observed that the value of Ri is sensitive to temperature changes, and the value increases nearly
by a factor of two, from 40◦C to 15◦C. Hence, it can be assumed that the ∆T value is maximum at
low ambient temperature, because of the effect of change in cell impedance along the cell surface that
results in different localized temperatures, as shown in Fig. 5.10.

It is a well known fact that the aging mechanism in the cell causes a loss of its capacity and an increase
in its impedance. One of the main reasons for an increase in the overall temperature in the aged cells
is impedance rise. After the completion of the cycle aging tests, the spatial temperature measurements
were repeated on these cells. The original test matrix was used, except with one alteration. The 3C
discharge C-rate was omitted from the scope of the tests because the cell surface temperature exceeded
60◦C during this high current discharge. Fig. 5.13 shows ∆Tmax measured on aged cells of different
sizes, plotted over temperature and C-rate.

Figure 5.13: ∆Tmax measured on aged cells, plotted over C-rate and temperature for an a) 8 Ah cell,
b) 25 Ah cell, c) 53 Ah cell, and d) 75 Ah cell under forced air convection

As the ∆Tmax surface plots of fresh and aged cells are plotted in different scales of C-rates, it is not
easy to compare the results. Tab. 5.2 shows the ∆Tmax values of fresh and aged cells under the same
testing conditions. It can be seen that the ∆Tmax value of aged cells increased by at least by double
in relation to fresh cells, that is, before the commencement of the cycle aging tests. Hence, these
results prove that aging increased the temperature inhomogeneity in the cells irrespective of their
sizes. The increase in temperature non-uniformity means that heat generation was inhomogeneous
across the cell. As the Joule heat was the major contributor to heat generation, it was an indication
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that different regions of the cell exhibit varied resistance. As resistance increase is directly related
to the aging mechanism (see Fig. 5.5), it can be concluded that cells undergo inhomogeneous aging.
Additionally, the spatial temperature measurement on aged cells with aluminium cooling plates could
not be performed accurately, because the aging introduced uneven growth of the cell thickness. This
resulted in an uneven surface with many peaks and valleys. Hence, many parts of the cell surface
could not come into contact with the cooling plates. This problem was non-existent in cells before the
start of cycling. Thickness growth during the aging process is seldom discussed in the literature [159].
Section 5.2.2 describes this phenomenon and also discusses the measurement of volume displacement
in pouch cells.

Table 5.2: Comparison of ∆Tmax for fresh and aged cells of different sizes under forced air cooling
conditions

∆Tmax [◦C]
8 Ah 25 Ah

Fresh\Aged Fresh\Aged
15◦C 25◦C 40◦C 15◦C 25◦C 40◦C

0.5C 0.51\1.28 0.34\1.11 0.30\0.84 0.5C 0.55\1.24 0.46\1.10 0.31\0.92
1C 1.13\2.71 0.77\2.40 0.59\1.90 1C 1.08\2.24 0.95\1.99 0.65\2.17
2C 2.57\5.60 1.97\4.89 1.32\3.86 2C 2.04\4.91 1.94\4.18 1.59\4.72

53 Ah 75 Ah
Fresh\Aged Fresh\Aged

15◦C 25◦C 40◦C 15◦C 25◦C 40◦C
0.5C 0.70\1.39 0.59\1.17 0.44\0.99 0.5C 1.05\1.75 0.81\1.40 0.55 \1.05
1C 1.53\2.57 1.24\2.29 0.96\2.22 1C 2.10\3.55 1.63\3.08 1.29\2.39
2C 2.78\4.87 2.54\4.43 2.26\4.2 2C 4.14\7.62 3.45\6.67 3.06\5.81

Figure 5.14: Temperature map on the cell surface of fresh 75 Ah cell during CCCV discharge with 2C
discharge current under forced air cooling at 15◦C ambient temperature

Figs. 5.14 and 5.15 compare the surface temperature plot on fresh and aged cells. The cells were
completely discharged in CCCV mode3 at 2C current from a fully charged state at 15◦C ambient
3 This discharge regime was chosen because the ambient temperature was low and discharge current was high. It could
lead to rate capability loss if the cell is discharged only in CC mode
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Figure 5.15: Temperature map of the cell surface of an aged 75 Ah cell during CCCV discharge with
2C discharge current under forced air cooling at 15◦C ambient temperature

temperature under the forced air cooling. Each of these plots shows temperature distribution at
six selected SOCs. The color bars used for the indication of temperature value has the same scales
throughout for fresh and aged cells. Both results showed temperature gradually increasing from the
beginning of discharge and reaching the point of culmination when the cells reached around 25% SOC,
that is, about the end of CC discharge mode. After the discharge phase entered CV mode, the cell
temperature reduced towards the end of discharge. It can be observed that, when the cell was relatively
new (before cycling) during the continuous discharge process, the gradients started developing near
the positive tab. Later, they spread towards the middle part of the cell, and, finally, the lower regions
experienced higher ∆T. In comparison to the results with the aged cell, the ∆T was observed in
similar hot spots throughout the continuous discharge. The overall temperature and ∆T increased in
aged cells. This led to the conclusion that cell regions with high temperatures aged faster than the
cell regions with low temperatures.

The results of the spatial temperature measurements and evaluation leads to the following conclusion:

• Low ambient temperature and high C-rate increase temperature inhomogeneity, and vice versa.

• ∆T increases with the following order of precedence; isothermal conditions, natural convection,
force convection, direct/indirect contact cooling, that is, the type of cooling medium influences
temperature distribution in the cell.

• ∆T increases with an increase in cell size irrespective of test conditions and cooling methods.

• The aging mechanism increases the temperature inhomogeneity irrespective of cell size.

• ∆T introduces aging inhomogeneity.
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5.2.2 Spatial Volume Expansion Profile

The cell volume expansion occurs during the charge step and contracts to the cell’s original volume
during the discharge step4. The phenomenon of volume expansion and contraction can be explained by
the intercalation/deintercalation process. During the charging process, the Li+ are deintercalated from
the cathode and they intercalate into the layers of anode. This results in an increase of the volume
of the anode electrode, while the volume of the cathode contracts simultaneously. The percentage of
volume expansion in the anode is greater than that in the cathode in the chosen cell chemistry, which
results in its thickness increase. The cell volume is primarily expanded along the thickness direction,
and hence the volume expansion can be correlated to the thickness increase. In the deintercalation
process, it is reversed, as the occupied Li+ are returned to their original lattice positions. Thermal
expansion of the cell due to temperature rise also contributes to the volume expansion, but it is in
lower proportion compared to intercalation-related expansion. As different cathode materials exhibit
different structures, the percentages of volume expansion are different. Tab. 5.3 shows the volume
expansion properties of commonly used cathode materials. The volume change values are based on
the state of charge of a full cell.

Table 5.3: Volume expansion properties of some commonly used cathode materials [160–163]

Material Crystalline Structure Volume change Average Voltage (V)
LCO Layered 2.3% 3.8

NMC 111 Layered 2.4% 3.7
NMC 442 Layered -2.4% 3.7

LFP Olivine -7% 3.4

Transition metal oxide and poly-anion compounds have drawn much academic as well as commercial
attention due to their higher operating voltage resulting in higher energy density. These intercalation
cathodes have an average voltage vs. Li/Li+ between 3 and 4 V. Research done by Koyama et al.
[160] compared the unit volume of oxide based cathode materials. The exhibition of good cyclability,
shelf life, and rate capacity was due to its low volume change of NMC 111 (−2.4%), the lowest among
the oxide-based cathodes. In anode materials, the most commercialized graphite shows up to 10%
volume change5. Tab. 5.4 shows the comparison of volume expansion in different anode materials.
The volume changes in LTO of about 0.2% is significantly lower than in other anode materials. Its
zero-strain intercalation mechanism in combination with the high potential of lithiation ensures a high
rate capability and excellent cycle life. Despite these advantages, LTO has drawbacks due to reduced
cell voltage and, as a result, low gravimetric energy density. Graphite has around 10% strain during
the intercalation process, but it has a higher gravimetric energy density along with a good cycle life
and rate capability. Hence, it is the most commercially used anode material. Si, Ge, and Sn all
have greater theoretical capacity, but are not preferred anode materials, the reason being huge volume
changes resulting in a higher cyclic stress. Therefore, the higher strain leads to structural collapse and,
as a result, poor capacity retention after a few cycles of charge and discharge.

The comparison of cathode and anode materials shows that volume changes are dominant in the anode
materials. Therefore, many investigations are carried out on these materials with methods such as X-
ray diffraction, neutron diffraction, and dilatometer and displacement sensor techniques. The expansion
of cell volume consists of two components, reversible and irreversible thickness. The reversible part
follows the SOC of the battery, that is, when the SOC increases, the cell volume expands, and vice
4 This section was contributed by the Master’s thesis work of Mr. Yizhi Gao.
5 In cells where the utilization is not 100%, the typical volume change is between 6 and 7% [163].
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Table 5.4: Volume expansion comparison in anode materials [161, 164]

Material Lithiation Delithiation Gravimetric energy Diffusivity Volume
potential (V) potential (V) density (mAh g−1) (cm2s−1) change

Graphite 0.07, 0.10, 0.19 0.1, 0.14, 0.23 372 10−11−10−7 10%
LTO 1.55 1.58 175 10−12−10−11 0.2 %
Si 0.05, 0.21 0.31, 0.47 4212 10−13−10−11 270 %
Ge 0.2, 0.3, 0.5 0.5, 0.62 1624 10−12−10−10 240 %
Sn 0.4, 0.57, 0.69 0.58, 0.7, 0.78 994 10−16−10−13 255 %

versa. The irreversible part corresponds to thickness increase due to the formation and growth of SEI
layers on the anode surface and other effects. Such a large strain may damage the SEI layers and
reduce the lifetime of the cell. The mechanical stress of the anode is strongly related to stress in the
SEI, which could lead to a breakup of the layers [165]. A study by Lee et al. [166] conducted on LG
pouch cells exhibited a 4% irreversible increase of the cell thickness, which may have resulted from the
SEI formation. However, the actual magnitude of that change depends on many parameters, such as
cell design, thickness, mechanical construction, and so on. The irreversible thickness increase can also
be caused by lithium plating. Under certain operating conditions, Li+ are reduced to metallic lithium
and deposited on the anode instead of intercalating into the graphite lattice [167]. Plating could lead
to a growth in the cell thickness by 16 µm per plated Ah, and it does not depend on the number of
layers inside the cell [45]. A large part of the lithium plating is reversible [167–171]. The reduction
of deposited lithium can occur either through subsequent intercalation into the graphite layers, which
needs sufficient relaxation time, or by dissolution during the following discharge. In the latter situation,
lithium oxidizes at a potential of about 100 mV greater than the deintercalation potential of lithium
in graphite, causing a higher voltage when discharging at low current [45, 167].

5.2.2.1 Volume Expansion in the 8 Ah cell

The expansion in the 8 Ah pouch cell is described in this section. During the intercalation process,
aided by the softness of the laminate material, the expansion occurs along the thickness direction. Due
to the smaller Young’s modulus of the laminate material, the volume expansion along the thickness
direction is not restricted that much. Therefore, it can be assumed that the swelling of the active
material can be translated into the swelling of the pouch cell [163]. The nominal thickness of the cell
according to Tab. 3.1 is 7.05 mm.

tcell = 7050 µm (5.4)

The cell expansion is measured as the sum of the readings from the displacement sensors connected to
the front and back surfaces.

Expansion = (Lfront + Lback)
tcell

(5.5)

In Tab. 3.1, the number of layers of active material is shown as 16, but they are coated on either side
of the current collector. Hence, the actual number of layers is doubled, to 32.
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The percentage of individual material thickness is shown here.

Ratioanode = (32 · tanode)/tcell = 35.4% (5.6)

Ratiocathode = (32 · tcathode)/tcell = 30.5% (5.7)

Ratiosep = (32 · tsep)/tcell = 9.1% (5.8)

Ratiolam = (2 · tlam)/tcell = 4.2% (5.9)

The sum of values from Eqns. (5.6) - (5.9) only add up to 79.2%. The rest comes from current
collectors (positive and negative), electrolyte, and other additives. As described in this section, the
graphite anode undergoes 10% volume expansion during the intercalation process (i.e., during charge),
while the NMC material undergoes 3% contraction during the same time. Therefore, the expansion of
the cell is the sum of expansion of the anode and contraction of the cathode.

Sanode = Ratioanode × 7% = 2.48% (5.10)

Scathode = Ratiocathode × (2.4%) = 0.73% (5.11)

Scell = Sanode − Scathode = 1.75% (5.12)

These calculations estimate that the anode expansion is nearly 2.48% and the cathode contraction is
0.73%, whereas the overall cell expansion is close to 1.75%. Fig. 5.16 shows the volume expansion in
a 8 Ah cell at different surface points on the cell during a 1 CCCV charge and discharge.

During the measurements, the cell volume changed along the thickness direction. Under all circum-
stances, there was no restriction to the expansion or contraction of cell thickness caused by external
factors6. The measurements started when the cell was at 0% SOC. At this SOC, the cell is assumed to
be at its minimum thickness. Its thickness increased during the charge process and vice versa during
the discharge process. The increase in displacement was proportional to the cell voltage and SOC.
The displacement was maximum in a fully charged state, but slowly settled down during the voltage
and temperature relaxation. After a long pause of 2 h, the cell was discharged in the CCCV regime.
The cell had residual displacement at the end of CC discharge. Under normal cell discharge, the CV
phase would be discarded. However, due to residual displacement (20 – 40 µm), the cell was further
discharged in the CV phase to minimize the residual expansion. The volume expansion was not uni-
form at all positions on the cell surface. It varied between 1.83 and 2.15%; this range is close to the
theoretical calculation of 1.75%. In other words, each measured point expands by a different amount.
For a better illustration of displacement at all nine points, surface plots were drawn at different SOC
intervals, as shown in Fig. 5.17.

In these plots, the expansion is shown in actual value instead of percentage, as it indicates a clear
distinction in thickness between each of the measured point along the cell surface. The middle and

6 The horizontal placement of the cell could have restricted the volume change on the bottom surface of the cell. Hence,
it was hanging vertically to freely expand/contract along the thickness direction. No part of the active cell surface was
in contact with the cell holder.

7 The sensors were set to 0 µm at 0% SOC at the beginning of the experiment.
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Figure 5.16: Volume expansion in the 8 Ah cell at different surface points during 1 CCCV discharge
at 25◦C ambient temperature.

Figure 5.17: Surface plot of the thickness change7in the 8 Ah cell at different SOC steps during 1
CCCV discharge at 25◦C ambient temperature.
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the lower parts of the cell experienced larger thickness increase compared to the parts of the cell
closer the tabs at ∼96%. This type of displacement profile comes from the mechanical construction
of the cell. Positions 1–1 and 1–2 (see Fig. 3.13) are near the tabs, where the extension of the
current collector foils are joined together by spot welding and hence restrict the free expansion of
active material in this region. The residual displacement at the end of the CC discharge could be
caused by the residual capacity remaining in the cell and its actual temperature. Therefore, removing
the residual cell capacity using CV discharge and attaining the temperature and voltage equilibrium
might explain the residual displacement. The cell voltage polarization and temperature depend the
discharge C-rate. Fig. 5.18 shows the volume expansion, voltage, and temperature profile of the 8 Ah
at two surface points on the cell, one closer to the cell tab and the other the farthest away from the
tabs. The volume expansion and temperature at these points were measured with the spatial sensors,
whereas the voltage was measured across the external tabs. As the displacement measurements at all
points could not be measured simultaneously, only two points (1–1) and (3–3) were considered for the
evaluation. These two points were selected because point (1–1) was the point closest to the tabs and
(3–3) was the farthest from the tabs.
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Figure 5.18: Volume expansion, voltage, and temperature profile of the 8 Ah cell versus SOC during
the discharge at different C-rates

The intercalation and deintercalation of Li+ into and out of the graphite anode material is the primary
source of volume changes in the cell. The most intuitive exhibition of the amount of intercalation and
deintercalation is the cell capacity or in other words the SOC. Hence, the expansion of the cell is
closely related to its actual SOC, or the real capacity in the cell. The discharge C-rate 0.1C has less
voltage polarization and almost no change in the temperature during the entire discharge. Hence, it
can be safely assumed that thermal expansion of this material at this C-rate does not contribute to
the volume changes, and it is purely due to the intercalation and deintercalation process. The residual
displacement at the end of CC discharge was nearly zero. However, at other C-rates, the residual
displacement is related to the increase in discharge C-rate. A higher C-rate increases the voltage
polarization, leading to rate capability losses, which is directly related to the residual displacement. In
terms of residual displacement, both points shows similar results by different C-rate discharge currents.
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There was a marginal increase in the temperature at point 1–1 in comparison with point 3–3. The
displacement plateau was observed during 0.1C discharge in the SOC range 30–60%, which corresponds
to the voltage plateau under the same operating conditions. It can be concluded that a higher C-rate
leads to large residual swelling. In addition, at high C-rates, the cell did not return to its original
thickness, because its SOC did not reach zero at the end of CC discharge. The operation at higher
discharge C-rates also led to a higher temperature increase, as shown in the temperature subplot of
Fig. 5.18. Based on these observations and conclusions, it is safe to infer that the residual expansion
is mainly attributed to the residual capacity and the thermal expansion of the cell components. The
thermal expansion of the cell due to temperature rise is difficult to estimate because of the different
thermal characteristics of each material based on these measurements.

Figure 5.19: Residual displacement relaxation in the 8 Ah cell during the CV phase and rest time at
the end of discharge at points 1–1 and 3–3

Fig. 5.19 shows the relaxation profile of residual displacement after the CC discharge at different C-
rates. The profile was studied during the CV discharge and the rest time to follow after the complete
discharge of the cell. There is a red demarcation line between the end of CV discharge and the
beginning of cell relaxation, during the rest time. The CV phase was generally shortened to a duration
of 10 min. During this period, the temperature started decreasing due to an exponential drop in the
current, whereas, during the rest time, it was much slower. The relaxation in the residual displacement
also followed a similar pattern. This led to the conclusion that displacement relaxation has two parts,
due to two different time constants. Eqn. (5.13) describes the exponential decay of displacement.

S = a0 + a1e
−t/τ1 + a2e

−t/τ2 (5.13)

where S is the expansion at a given point, and τ1 and τ2 are two time constants representing the
time constants of thermal relaxation and relaxation between the different phases of graphite, [172]
respectively, on the cell at a given discharge current. These time constants varied at different C-rates,
as it can be observed in the plots at high C-rates that both displacement and temperature relaxation
occurred at a faster rate. As seen in Fig. 5.19, the thermal relaxation contributed to the faster
response, more than the relaxation of different phases of graphite, which took hours to relax until the
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cell thickness was nearly back to its original value. However, the relaxation at point 1–1 did not follow
a smooth profile as it appeared in point 3–3. It took a much longer time to return to the original cell
thickness, and there was a plateau during the relaxation process. Given that the temperature profile
was similar to that of point 3–3, the thermal relaxation response at point 1–1 should be identical to
point 3–3. The cell construction plays a bigger role in the overall volume expansion and its relaxation
at point 1–1. A possible explanation could be that point 1–1 is closer to the cell tabs, where the
current collectors at different layers are spot-welded together. This creates mechanical constraint in
this region, as explained in this section, and could possibly lead to more mechanical stress in this part
than in any other parts of the cell.

These results illustrate that, at a high C-rate, the cell expansion leads to a larger residual displacement
due to the temperature rise. The residual displacement increases the mechanical stress in the cell.
This situation could get worse if there is no proper thermal management of the battery. In a real-
time situation, the battery pack of an EV is subjected to much harsher conditions, where the cooling
medium may not be sufficient to dissipate the heat generated by the cells. In such a scenario, the cells
in the battery pack remain at a higher temperature, which means the cells experience residual volume
expansion and thermal stress for a long duration.

Oh et al. [44] correlated the expansion of the cell at different C-rates with the role of individual
electrodes during the process. The analysis was done by differentiating the volume expansion with
respect to the charge accumulated in the cell, in other words, SOC. At first, the direct difference
method, as shown in Eqn. (5.14), was used to calculate the derivative, but the sample rate of the
test was relatively high (1 Hz), considering the test lasted for several hours, this led to significant
noise, and no clear trends were observed in this method. To eliminate the noise from the derivative,
the relationship between expansion and SOC was described by a polynomial function, as shown in
Eqn.(5.15). The derivative of the polynomial function was used to plot the dS/dSOC curve versus
SOC, as shown in Fig. 5.20.

y′n = (yn+1 − yn)/(xn+1 − xn) (5.14)

f(x) = a6x
6 + a5x

5 + a4x
4 + a3x

3 + a2x
2 + a1x+ a0 (5.15)

f ′(x) = 6a6x
5 + 5a5x

4 + 4a4x
3 + 3a3x

2 + 2a2x+ a1 (5.16)

The local maxima corresponded to the phase shift in the graphite material, as reported in previous
works [173, 174]. The phase transition in NMC material does not appear to have a strong impression,
because the NMC lattice does not fill in stages the way the graphite lattice does, and hence they
undergo smaller volume changes (∼3%). Therefore, the volume expansion at low C-rates appears to
be dominated by the graphite electrodes, that is well within the 2% volume changes in the positive and
negative electrodes calculated in this section. The apparent shift in the peaks corresponding to Fig.
5.20 towards the right for a higher discharge rate indicates a phase transition at the later stage. The
reason for the peak shift could also be due to lagging thermal expansion, as shown in the relaxation
plots (see Fig. 5.13).

The concept of aging has been extensively discussed in this thesis. Besides many aging effects ex-
plained in chapter 2, it also increases the overall thickness of the battery. In the pouch cell, the volume
expansion is mainly confined to the cell’s thickness. Fig. 5.21 compares the cell thickness at different
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Figure 5.20: Derivative of expansion with respect to SOC the during the discharge process at points
1–1 and 3–3 at 25◦C ambient temperature

surfaces on the new 8 Ah cell and the same cell when it was aged. The aging history of this cell
can be seen in section 5.1.1. The increase in the thickness in the aged cell may be a consequence of
different factors, such as gas formation, SEI formation, breakdown and reformation, lithium plating,
and macroscopic deformation, such as buckling of different layers of the cell. It can be observed that
the thickness increase is not uniform throughout the cell surface. The points closer to the tabs (1–1,
1–2, and 1–3) have maximum thicknesses among all the measured points on the cell. The inhomo-
geneity in the thickness increase could be related to the inhomogeneous temperature distribution, SEI
layer growth, mechanical stress evolution during the volume expansion, and contraction due to the
mechanical construction of the cell. These results once again confirm that the position near the cell
tabs experiences maximum stress, leading to early aging compared to other positions far away from
the cell tabs.

5.2.2.2 Volume Expansion in the 75 Ah Cell

Fig. 5.22 shows the expansion in the 75 Ah cell at ten surface points (see Fig. 3.13) during 1 CCCV
cycling at 25◦C ambient temperature. As expected, the cell volume increased during charge and
contracted during discharge. The large-format 75 Ah cell expanded by ∼2% of the original thickness.
The cell thickness reached its peak value after the end of the CC charge and in the middle of the
CV charge. It was followed by relaxation in the cell displacement during the CV charge, and it
continued further into the rest period. This is in complete contrast to the cell displacement in the
8 Ah cell, where the cell displacement more or less remained constant during the entire CV phase.
It could also be observed that the peak displacement varied at different positions on the cell surface.
The possibility of different peaks due to thermal expansion was also looked into, but the difference
between the temperatures at the measured positions was close to 1◦C. Therefore, the non-difference
in the displacement peaks due to thermal expansion can be ignored. This could have been due to
over-lithiation at some positions and redistribution of intercalated Li+ in the anode material, owing
to inhomogeneous characteristics of the cell. The discharge phase showed more difference in the
distribution of cell thickness. There were plateaus in the expansion curve at points 1–2 and 1–4 when
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Figure 5.21: Comparison of absolute cell thickness measured at different points, before and after aging
tests on the 8 Ah pouch cell

the cell entered into CV discharge. These points are close to the positive and negative tabs of the cell,
respectively. The stresses due to cell design and construction may have caused these plateaus. There
were large differences in the cell expansion throughout the discharge phase, and they culminated at
the end of CV discharge. It is worth mentioning that the temperature gradient was the maximum in
this instance, and that could be the primary reason for the large residual expansion, especially at the
points that experienced maximum temperature. Therefore, thermal expansion may have contributed
to the overall thickness changes in the cell. The large temperature gradient occurred despite the cell
being cycled at the nominal C-rate and being kept inside the temperature chamber with strong cooling.

Even after 2 h of rest time following complete discharge, there was low residual expansion at some of
the measured points. The excessive cell volume changes resulted from:

• formation of different phases of graphite

• slow diffusion of Li+ in the electrode’s active material [172]

• more structural changes in the outer region of the electrode particle

• expansion primarily occurring at the outer region of the electrode particle

According to these explanations, the excessive cell volume change is determined by the input C-rate,
the Li+ diffusion coefficient, and the rate at which structural changes occur in the electrode material.
It can be relaxed by sufficient pause time. However, during the continuous operation of the cell, the
pause time may not be sufficient for the excess volume change to relax to its original state. Therefore,
the residual volume in each cycle develops gradually. As a result, the cell volume changes increase
with cycling [43]. The detrimental effect of this excess volume change causes structural damage to the
electrode material, loss of Li+ to the formation and growth of SEI layers on the anode surface, lithium
plating, and so on. Eventually, the volume changes result in the loss of cell capacity due to cycling.
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Figure 5.22: Time series plot of cell voltage, expansion, and temperature distribution at ten selected
points on the surface of the 75 Ah cell during 1 CCCV cycling at 25◦C ambient temperature (best
viewed in color)

95



CHAPTER 5. RESULTS AND DISCUSSION

Fig. 5.23 compares the displacement of fresh and aged 75 Ah cells on position 1–2 (closer to the
positive). The same cell was used in both measurements, once before the start of the aging test and
again after the end of the aging test. When the cell was aged, it had ∼66% remaining capacity after
1300 full cycles, equivalent to 26 weeks of cycling time. The testing conditions were the same, that is,
1 CCCV charge and discharge and 25◦C ambient temperature. The most intriguing observation from
this result was that the cell displacement profiles were vastly different. It was expected that the voltage
profile of an aged cell is characterized by high polarization due to an increase in the internal resistance
and reduction in the charging and discharging time. However, the reversible thickness increase in the
aged cell was significantly lower than the fresh cell, despite reaching similar displacement peaks during
the charge phase. There was a huge displacement swing from the end of the charge to the beginning
of discharge phase in the aged cell. The magnitude of the displacement relaxation can be attributed
to large residual expansion caused by high temperature and redistribution of intercalated Li+ in the
anode material. Hence, this result leads to the conclusion that cell inhomogeneity increases in the aging
process. The reduction in the cell expansion showed that less of the Li+ were intercalated into the
anode, caused primarily by the loss of capacity. It can be concluded that the amount of cell expansion
is related the remaining capacity of the cell, an indirect method to estimate SOH.

Figure 5.23: Cell displacement comparison between fresh and aged 75 Ah cells during 1 CCCV charge
and discharge, measured at point 1–4, at 25◦C ambient temperature (best viewed in color)

The cycle aging also caused irreversible thickness increase in the cell. Fig. 5.24 shows that the evolution
of cell thickness averaged at 25 points at different cycling intervals. At the end of life, the average cell
thickness was increased from 11.47 mm to 12.98 mm, that is, by ∼13.2%. The cell had an average
thickness increase of 15.2%, assuming a 2% increase during the charge phase, especially when it was
aged. Considering the cell thickness is inhomogeneously distributed, some of the surface of the cell
accumulated more thickness than the rest. Fig. 5.25 shows the comparison of surface thickness for a
new cell and when it was completely aged.

Before the cycle aging, the surface had maximum deviation (δt) and standard deviation (σt) values
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Figure 5.24: Average thickness accumulation at 0% SOC in the 75 Ah cell during cycle aging

Figure 5.25: Surface plot of absolute cell thickness measured on 25 points in a 75 Ah cell at 0% SOC;
(a) new cell, (b) aged cell
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of 2.32 mm and 0.6 mm respectively. The δt value was already significant in the new cell, which
indicated that the surface was less uniform at the BOL. The actual image of the new cell is shown
in Fig. 5.40(a). After aging, the surface became more erratic, with δt and σt increased to 4.15 mm
and 2 mm respectively. This corresponds to the maximum thickness increase of ∼28.3%8, assuming
that a 2% increase in the thickness during charging leads to a thickness increase of over 30% from its
original value. This thickness allowance should be maintained when the cells are housed in the battery
pack case in order to prevent the external stresses from acting on the cell surface. The surface plot of
the aged cell also showed that there was maximum thickness accumulation near the tabs (1–2 & 1–4).
In addition, the maximum cell inhomogeneity near the cell tabs, post-manufacturing stresses due to
spot welding of the current collectors to the external tab, and the stress from the external sealing of
the polymer foil could have contributed to the maximum thickness accumulation. The cell thickness
increase during cycling is a good indication of reduced SOH.

5.3 Multiscale and Multiphysics Simulation

In this section, a comprehensive, qualitative, and quantitative validation of the P2D electrochemical
and 3D thermal model approach is presented9. The measurements as described in section 3.3.4 were
used as the basis of the model validation by comparing the simulation results with the measurement
data with respect to voltage profile, temperature profile, and temperature distribution on the cell
surface. Except for macroscopic geometries parameters (Tab. 4.3), all other parameters (Tabs. 4.2 &
4.4) were the same for all cells. The simulation results of 25, 53, and 75 Ah cells are discussed in this
section.

5.3.1 Voltage Validation

The first simulation started with the validation of the OCV profile. To validate the OCV profile, the
pseudo-OCV current profile (section 3.3.3) was used in the simulation conditions. At 0.05C current,
the output voltage was nearly equal to the OCV of the cell. Fig. 5.26 shows the comparison between
the measured discharge voltage at 0.05C (assumed to be pseudo-OCV) and the simulated result. As
the OCV is the same for all the selected cells, only the results for the 25 Ah cell are shown here. It
is observable that the simulation fits very well with the experimental data of the OCV measurement.
From the beginning until the 65% SOC mark, the curves are almost identical, and the maximum
discrepancy is less than 5 mV. Only in the range of 30% and 15% SOC as well as at very low SOCs
does the simulated OCV behave slightly differently to the measured OCV. The profiles show a difference
of less than 20 mV for the range between 30% and 15% SOC and a 40 mV voltage drop at very low
SOCs. The cause of these divergences could be attributed to the graphite anode OCV used, as OCV
measurements for the anode were not performed, but merely adopted from [113]. In general, the results
show that the initial SOCs for the anode and cathode are well balanced.

The accurate simulation of the voltage behaviour under some current flow is more significant than the
simulation with no current flowing in the cell, that is, OCV condition. This section depicts different
discharge scenarios for voltage validation. Fig. 5.27 presents the voltage simulation results for the
25, 53, and 75 Ah cells for different discharge rates and ambient temperatures compared against the
measured data. It is apparent that the simulations show very good agreement with the experimental
8 This is calculated by taking the maximum cell thickness values in both fresh and aged cells.
9 This section was contributed by the Master’s thesis work of Mr. Tim Pixis.
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Figure 5.26: Comparison of OCV simulation and discharge voltage measured at 0.05C for a 25 Ah cell
at 25◦C

data for the discharge rates of 1C, 2C, and 3C discharge currents, but it is not so in the case of the
0.5C current. At the ambient temperatures 15◦C and 40◦C, the simulated voltage was over-estimated
and under-estimated, respectively, especially towards the end of discharge. This is because the model
uses a fixed capacity, whereas, in the experiment, we get a higher capacity at higher temperatures.
There is good agreement with the experimental and simulation results at 25◦C, because the simulation
parameters were optimized for the ambient temperature 25◦C. Furthermore, it was not possible to
simulate the cells at the ambient temperature 15◦C with a discharge rate of more than 2C, because the
solutions could not achieve the targeted convergence, hence the simulations stopped abruptly without
any results. Therefore, these conditions were discarded from the results. These results also show that
the models adapted well to cell size and geometric dimensions.

Tabs. 5.5, 5.6, and 5.7 show the modelling accuracies for the 75 Ah cell. The runtime error was low
when the ambient temperature was 25◦C. The goodness of fit (R2 value) was close to 1 for all C-rate
discharges. The average error voltage was within 20 mV throughout the simulation. These factors are a
good indication of how accurate the simulation results are when compared to the measured data. The
maximum error voltage is just an indication of the maximum deviation from the measured data. There
are entries that indicate a high maximum voltage error, but other deciding factors are very low. The
maximum error mostly occurred towards the end of discharge. The change in ambient temperature
to 15◦C and 40◦C reduced the accuracy of the model. However, the runtime error and R2 value were
within the acceptable limits at <6% and >0.9, respectively, but the average error voltage was slightly
higher, which needs to be improved. The model tends to slightly underestimate the cell capacity for
low and high temperatures. This indicates that the temperature dependency is satisfactory, but there
is still some room for improvements by adjusting, for example, the anodic and cathodic reaction rates
individually. The close agreement between simulation results and experimental data indicates that the
proposed electrochemical battery model predicts runtime and voltage responses accurately.
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(a) 25 Ah Cell (b) 53 Ah Cell (c) 75 Ah Cell
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Figure 5.27: Comparison of measured and simulated voltage results at different discharge C-rates and
ambient temperatures for a (a) 25 Ah cell, (b) 53 Ah cell, and (c) 75 Ah cell

Table 5.5: Modelling accuracies of a 75 Ah cell at 15◦C ambient temperature

Current rate Avg. Error Voltage (mV) Max. Error Voltage (mV) R2 Runtime Error10(%)
0.5C 30.1 468 0.935 3.13
1C 46.6 497 0.90 5.43
2C 39.9 331 0.914 4.38

Table 5.6: Modelling accuracies of a 75 Ah cell at 25◦C ambient temperature

Current rate Avg. Error Voltage (mV) Max. Error Voltage (mV) R2 Runtime Error (%)
0.5C 20.6 257 0.98 1.52
1C 12.6 64.3 0.996 0.03
2C 1.7 120 0.986 0.314
3C 2.4 279 0.985 1.30

10 It is calculated as the difference between the measured and simulated value with respect to the measured value,
expressed in percentage.
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Table 5.7: Modelling accuracies of a 75 Ah cell at 40◦C ambient temperature

Current rate Avg. Error Voltage (mV) Max. Error Voltage (mV) R2 Runtime Error (%)
0.5C 65.2 465 0.930 5.44
1C 47.7 452 0.953 4.68
2C 37.3 302 0.954 4.34
3C 41.2 391 0.901 4.71

5.3.2 Temperature Validation

Fig. 5.28 shows the plot of measured and simulated temperature on the centre of the cell surface for 25,
53, and 75 Ah cells at different discharge C-rates and temperatures. In general, the simulation results
show the same profile compared to the measurements. The best results of the model were observed
at 25◦C, where the simulated results were close to the measured data. A maximum temperature
difference of up to 3◦C existed, mainly at a high C-rate discharge. It can also be observed that, under
some simulation conditions at 15◦C and 40◦C ambient temperature, there is a steep increase in the
temperature at the beginning of discharge, resulting in a widening of the gap at mid-SOC levels between
measured and simulated data. This could be attributed to over-estimation of the internal resistance
of the cell under those conditions. It results in higher irreversible heat generation compared to the
measurements. The behaviour described is thereby independent of the cell size and input current. The
model also over-estimated the simulated temperature in all cell sizes at a 3C discharge rate towards
the end of discharge. The maximum over-estimation was observed in the 75 Ah cell at 3C discharge
rate, where a difference of up to 5◦C can be observed. It should be noted that, even in measurement
data, there is a higher end-temperature from the 25 Ah to the 75 Ah cell. This transformation could
be the effect of an increase in cell size, as explained in section 2.4. Despite these additional effects
arising from cell size, the model adapted to the changes. Furthermore, the discrepancy between the
simulated and measured temperature profiles could be explained by limited thermal parameters and
the assumptions used in the thermal model to simplify it. In conclusion, the model shows good
adaptability to the measured temperature for different cell sizes, based on the same microscopic cell
parameters with a certain degree of accuracy and limitations. This model serves as a good prediction
of the electrochemical and thermal characteristics of a battery of any arbitrary cell geometry, size,
whether it is a scale-up or scale-down design approach.

5.3.3 Current Density Distribution

The current density gradient causes different current flow in different parts of the cells. It gradually
affects the SOC distribution in the cell and also introduces differential heat generation, leading to a
temperature gradient. When the change in SOC and temperature becomes significant, the internal
resistance of the cell changes, causing the reversal of the current density distribution. Fig. 5.29 shows
the variation in local currents during a 3C discharge at 40◦C ambient temperature on 53 and 75 Ah
cells at different points on the cell. The selection of simulation points is shown in App. A3. The
current value is normalized to the nominal current of the cell to compare the current distribution in
different cell capacities. At the beginning of discharge, as expected, the current was maximum near to
the location of tabs compared to the rest of the cell surface. The current flow pattern remained like
this throughout the mid-SOC range. The next part was the reversal of the current distribution. This
happened when all the current values merged at around 75–80% DOD, and reversal of current density
distribution started from this point. The exact meaning of reversal is that the regions that experienced
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Figure 5.28: Comparion of measured and simulated temperature results at different discharge C-rates
and ambient temperatures on the centre of the cell surface for a (a) 25 Ah cell, (b) 53 Ah cell, and (c)
75 Ah cell

high current distribution changed to low current density regions, and vice versa. This phenomenon
has been described by Zhang et al. [25]; the reversal of current density distribution is attributable to
non-homogeneous local SOC due to uneven current flow in the early stages of discharge. Moreover,
towards the end of discharge, there was a steep increase in the current density gradient, with low
current density near the vicinity of the tabs and rising current density at the distance far away from
the tabs.

5.3.4 Temperature Distribution

Fig. 5.30 shows the temperature distribution in the positive and negative electrodes of a 75 Ah cell in
simulation conditions, 40◦C and 3C discharge rate. The simulated electrodes are placed on the outer
stack, that is, close to the top cell surface of the cell. It should be noted that the cell’s external tabs were
excluded from the geometry of the battery thermal model. The surface graphs depict the temperature
on the electrode at the time intervals 100 s, 800 s, and 1203 s. The positive electrode showed an initially
high temperature in the vicinity of its tab, due to higher current density in this region. It increased
the heat generation in the cell, leading to high temperature. In the middle of discharge, around 800 s,
the high temperature region shifted towards the upper-middle region of the electrode surface, that is,
between the positive and negative tabs. Towards the end of the discharge, the temperature hot spots
moved further away from the tabs. In the real temperature measurements, the temperature hot spots
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Figure 5.29: Variation of local currents during 3C discharge of the 53 Ah and the 75 Ah cells at
Tamb = 40◦C (best viewed in color). The selected points for simulation are shown in App. A1.4

can be seen near the cell tabs, then gradually move towards the centre of the cell and towards the
end of discharge further away from the tabs. It is at this point that the simulation results differ from
the actual measurement data (see Fig. 5.14). In the simulation, the temperature results were strongly
affected by the convection heat transfer along the borders of the cell surface. An indication of this was
the relatively low temperature along the lower region of the cell (farthest away from the tabs). In the
simulation conditions, the air flow was assumed to be laminar and there was strong convection at the
surface boundaries. This simulation condition is not the true reflection of the actual convection inside
the temperature chamber. There was forced air convection inside the temperature chamber caused by
rotating fans or the blowing of cool air into the chamber. This resulted in more turbulent air flow inside
the temperature chamber. The boundary conditions in the simulation were strongly influenced by the
difference in the ambient and cell temperatures, that is, higher temperature led to stronger convection
at the boundaries, and, in addition, the temperature sensors with the wiring do not exactly measure
the surface temperature, as the cables act as a cooling system. Hence, the temperature distributions
are not similar in measured and simulated results, especially towards to the end of discharge.

Fig. 5.31 shows the comparison of ∆Tmax in large-format cells at different ambient temperatures and
C-rates, (a) on the cell surface with soft pouch casing and (b) along the single cell layer excluding
the soft pouch case. The temperature gradients were similar in both simulation conditions, suggesting
that external casing had little or no influence on the temperature distribution. The ∆Tmax was
significantly higher in the 75 Ah cell compared to the other two cell types. This difference could be
attributed to different surfaces of each cell type. The large surface area in the 75 Ah cell caused a
higher current density gradient, resulting in inhomogeneous temperature distribution. Comparing the
25 Ah and 53 Ah cells, and both cells, with identical surface area and current density distribution,
the temperature gradient was slightly higher in the 53 Ah cell. This is due to a higher number of
layers being present in the cell and causing a higher temperature gradient. There is more volumetric
heat generation in the 53 Ah cell when compared to the 25 Ah cell for the same surface area (Fig.
2.10). The simulated temperature gradient values were significantly lower compared to the measured
data, for example, ∆Tmax value for the 75 Ah cell at 25◦C and 3C discharge was close to 5◦C, whereas
the simulation results show only 2◦C. This huge difference shows that the thermal model did not
adapt well to the temperature gradients. The thermal model needs some improvement with better
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Figure 5.30: Temperature distribution on the (a) positive and (b) negative electrodes of the 75 Ah cell
at 40◦C ambient temperature, 3C discharge rate at time intervals of 100 s and 800 s and at the end of
discharge

parameterization, especially for the convective heat transfer and thermal conductivity of the materials
used in the battery. These parameters were either obtained from literature or through estimation.
Despite these shortcomings of the thermal model, the temperature rise in the cells from the simulation
results were nearly equal to the measurement values, as shown in Fig. 5.31.

It can be observed in Fig. 5.32 that the maximum temperature rise in the 53 Ah cell was much higher
than that of the 25 Ah cell. This can be explained by the effective surface-area-to-volume ratio of
cells, as calculated in Tab. 4.3. And increase in the cell size reduced the surface-area-to-volume ratio,
which subsequently reduced the cooling surface area per volumetric heat generation. The result also
show that a surface-area-to-volume ratio similar to that of the 53 Ah and 75 Ah cells show a similar
temperature rise. In contrast, this ratio in the 25 Ah cell is significantly higher, leading to a much
lower temperature rise in the selected test conditions.

The influence of layer position on temperature, current density, and SOC gradients in the cell is
also important to cell inhomogeneity studies. Additional simulation results have been obtained by
changing the layer positions from 1 to 0.25 and 0.511. Tab. 5.8 shows the simulation results of
temperature inhomogeneity within a layer for different layer positions. The results show very little

11 Where 0 ≤ k ≤ 1 refers to the position of a layer along the cell thickness direction, and k=0.5 indicates the middle
layer of the cell
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(a) Cell Surface (b) Single Layer

Figure 5.31: Maximum temperature gradient recorded during simulation on the (a) cell surface and
(b) single layer located closer to the cell surface

Figure 5.32: Maximum temperature rise observed during the cell simulation at different ambient
temperatures and C-rates
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difference or no difference in value, indicating that, along the thickness direction at different layer
positions, temperature inhomogeneity can be neglected. This is according to the fact that all layers
have identical geometry and equal current flows in each layer. The heat transfer, especially in the
middle layers, were not the same compared to the cell layers closer to the surface. This could lead to
more hot spots in the middle layers. However, due to approximation applied to the P2D electrochemical
model, that is, the volume temperature from the 3D thermal model averaged with surface temperature
and coupled with the 2D electrochemical model, the gradients through the cell thickness are hardly
noticeable. To overcome this limitation, a full 3D electrochemical and thermal model should be used
in the simulation. However, many references indicate (see chapter 2) that cell inhomogeneity exists
primarily along the in-plane direction (surface), and it is negligible along the through-plane direction
(thickness).

Cell Type k =0.5 k =0.25
25 Ah 0.4015 0.3962
53 Ah 0.4829 0.4030
75 Ah 0.9077 0.9159

Table 5.8: Comparison of the maximum temperature gradient within a layer at different layer positions
at ambient temperature of 25◦C, 2C discharge rate

5.3.5 Modelling Limitations

As models are only approximations of real systems, they are only valid for specific scenarios and are
inherently inexact. The models used in this thesis are subject to limitations. As described in chapter
4.4, the cell models are built as P2D models and are divided into nine equally-sized segments. Due to
the small number of segments, the influence of current density distribution, temperature distribution,
and SOC distribution in the simulations is probably smaller, compared to the actual cell. Hence,
an increase in the number of segments and an adaptation of the segment distribution could improve
the results. Especially next to the current collector tabs, where a strong current density gradient is
expected, higher resolution could generate better results.

In addition to the resolution limitations, such a model requires more than 100 parameters. The
cell manufacturer discloses very little information due to proprietorship, and this leads to inaccurate
estimation of microscopic cell parameters, for example, exact cell chemistry, electrolyte information,
thermal properties of cell components, and so on, are not disclosed by the cell manufacturer. Most
parameters are obtained from literature, and some of them are obtained through experimentation
and estimation. Hence, inaccurate cell parameters also limit the accuracy of the models. Two main
parameters could be the reason for the differences in the temperature validation. The first one is the
adopting of the entropic heat coefficient measurement for the graphite anode from [113], without actual
half cell measurements of the selected cells. As the reversible heat generation has a significant impact
on the total heat generation, especially at a charge and discharge current lower than 1C, the difference
in the temperature profile of the 0.5C and 1C discharge can be partly ascribed to the entropic heat
coefficient. Besides the entropic heat coefficient, detailed information about the electrolyte used are
also unavailable. Due to the fact that the properties of the electrolyte have a significant influence on
the ohmic resistance of a cell and, therefore, on the irreversible heating of the cell, inaccurate values
could lead to an incorrect voltage profile and heat generation rate.

Overall, the simulations are limited to specific temperature and discharge current ranges, caused by
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non-convergence of the solution due to the sensitivity of the parameters used in the multiphysics
simulation platform. For the ambient temperatures of 25◦C and 40◦C, the COMSOL models are able
to simulate all discharge currents from 0.5C to 3C. However, it was not possible to simulate discharge
currents higher than 2C, especially at low ambient temperatures such as 15◦C. The simulation results
validated with the experimental data are good in some parts, but show a significant difference in
the temperature gradients. The SOC and current density distribution results could not be validated
because these parameters could not be measured directly. The presentation of SOC and current density
gradients towards the end of discharge in the simulations might have some errors, especially when the
simulated voltages have differences in comparison with the measurement data (Tabs. 5.5 – 5.7). The
pattern of simulated results and experimental data were similar, which is still good for qualitative
analysis.

5.4 Spatially Resolved Battery Model

This model is derived from the 2nd-order ECM12 based on the time domain measurements described
in section 3.3. A 2nd-order ECM as explained in section 4.3 is a 0-dimensional (0D) time-dependent
model, as it assumes that the cell characteristics are identical at all spatial coordinates in a battery.
This assumption is true if the geometric size of the battery is very small. If the dimensions are up-
scaled, that is, as the cell size increases, all spatial coordinates in a battery will not have similar
electrochemical or thermal characteristics, but they rather differ from one point to another. Therefore,
the cell inhomogeneity inherently occurs when the size increases. Hence, to evaluate inhomogeneity,
these effects are incorporated by transforming a 0D model into a spatially-resolved equivalent circuit
model (SRECM). Fig. 5.33 shows the schematic of a SRECM, developed from a 2nd-order ECM.

Al. foil Resistance

Cu. foil Resistance

Sub cell

mxn matrix

OCV

R1

C1

R2

C2

Ri

2nd or. ECM

V

+

Positive node

Negative node

Figure 5.33: Schematic of a spatially resolved battery model derived from a 2nd-order ECM

12 This section has been contributed by the internship work of Mr. Chethan Parthasarathy.
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A cell consists of components such as positive and negative current collectors, positive and negative
electrodes, and a separator. The active material part, that is, two electrodes and a separator repre-
senting a 2nd-order ECM, is connected between the nodes of positive and negative current collector
plates. Therefore, the resistance of the current collectors have not been taken into account; instead,
the current collectors are represented as 2D resistance grids with the consideration that the current
collector thickness is much smaller compared to its length and width. The 8 Ah and 75 Ah cells were
selected for SRECM, these cells being the smallest and the largest sizes, respectively. These cells
would make a comparative study of how sizing influences the cell inhomogeneity. The number of the
sub-cells were also selected based on the cell size, that is, a 5x5 matrix for the smaller 8 Ah cell and
a 12x12 matrix for the larger 75 Ah cell. Irrespective of the position of the sub-cells along the plane,
they are all connected in parallel (if the resistance between two nodes is neglected) in a way that the
positive terminal of the sub-cells are connected to the positive current collector nodes, and the negative
terminal of the sub-cells is connected to the negative current collector nodes. The grid resistances of
the current collectors are evaluated based on the number of nodes selected for each current collector
material by a discretization process. With these settings, the parameters of the sub-cells are calculated
as shown in the Eqns. (5.17) – (5.21), where N is the number of nodes, and Cap is the cell capacity in
Ah.

Ri,subcell = Ri,fullcell ·N (5.17)

Ci,subcell =
Ci,fullcell

N
(5.18)

OCVi,subcell = OCVi,fullcell (5.19)

Capi,subcell =
Capi,fullcell

N
(5.20)

SOCi,subcell =
∫
Ii,subcell · dt
Capi,subcell

(5.21)

The parameters Ri, R1, C1, R2, and C2 were estimated by running an optimization script in Matlab®

using the Eqns. (4.3) - (4.5). The parameterization was performed at a 10% SOC interval between
0% and 100% SOC from the input current and voltage response of the HPPC profile, as shown in
Fig. 3.7. The aged cells were also parametrized with the same procedure, using the HPPC profile at
different aging intervals. The parameterization of the 8 Ah and 75 Ah cells are shown in App. A1.7, in
Tabs. A5 & A6, respectively. The OCV parameters of both cell types were evaluated as described in
section 5.1.3. The model was then improvised to incorporate the aging effects, by regularly updating
the cell parameters at different cycling intervals. The spatially resolved battery model was built in
Simulink/Simspace® to simulate the cell behaviour. The input values of the simulation were a 1C
discharge C-rate and 25◦C ambient temperature from a fully charged cell at 100% SOC. The output
of the Simulink model provides the current, voltage, and SOC of each sub-cell and the output voltage
of the complete cell. The simulation of the 8 Ah and 75 Ah cells were performed using their respective
cell parameters. The simulation conditions for the aged cell were same, except that some parameters,
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such as OCV, resistance, capacitance, and remaining discharge capacity, were different [175]. A lookup
table function was used to handle the aging parameters of the cell.

5.4.1 Simulation Results

The battery model was simulated in two stages. At first the output voltage was validated with the
measurement data to compare the accuracy of the model. In the next steps, the surface distribution
of the current, SOC, and voltage were simulated.

5.4.1.1 Comparison of Simulated and Measured Voltage

The 2nd-order spatially resolved ECM was simulated by providing the cell parameters for a given cell
with its aging history. Fig. 5.34 shows the comparison of the measured and simulated voltage of
a 75 Ah cell. The plot with the marker indicates the measured data, and the continuous lines are
simulation results. It can be observed that, at each passing aging interval, the discharge capacity was
reduced as a result of capacity loss and impedance increase. The lower discharge time and the increase
in polarization voltage denote the capacity fade and impedance rise, respectively. The simulated
voltage at different cycle numbers matched the measured data very closely. The simulation results are
reasonably accurate, except for at the beginning of discharge and towards the end of discharge. The
mean relative error was close to 2%, and, in some cases, the error was greater than 5%, especially
towards the EOD. At very low SOCs, the dynamics of the battery changed very quickly, with a
significant increase in the diffusion resistance. The model response and adaptation to the change in
battery aging was very good.

Measurement Simulation
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Figure 5.34: Comparison of the measured and simulated discharge voltage of a 75 Ah cell at different
aging intervals, 1C rate and 25◦C

5.4.1.2 Surface Plots to Evaluate Inhomogeneity

The surface plots were aimed at studying the current, SOC, and voltage distribution in the cell during
a continuous discharge process. Fig. 5.35 shows the current distribution on the surface of the 8
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Figure 5.35: Comparison of the current and SOC distribution of 8 Ah cells in fresh and aged cells
(1,200 cycles) at 10% SOC and 25◦C

Ah cell at 10% SOC during a 1C discharge process. Due to the small geometric dimensions, the
current distribution was more or less uniform throughout the surface. In addition to this, there was
no significant difference in the current gradient between the fresh and aged cell. This shows that the
aging was more or less homogeneous in the investigated small-format cells. In contrast, the current and
the SOC distribution in the large-format 75 Ah cell was non-homogeneous. The cell aging increased
the inhomogeneity, as illustrated in Fig. 5.36. In the aged cell at 1200 cycles, the currents are
inhomogeneously distributed, that is, near the cell tabs, towards the centre of the cell, and in the
region farthest away from the tabs. This is a clear indication of inhomogeneous aging, where some
regions of the cell exhibit different characteristics. It should be noted that the current distribution
is not constant throughout the discharge process. It can fluctuate between lower and higher values.
In the beginning of discharge, the positions near the cell tab experience higher current distribution
than positions that are farther away from the tabs. However, towards the EOD, there was a reversal
of current distribution. The reversal of the current distribution was observed in the multiphysics
simulation results (Fig. 5.29), and it can also be seen in previous works [21, 25, 176].

This occurs due to the change in the local impedance characteristics of the cell influenced by local SOC
and temperature. The SOC gradient is the result of inhomogeneous current distribution. When the
local SOC decreases, it increases the impedance of the region, thereby forcing the current to follow the
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Figure 5.36: Comparison of the current and SOC distribution of 75 Ah cells in fresh and aged cells
(1,200 cycles) with a 1C discharge rate at 10% SOC and 25◦C

path of least resistance. Fig. 5.37 shows the current distribution pattern in a 75 Ah cell, aged at 1200
cycles at a 1C discharge current at various SOC intervals. At the beginning stage of the discharge, that
is, at 98% SOC, the current distribution is at the maximum proximity to the positive tab of the cell and
gradually reduces at the positions farther away. This high concentration of current decreases the SOC
level at a faster rate to create an SOC imbalance. This process influences the local cell impedance and
the local OCV, as the impedance and OCV are functions of SOC. After the initial inrush of current
near the cell tab, the current distribution throughout the cell improves due to different impedance and
OCV along the cell. The regions with high impedance and/or low OCV experience lesser current, and
vice versa. Hence, the magnitude of current gradually reduces near the tabs and increases towards the
positions farthest away from the cell, as illustrated at 80%, 60%, and 40% SOCs. At these SOC levels,
the currents near the cell tabs are still marginally higher than at other locations. Towards the EOD,
the cell impedance starts increasing at a greater rate, thereby restricting the current flow near the tabs,
and, at the same instance, the SOC levels in the region farthest away from the tab are considerably
high. Hence, the current distribution in this region increases. This process is called reversal of current
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Figure 5.37: Comparison of surface current distribution in 75 Ah cells at different SOCs; after 1,200
cycles, 25◦C, and 1C discharge rate

distribution, which happens between 40% and 20% SOC. At the point close to complete discharge
(2% SOC), the current distribution is completely opposite to that at the beginning of discharge (98%
SOC).

The location near the cell tabs is always subjected to fluctuation in current density inherently present
due to the design of the cell. Therefore, it is important to study the current flow pattern near the cell
tabs. Fig. 5.38 shows the current flow pattern in a 75 Ah cell during a 1C discharge at different stages
of aging. The reversal of current distribution is not very significant in the new cell. As the cell ages, it
can be observed that current flow near the positive tab further reduced towards the EOD. This is an
indication that this region has a lower capacity due to aging, or it has entered into the deep discharge
phase, where the cell impedance is very high. This could perhaps explain why the capacity fade is
very nonlinear in the 75 Ah cell in comparison to the 8 Ah cell, which could be the reason for its early
EOL.

It should also be noted that voltage distribution is inhomogeneous due to current distribution, as
shown in the voltage drop at different regions in the aged 75 Ah cell in Fig. 5.39. The region near
the positive tab shows the highest voltage polarization throughout the discharge, followed by regions
close to the negative tab, centre, and right bottom edge of cell. Similar results were observed by
Erhard et al. [27] in a cylindrical cell, where the positions farther away from the cell tab experience
lesser voltage polarization during a continuous discharge. However, this gradient appears to be nearly
constant throughout the discharge process, which is in contrast to the reversal of current distribution.
Nevertheless, the positive and the negative tab regions are always stressed and susceptible due to
inhomogeneity. Therefore, localized or inhomogeneous aging provides strong case of performance
degradation in the large-format cells.
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5.4.2 Computational Effort

The battery model simulation was done in a Matlab/Simulink® environment, and the Simspace block
was used for the computation of electrical equivalent circuits. Tab. 5.9 shows the computation sum-
mary of the simulated cells. A variable step type ode15s (Stiff/NDF) solver with a relative tolerance
value of 10−3 was used as configuration parameters for the simulation. It is visible that the solution
time increases with the increase in the number of sub-cells. This is due to the fact that the number of
energy storage elements (capacitors) in the circuit significantly increases with the number of sub-cells.
Another advantage of this modelling approach is that aging parameters can be easily obtained from
the experimental results in comparison to the parameters required to solve a Newman model. The
computation efforts and model complexities are much greater in this approach, that is, for COMSOL
P2D and 3D models, respectively. The simulations were performed on a server with 96 GB of installed
memory (RAM) and 2.90 GHz CPU [146]. In a simple comparison, a full 3D model requires 4.6 times
more memory space and consumes 380 times more computation time than a SRECM.

Table 5.9: Comparison of computation time and required memory for different simulation platforms

Simulation Cell Solution No. of Memory Used
Platform Time [s] Sub-cells [GB]

Matlab SRECM 8 Ah 25.28 25 2
Matlab SRECM 75 Ah 144 144 2.56
COMSOL P2D 75 Ah 1020 9 1.44
COMSOL 3D 75 Ah 54845 full 3D 11.78

Figure 5.40: Visual inspection of the new 75 Ah cell and the same cell at the end of life
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5.5 Visual Inspection of Disassembled Cells

This section discusses the visual inspection of a large-format 75 Ah cell. Fig. 5.40 shows the captured
images of the cell in fresh and aged condition as well as the snapshots of aged cathode and anode
electrodes. When the cell was new, its surface appeared to be pristine and flat with an average
thickness of about 11.47 mm. At the end of life, the cell surface was uneven with small spots at some
places. It also appears to be bulged at the edges along the length of the cell. The thickness increase
can be noticed in the side view of Fig. 5.40 (b) and measured on the cell as shown in Fig. 5.25.
As explained in section 5.2.2, the cell thickness accumulated during the cycling aging to a maximum
thickness up to 28% from its original value. The average thickness at the EOL was 12.98 mm, that is,
13.2% increase.

The aged cell was opened inside the argon-filled glove box in a completely discharged state. The elec-
trodes were separated and washed with DMC and dried to remove the remaining traces of electrolytes
and impurities. Fig. 5.40 (c) & (d) shows the images of the aged cathode and anode electrodes,
respectively. It could be observed that there were no major damages to the cathode, except at the
edges where the surface appeared to have undergone mechanical strain. There were tiny white spots
on the surface, which could have been some by-products due to irreversible reactions mainly caused
by the aging process. The anode surface appeared to be completely damaged by the aging process.
Metal deposits could be seen on the edges of the electrode at the locations where the unopened cell
had bulged. They may have formed due to mechanical pressure enforced by the sealing process. These
metal deposits have been reported as lithium plating on the anode surface [167]. In some parts of the
electrode surface, the graphite materials were exfoliated from the current collector. This occurs due
to cracking of the SEI layer, solvent co-intercalation, gas evolution, and so on, as explained in section
2.3.

These visual inspections indicate that the aging process is triggered by the deterioration of anode
electrode. The optical view represents the inhomogeneous aging (according to Fig. 5.36) and the
current/SOC distribution (according to Fig. 5.37). Similar images of the 8 Ah cells can be found in
App. A1.9.
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Benefits of Cell Sizing Investigation

6.1 Selection of the Right Cell

Selection of the right cell type is critical for the design and development of the battery pack to match
the vehicle energy and power demands. Tab. 6.1 shows the characteristics of different cell forms. Each
format presents certain advantages and disadvantages in the context of vehicle application. Cylindrical
cells comes in standard format, and they have great advantage in manufacturing compared to non-
standardized pouch and prismatic forms. This cost advantage is not going to continue much longer, as
the cost of manufacturing flat cells has come down significantly over the years and getting closer to the
cylindrical cells. To overcome poor packing efficiency, cell manufacturers started producing prismatic
and later pouch cells. The prismatic form has a lower energy density due to the hard casing; hence, to
improve the energy density, soft polymer cases were used in the pouch cells. However, this light weight
design advantage is lost at the pack level, as they require more packing for mechanical strength.

Table 6.1: Comparison of Different Cell forms [177]

Prismatic Cylindrical Pouch
Heat rejection/cooling Good place between cells can be used for cooling Good

Stacking Easiest Requires extra parts Requires extra parts
Assembly in module Good Requires integration Hardest: requires more housing to add rigidity
Recycling/disassembly Good Good Difficult if tabs are laser welded

Packing efficiency Good Worse Best
Casing Aluminium, steel or hard plastic Steel/Aluminium Polymer

Use in vehicles In production BMW i3 Panasonic cells in Telsa EV LG Cells in Chevrolet Volt

The great advantage of pouch and prismatic forms is that they are available in larger sizes, that is,
more energy per cell. This allows a reduction in the number of cells with a parallel connection in
a module and thus reduces the pack assembly cost. However, due to the non-standardized shapes,
they are more difficult to manufacture. If only the costs of the cells are considered in a battery pack,
cylindrical cells are much cheaper than the other forms. Cylindrical cells are mostly available in 18650
configurations, either as high-energy or high-power cells. The high-energy cells are preferred for EV
applications and high-power cells in HEV applications. A typical high-energy 18650 cell has a capacity
of ∼3 Ah. The battery pack for EVs is built by assembling cells in a series and parallel to enhance
voltage and cell capacity, respectively. It requires several thousands of cells to build a battery pack
for EV application. The cost of BMS may increase with the number of cells to monitor in a battery
pack. Here, a large-format pouch and prismatic cells have a clear advantage, where individual cells
have capacity up to 60 Ah. Irrespective of any cell size, each cell has a nominal voltage between 3–4 V,
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and, on average, more than 90 cells are connected in a series to bring the voltage above 360 V. In such
a scenario, a few hundreds of large-format pouch/prismatic cells, including the parallel connections,
are required to build a battery pack.

Going from cell level to module and pack level, the gravimetric energy density and power density are
reduced significantly. The number of passive components gets added at each level from the cells to
the pack. These passive components are essential to ensuring the cells are performing at their best to
deliver required energy and power to the vehicle. They consist of the following parts:

• A battery management system, an assembly of circuit boards programmed to monitor, the volt-
age, current, and temperature from cell level to pack level. It also monitors the SOC, SOH, SOF,
and SOS, of the battery.

• Power electronics distribute the high currents and include DC-DC converters, safety devices,
shunts, fuses, connectors, and safety disconnector.

• Wiring to connect the cells in a series and parallel, connecting different cell-modules, and com-
munication wires in the battery, such as CAN.

• Mechanical support material such as casing with plastic or metals, insulation between the elec-
trical and cooling components.

• Thermal management of the battery, such as cooling, heating, heat sinks, fans, liquid channels,
and so on.

Table 6.2: Battery Pack Details

Manufacturer Battery Pack Cell Cooling Topology No. of
Energy [kWh] Capacity [Ah] Type Cells

VW [178] 18.7 25 /Prismatic Air 2P102S1/172 204
Smart EV [179] 17.6 52 /Pouch Liquid 1P93S/3 93
i-MiEV [180] 16.3 50 /Prismatic Air 1P88S/123 88
Tesla S [181] 85 3.1 /Cylindrical Liquid 74P96S/16 7104

Nissan Leaf [182] 24 32.5 /Pouch Air 2P96S/48 192

6.2 Challenges Due to Size Increase

In the last years, battery packs have been built with large-format cells, with exceptions in Tesla cars
where the small-format cylindrical cells are the preferred choice. The large-format cells are mainly
produced in prismatic or pouch forms. This idea was derived from batteries for mobile devices that
are geometrically flat and in which it is not possible to use cylindrical cells for such devices. Due to
their non-standardized shapes and sizes, there exist many variants of large-format cells; they are more
expensive than many cylindrical cells put together to match the capacity. The cost factor also comes
from the complexity of the manufacturing process. Its mechanical integration in the stages of pick
and place, stacking and winding are more difficult to accurately ensure the critical alignment of the
electrode stack with high uniformity. Large-format-cell manufacturing currently results in typically
12P102S: two cells in parallel and 102 cells in a series; a total of 204 cells
2No. of modules; they are connected in series to boost the battery voltage
3The battery pack is composed of 88 serially connected cells assembled in 12 modules (10 modules of 8 cells and 2
modules of 4 cells)
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lower cell yield and slightly higher cell-to-cell variation compared to short-format cells. The optimal
cell capacity for an EV application is between 40 and 60 Ah per cell, in some cases, up to 100 Ah
per cell (example, the new BMWi3 has 93 Ah cells). Even though they have an advantage in weight
distribution, volume distribution, and packing efficiency in a battery pack, it is only possible to match
these parameters at the battery pack level if its energy density at the cell level is comparable to
cylindrical cells. The energy density of the battery pack for the Tesla S at cell level is significantly
higher than the rest. Such an improvement can make the battery pack lighter and more compact.

Figs. 5.10 and 5.11 show that the temperature gradient was highest in the 75 Ah cell, irrespective of
cooling conditions. It is interesting to note that the temperature gradient was higher when aluminium
cooling plates were in contact with the cell surface. However, without the cooling plates, the maximum
temperatures in the cell would be significantly higher, as shown in Tab. 5.1. The surfaces close to the
cell tabs experience high temperatures, and this increases the temperature gradient in the cell. On the
one hand, cooling plates placed on the cell reduce the cell temperature, and, on the other hand, they
increase temperature inhomogeneity. An optimal solution should be considered to reduce the average
cell temperature and also keep the temperature gradient to a minimum value. Otherwise, large-format
cells experience inhomogeneous aging, leading to premature end of life, as shown in Fig. 5.1. Air-
cooled systems are less expensive than aluminium cooling plates because the pack and module designs
can integrate the air channels into the mechanical structure without additional cost to the system.
On the other hand, it reduces the volumetric energy density at battery level pack, because a lot of
empty spaces are consumed in the process [183]. The cooling plates between the cell surfaces not only
increase temperature inhomogeneity, but they also may not be efficient if they are not completely in
contact with the cell surface. Moreover, surface cooling is inefficient because it creates a high thermal
gradient perpendicular to the layers. This leads to non-uniform impedance and therefore non-uniform
currents between the layers, thereby reducing the useable cell capacity. Therefore, surface cooling leads
to inhomogeneous aging, whereas tab cooling can result in uniform current distribution in each layer
[184]. In such a scenario, the tab cooling can be cost-efficient, reduce capacity loss, and remove excess
heat from the cell tabs where the maximum cell temperature is expected, as described in [185].

The volume expansion poses additional challenges to the mechanical stability of the cell. Frequent
expansion and contraction causes visco-elastic deformation of the materials, resulting in accumulation
of cell thickness. There should be a sufficient gap or spacer material between cells and external casing
to prevent unwanted stress acting on the cell. Swelling is another problem that is persistent in pouch
cells, especially when the cell is at high SOC. It increases with battery overcharge, resulting from faulty
BMS, and jeopardizes the safety of the battery pack. This problem is not so prevalent in prismatic cells
due to their hard casing. Additionally, it is difficult to provide fool-proof protection from an internal
short circuit or thermal runaway at the initial stages, as explained in section 2.1. The cylindrical
cells are equipped with CIDs, PTCs, and a pressure vent, which are enabled to function in the event
of overcharge, high temperature, and pressure, respectively. To a certain extent, prismatic cells have
PTCs and a pressure vent, but these devices are not present in pouch cells due to their inherent design.
Therefore, pouch cells are extremely vulnerable to risk compared to other cell forms, relying completely
on the BMS unit to prevent such undesirable events. Finally, the inhomogeneous aging reduces the
lifetime of the battery pack, and this means early replacement of the battery pack and additional costs
to the end user. This price is significant when the cost of the battery pack is around 30% of the vehicle
price.

These challenges are not meant to discourage the usage of large-format cells in EV applications; they
should be viewed from a perspective of addressing them sooner than later.
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6.3 Improvement in Design to reduce Cell Inhomogeneity

This section proposes improvement in the cell design to reduce the current density gradient, thereby
reducing the cell inhomogeneity. There are several design parameters that affect current distribution
in the cell, as explained in section 2.3.3. In this example, a large-format 75 Ah cell has been chosen
for the study. The cell aspect ratio is kept constant, and, by varying tab size and location, different
cell designs were studied. Tab 6.3 shows four different tab configurations, namely NT, CT, wide tab
design (WT), and a combination of wide and counter tabs (WCT) with varied tab size and location.

Table 6.3: Difference in tab configurations for 75 Ah

Dimensions4 NT WT CT WCT
dp,tab in mm 17 0 80 32
Ltab,W in mm 86 110 86 180
W in mm 245 245 245 245

dpc,tab in mm 60 55 123 122
εtab 0.245 0.224 0.5 0.498

The Ltab,W values for WT andWCT were increased to reduce the constriction and spreading resistance,
which helped to reduce the current density distribution near the tabs. Another design parameter is
tab eccentricity ( εtab), that is, how much the tabs are centrally positioned along the width of the cell.
The optimum value for εtab is 0.5, whereas any smaller or larger fraction will distribute the current
unevenly along two halves of the cell width. Eqn. (6.1) shows the calculation of εtab.

εtab = Distance of tab centre from Y-axis (dpc,tab)
Cell width (W) (6.1)
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Figure 6.1: Ratio of the maximum to minimum current distribution on the electrode surface during
3C discharge at 25◦C for different tab designs

The proposed cell designs were simulated using the SRECM approach (explained in section 5.4) to
evaluate the current and SOC distribution in the cell. Fig. 6.1 shows the ratio of the maximum to
4The schematic of the parameters is shown in Fig. 4.6.
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minimum current simulated along the cell surface during a 3C discharge at 25◦C ambient temperature
for different tab designs. The result shows a higher gradient for both the NT and WT designs compared
to CT and WCT. The current distribution in the NT and WT designs were nearly similar, and it did
not improve the current distribution because of the WT design. This could be due to reduced tab
eccentricity, and hence the advantage due to the widening of tabs was neutralized. The difference in
the current gradient for different tab designs may appear smaller, but, over a length of discharge, the
SOC difference increased with each passing time step. The CT and WCT designs improved the current
distribution and also saw a reduction in the maximum current gradient compared to other designs. It
should be observed that the tab eccentricities for both designs were close to the optimal value of 0.5.
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Figure 6.2: Maximum current distribution on the electrode surface during 3C discharge at 25◦C for
(a) Normal Tabs, (b) Wide Tabs, (c) Counter Tabs, & (d) Wide and Counter Tabs, cell SOC = 4%

The maximum current gradient occurs around 4% SOC for all cell designs. Fig. 6.2 shows the surface
distribution at the maximum current gradient. The current distribution reversal can be observed for all
tab configurations, that is, positions near the positive tab experience low current density compared to
positions farthest from the tab. The current gradient is lowest in WCT, followed by the CT, WT, and
NT designs. This surface plot is the best illustration of reducing the current density gradient in large-
format cells. These results are in agreement with the proposed tab configurations in [21, 87]. Hence,
increasing the tab width and improving the tab eccentricity in large-format pouch cells can reduce
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the cell inhomogeneity. In the cylindrical cells, the current gradients can be reduced by introducing
multiple tabs to the cell. This type of configuration is available in commercial A123 26650 cells, which
have four tabs each for positive and negative terminals [186].

Despite this design improvement, it is critical to evaluate the cost of production and the gravimetric
and volumetric energy densities of these cells. A CT design may not increase the cost of production,
but it could increase the geometric length of the cell (including the length of the tabs) when the cell
tabs are placed on the opposite side and decrease the overall volume of the cell, thereby reducing the
volumetric energy density at the cell level. However, going to the module and pack level, it could
serve as an advantage in the placement of cells to connect them either in a series or in parallel. The
volumetric energy densities of module and packs can match the cells of the NT design or even improve
it. However, a cell design with WCT requires additional current collector materials, both copper and
aluminium, and the costs add up with an increase in kWh capacity. Both gravimetric and volumetric
energy density are reduced with an increase in the amount of materials that do not take part in the
electrochemical conversion of energy. Therefore, these design aspects need to be considered in finding
an optimal solution for the overall performance of the cell.
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Chapter 7

Conclusion and Outlook

7.1 Conclusion

It is a well known fact that the large-format cells have advantages in the EV battery compared to
the short-format cells due to lesser connections and wiring for the battery pack, lower integration and
assembly costs, higher weight to volume ratio, and so on. However, it was also observed that large cells
age faster than small cells. With this sizing phenomenon, this thesis has found reasons for the faster
aging in large-format cells and, if possible, avoid it with better design of cells and optimal thermal
management.

This thesis begins with studying the influence of sizing on different cells, 8, 25, 53, and 75 Ah NMC cells,
chosen for investigation. Through an extensive literature study, the effects of cell size increase have
been evaluated. These studies have concluded that an increase in cell size increases cell inhomogeneity,
additionally influenced by operating conditions, such as C-rate and ambient temperature. Hypotheses
were developed proposing that cell inhomogeneity occurs only during cycling and not under storage
conditions. Several experimental methods were reviewed and adopted to evaluate cell inhomogeneity.
Results of aging tests proved the proposed hypotheses, as explained in section 5.1.1. The aging tests
also proved that large-format cells age faster, and the aging is nonlinear when the cell is near its EOL.
Additional aging results from 1.1 Ah and 2.5 Ah LFP cylindrical showed better capacity retention
compared to the pouch cells.

Spatial temperature measurements showed that there is a strong influence of cell size on temperature
inhomogeneity up to 10◦C in 75 Ah cells, along with operating conditions such as ambient temperature
and C-rate. The influence of operating conditions on temperature inhomogeneity agreed with the
literature findings. It has also been demonstrated that cooling methods influence the temperature
distribution in the cells irrespective of cell size. As temperature is a dominant stress factor in cell
aging, a high temperature gradient leads to stronger aging inhomogeneity.

Cell volume expansion and contraction occurs during the charge and discharge process, respectively.
A pouch cell expands by about 2% of its original volume, mainly restricted along its thickness. The
measurements showed that volume expansion is non-uniform throughout the cell surface. It depends
on the mechanical construction of the cell and the prestress caused by the manufacturing process. The
volume expansion is directly related to cell voltage or SOC. High C-rate cycling led to large residual
volume expansion in the cell due to temperature rise and residual cell capacity. This increases the
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mechanical stress on the cell. The aging process caused thickness accumulation in the cell, due to SEI
layer growth, lithium plating, gas evolution, and so on. In the large-format 75 Ah cell, its average
thickness increased by 13%, and, due to inhomogeneous thickness growth, the maximum thickness
increase was 28% at the EOL. Its thickness increase during cycling is an indication of diminishing
SOH. The cell volume expansion measurement is critical for the design of battery packs. Sufficient
thickness allowance should be provided between the cells and external casing in order to prevent
external stresses from acting on the cell, when the cell remains in expanded state.

The results of multi-scale multi-domain models proved that the same cell parameters can be used
to upscale the cell size to evaluate the performance of large-format cells. This simulation tool is
particularly useful to study the performance of large-format cells in EV battery packs beforehand. The
voltage and temperature measurements were validated against the simulation results with reasonable
accuracy. These models were also used to evaluate current, SOC, and temperature distribution in
the cell, which otherwise were not possible to measure with the existing techniques. However, these
models have a few limitations, and these models were only used to perform a qualitative analysis. The
limitations of this modelling technique are discussed in section 5.3.5.

SRECM was developed to evaluate aging inhomogeneity in two sizes, 8 Ah and 75 Ah cells, respectively.
The simulation results showed that 75 Ah cells had greater inhomogeneity, especially toward the EOL.
Inhomogeneous current and SOC lead to localized or inhomogeneous aging. The final part of the thesis
explains the benefits of the cell sizing investigation, especially choosing the right cell type for a battery
pack. It also explains various challenges caused by cell size increase and possible improvements to cell
design, for example, changes to tab configuration to reduce inhomogeneity.

The major contributions of this thesis are:

• Calendar aging and cycle aging evaluation of commercial lithium-ion pouch cells with NMC
chemistry, for the different sizes 8, 25, 53, and 75 Ah.

• A temperature inhomogeneity study through spatial measurements in different cooling medium:
(a) forced air convection and (b) aluminium cooling plates.

• Volume expansion study of 8 Ah and 75 Ah cells, (a) fresh cells and (b) aged cells, and evaluation
of thickness accumulation during the aging process.

• Electrochemical and thermal modelling of 25, 53, and 75 Ah cells with the same parameters
(except for cell geometry) as the given cell types using the scale-up approach.

• Simulation of aging inhomogeneity by SRECM in Matlab/Simulink®.

7.2 Outlook

This thesis presents cell sizing investigations by comparing the performance and aging of commercially
available cells. The cells chosen were not ideal for these investigations, and some compromises were
made, as it is difficult to manufacture custom cell designs at laboratory or pilot scales that match
tolerance and performance to obtain reproducible results.

• The tab configuration for the 8 Ah cell was different from that of the rest of the cells

• All the cells did not have identical thickness or number of layers
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• The external sealing of the soft case was different for the selected cell types

For future sizing investigations, these aspects should be taken into consideration. The spatial measure-
ments provided a good overview of temperature distribution on the cell surface. However, the inner
layers of the cells were considerably hotter than the surface temperature due to less heat exchange
with the surroundings. Efforts should be made to place temperature sensors inside commercial cells
for further investigations. The displacement sensors used in the measurements are point-based, and
they should be replaced with more accurate and higher-resolution laser sensors that construct 2D/3D
images to evaluate the volume expansion in pouch cells. Moreover, future investigations of volume
expansion should include cylindrical cells. Such investigations could be interesting for observing the
influence of the cell size (diameter) on the mechanical stress applied in the electrodes.

The multi-scale multi-physics COMSOL model has few limitations in simulating the temperature, SOC,
and current gradients. The simulated temperature gradients were much lower compared to the actual
measurements. A full 3D electrochemical and thermal model with more detailed parameterization
could improve the accuracy of the model. However, it is computationally more expensive, and it is
difficult to obtain a complete set of parameters for a given cell without simplification of the model.
The present model is not suitable for the simulation of aged cells, as many parameters change during
the aging process, and new parameters have to be introduced, for example, SEI layer growth, lithium
plating, and so on. The model should be improvised to adopt aging characteristics to evaluate aging
inhomogeneity.

The SRECM is a much more simplified approach compared to a FEM-based tool like COMSOL. It has
a limited set of parameters, and aging parameters were easily adopted from the available measurements.
This model also needs further improvement by coupling the thermal model to the existing electrical
model. The surface current and SOC distribution can be simulated more accurately by increasing the
number of sub-cells. The modelling approach can be used to optimize the cell design, as it provides
endless iterations of changes to the parameters to simulate the cell performance. This saves a lot of
cost, time, and resources to manufacture high performance cells.
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Appendix

A1.1 Battery Definitions

• Charge Voltage Limit
The maximum allowed charge voltage specified by the manufacturer. The value depends on
current rate, duration of current pulse during the pulse operation mode.

• Discharge Voltage Limit
The minimum allowed discharge voltage specified by the manufacturer. The value depends on
current rate, duration of pulse during the pulse operation mode.

• End of Charge Voltage
It is the cut-off voltage specified by the manufacturer during CC and CV operation.

• End of Discharge Voltage
It is the cut-off voltage for continuous discharge, specified by the manufacturer.

• Nominal Voltage
It is the reference voltage of the battery, which is also referred to sometimes as normal voltage
of the battery.

• OCV
It is the voltage between the battery terminals under no load conditions. It depends on the SOC
and temperature.

• Terminal Voltage
It is the voltage between the battery terminals which it is being charged or discharged. It varies
with SOC, charge/discharge current.

• Nominal Capacity
It is the capacity in Ah, when the battery is discharged from a completely charged state (100%
SOC) with a constant current until the end of discharge voltage at room temperature. The
nominal capacity is specified by the manufacturer. If the experimentally determined capacity
differs more than 5% from the manufacturer’s specification, the measured capacity value should
be used as nominal capacity.

• C-rate
It is the discharge or the charge current, numerically expressed in the multiples of rated capacity
in Ah of the battery. For example, if a cell of 5 Ah nominal capacity is discharged with a constant
current of 5A, then the C-rate is 1C.
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• Actual Capacity
It is the amount of charge that can be removed from a battery, which is function of temperature,
current and aging.

• SOC
It is an expression of the battery capacity as a percentage of nominal capacity.

SOCnom = 100 ∗ nominal capacity− dischargedcapacity
nominal capacity (A1.1)

SOCact = 100 ∗ actual capacity− discharged capacity
actual capacity (A1.2)

(A1.3)

• DOD
It is the percentage of battery capacity that can be discharged, expressed as the percentage of
nominal capacity.

DOD = 100− SOC (A1.4)

• Calendar Life
The time required to reach the end of life of the battery at reference temperature (25◦C) under
open circuit condition.

• Cycle Life
The time required to reach the end of life when the battery is in use, at a reference temperature.

• BOL
It is the time at which the actual test begins. The characteristics of the cells at BOL are
determined by discharge capacity measurement, HPPC & EIS test.

• EOL
When a battery reaches 80% or 70% of its nominal capacity, the battery is considered to have
reached the end of its life. This is an industry standard definition, which does not mean that the
battery cannot be used anymore or it should be disposed.

• Second Life
When an automotive battery reaches its EOL, it can be used for other less intensive application
such as off-grid energy or photovoltaic application. This is termed as second life of the battery,
where it can be reused.

• End of Test (EOT)
It is the point of where the lifetime testing is halted, either because the criteria specified in the
test plan are reached, or because it is not possible to continue testing.

• Capacity Fade – ∆C
It is decrease in the capacity of the battery at a time during the lifetime test, measured with
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respect to the capacity at BOL. The capacity fade is calculated using the following formula,
where t0 is the time at BOL and t1 is the time during the test or after the test is completed.

∆C = 100 ∗
(

1− C(t1)
C(t0)

)
(A1.5)

• SOH
It describes the health or the percentage of available performance remaining, before the EOL. A
cell at BOL is at SOH = 100% and at EOL = 80% or 70%, depending on the criteria for EOL.

A1.2 Specifications of Measurement Equipment

Table A1: Specification BaSyTec CTS Battery Tester

Channels per Unit 32
Maximum Charging Current (A) 5
Maximum Discharging Current (A) -5
Voltage Range (V) 0 - 5
Time Resolution (ms) 20
Current Range 5A/ 300mA/ 15mA/ 1mA
Accuracy (%) ± 0,05

Table A2: Specification Digatron (MCT 200-06-6 ME S) Battery Tester

Channels per Unit 6
Charge Current Rate (A) 0,2 - 200
Discharge Current Rate (A) 0,2 - 200
Voltage Range (V) 0 - 6
Time Resolution (ms) 20
Accuracy (%) ± 0,1

Table A3: Specification Digatron Impedance Spectroscope (EISmeter 2-20-4)

Resistance Range (mω 0,3 - 3000
Output Current AC (A) 2 (max. peak)
Frequency Range AC Current 10 mHz - 6,5 kHz
Meas. Accuracy abs(Z) <1%
Meas. Accuracy arg(Z) <1°

Table A4: Specification Biologic SP-240

Compliance (V) -3,+14
Output Current AC (A) 1 µA - 4 A
Frequency Range AC Current 10 µHz - 3 MHz
Meas. Accuracy abs(Z) <1%
Meas. Accuracy arg(Z) <1°
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A1.3 Special Measurements Setup

(a)

(b)

(c)

(d)

Figure A1: Spatial temperature measurements with Al. cooling plates (a) 8 Ah sensor positions (b)
25, 53 Ah sensor positions (c) snapshot of 8 Ah cooling setup (d) snapshot of 25 Ah cooling setup

• Fig. A1 (a) and (b) shows the location of sensors on the cell surfaces for respective sizes

• Sensors are placed equidistant from one another to generate the temperature map along the
surface

• All dimensions shown are in mm

• Fig. A1 (c) and (d) the pictures of cooling setup for 8 Ah and 25 Ah cells respectively

• 25 Ah and 53 Ah cells have identical dimensions, hence the same cooling setup was used

• Temperature measurement were logged in Keysight datalogger 34980A
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 (a) 8Ah Cell

 (b) 25, 53 & 75Ah Cell

Figure A2: Picture animation of displacement measurement setup for different cell sizes

• Fig. A2 (bottom) shows the animation of 8 Ah and 75 Ah displacement measurement setup

• Displacement sensors are placed in this fashion to allow the cell to freely expand along the
thickness direction

• The details of the sensors and datalogging devices are shown in App. A1.8

• The entire measurement setup was placed inside a temperature chamber to have constant ambient
conditions throughout the tests
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A1.4 Simulation of Local Currents

1 2 3

4 5 6

7 8 9
Figure A3: Simulation of Local Currents at different points on the large format pouch cells

• Fig. A3 shows the simulation of local currents in a large format cell at different points

• A P2D model is used in the COMSOL Multiphysics tool to perform simulation

• The simulation points are selected based on the model described in Fig. 4.5
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A1.5 EIS Measurements for Different Cell Sizes

(a) 8 Ah (b) 25 Ah (c) 53 Ah

Figure A4: Electrochemical Impedance Spectroscopy measurements for different cell sizes
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• Fig. A4 the impedance plot for 8, 25 & 53 Ah cells respectively.

• The impedance plot of 75 Ah cell is shown in Fig. 2.4

• As explained in section 2.3.1, cell impedance increases during the aging process

• The right shift in the x-intercept indicates increase in the cell internal resistance

• The growth of SEI layers can be seen as development of two semi circular region in the mid
frequency range

• Two semi circular regions can be distinctively identified at later stages of aging or towards the
EOL

• The semi circular grows bigger as the number of cycles increases, an indication of increase in
charge transfer resistance and double layer capacitance

A1.6 Half Cell Entropy Calculations
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A1.7 Additional Aging Results

• Tabs. A5 and A6 shows the complete set of parameters used in the SRECM for 8 Ah and 75 Ah
cells

• These parameters were extracted from the HPPC tests at different SOC and aging intervals as
explained in section 3.3.2.1

• The obtained pulse measurements were imported to Matlab and parameters were extracted using
the Matlab function lsqcurvefit

• This is a nonlinear curve fitting solver which uses least square techniques by minimizing the user
defined function in comparison with the measured data.

• The user defined function for the curve fitting solver is shown in Eqn. (4.3)

• The OCV measurements at different cycle aging intervals are explained in section 5.1.3

Table A5: SRECM parameters for 8 Ah cell at different aging conditions

SOC[%] 100 90 80 70 60 50 40 30 20 10 0
Cycles Ri /Ω

0 0.006599 0.007086 0.007131 0.007041 0.006565 0.006596 0.006672 0.006783 0.0069 0.007114 0.010081
500 0.00796 0.008556 0.008697 0.008711 0.008409 0.008477 0.008526 0.009046 0.009249 0.009548 0.011841
800 0.009328 0.009736 0.009834 0.00978 0.009576 0.009754 0.009905 0.010493 0.010752 0.011107 0.013134
1200 0.014389 0.014711 0.014856 0.014748 0.014831 0.014955 0.015052 0.015511 0.0161 0.016403 0.018134
1600 0.020051 0.020131 0.020187 0.020294 0.020095 0.019829 0.019928 0.020017 0.01956 0.019686 0.019675

R1 /Ω
0 0.001922 0.001726 0.001647 0.001729 0.001923 0.002003 0.002113 0.002499 0.002787 0.003686 0.008026

500 0.002273 0.002243 0.002385 0.002567 0.002861 0.003106 0.003386 0.00441 0.005594 0.006128 0.009391
800 0.003054 0.003099 0.003141 0.003298 0.003439 0.003926 0.004338 0.005557 0.007382 0.007926 0.010099
1200 0.003239 0.003355 0.003485 0.003433 0.003828 0.004289 0.004756 0.005727 0.008597 0.009118 0.011231
1600 0.004074 0.004288 0.004413 0.004326 0.004676 0.005424 0.005848 0.00687 0.012071 0.012778 0.015824

C1 /F
0 23.79429 44.67796 53.71054 41.69888 19.07796 19.67351 20.06327 18.44379 18.63367 17.32203 42.52576

500 20.40718 31.56421 29.80205 24.1197 14.22786 14.12523 14.09535 18.74231 16.94261 18.34654 34.42905
800 16.59958 19.87153 20.28564 17.09871 13.17313 12.74049 12.85085 16.97349 15.52427 16.8904 29.14673
1200 15.6822 17.21008 16.785 15.34144 12.5433 12.28067 12.19386 15.12032 15.49389 16.51551 25.18358
1600 40.01701 41.79295 41.59455 38.35706 34.71481 29.8646 28.39457 26.16503 17.9863 19.17803 18.79949

R2 /Ω
0 0.00345 0.003377 0.003369 0.003132 0.00383 0.004059 0.004393 0.004714 0.004275 0.007695 0.051164

500 0.003606 0.00341 0.003322 0.002984 0.003527 0.003661 0.003927 0.005348 0.004657 0.00778 0.032254
800 0.003745 0.003556 0.003423 0.003022 0.00352 0.003613 0.003848 0.006224 0.005267 0.008361 0.022752
1200 0.003775 0.003614 0.003476 0.003089 0.003553 0.003614 0.003791 0.007049 0.005732 0.008187 0.020034
1600 0.004073 0.003867 0.003668 0.003444 0.003852 0.003954 0.004023 0.007307 0.006442 0.008169 0.017901

C2 /F
0 2318.817 1889.245 1860.469 2081.776 1922.767 1919.75 1864.194 1718.812 1658.768 1072.908 354.4585

500 2226.526 1781.092 1707.03 1937.13 1918.712 1958.61 1885.035 1153.977 1212.519 867.5969 409.2008
800 2070.615 1676.604 1609.225 1846.407 1872.078 1850.8 1751.757 952.6472 1013.138 800.4667 389.8899
1200 2034.838 1697.587 1608.495 1918.736 1826.827 1813.71 1729.11 956.1175 897.4624 787.8595 401.4637
1600 2247.896 1905.635 1846.248 2002.255 1895.471 1911.288 1846.141 1286.671 928.4016 928.3706 463.7177

A1.8 Displacement Sensor

• Keyence GT2-P12KL High-accuracy Digital Contact Sensor
To measure the displacement, which is on the scale of 100µm, high-precision contact type dis-
placement sensors with 1µm accuracy and 0.1µm resolution were used. The range of displacement
of this sensor is 0-12mm and a low-stress type head with contact force of less than 0.2N was used
to minimize the force exerted on the battery’s surface by the sensor head, so that the influence of
the swelling behavior of cells has minimal effect on the displacement value. The sensor has to be
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Table A6: SRECM parameters for 75 Ah cell at different aging conditions

SOC[%] 100 90 80 70 60 50 40 30 20 10 0
Cycles Ri /Ω

0 0.000744 0.000764 0.00077 0.000762 0.000778 0.000794 0.000807 0.000825 0.000853 0.000871 0.00088
500 0.001045 0.001094 0.001109 0.001134 0.001147 0.001161 0.001167 0.001185 0.001237 0.001251 0.001429
800 0.001301 0.001351 0.001383 0.001371 0.001419 0.001386 0.001415 0.001439 0.001495 0.001523 0.001773
1200 0.001679 0.001737 0.001778 0.001787 0.001844 0.001848 0.00186 0.001877 0.001944 0.001988 0.002295

R1 /Ω
0 8.85× 10−5 0.000103 0.000121 0.000124 0.0001 9.95× 10−5 0.000113 0.000143 0.000201 0.000309 0.000618
500 0.000427 0.000379 0.000352 0.000328 0.000317 0.000311 0.000332 0.000371 0.000437 0.000629 0.001024
800 0.000506 0.00046 0.000416 0.000428 0.000385 0.000423 0.000421 0.000456 0.000527 0.000699 0.001092
1200 0.000671 0.000633 0.000581 0.000573 0.000531 0.000529 0.000536 0.000569 0.000622 0.000768 0.001149

C1 /F
0 3.19× 103 3189.298 2571.344 2739.441 2765.687 2.15× 103 1908.381 1462.904 991.3762 779.3904 670.3273
500 403.3778 476.9462 562.5811 611.3689 571.2889 564.0167 534.0977 535.4952 495.3465 415.1539 407.5073
800 366.262 410.2748 485.9521 495.464 502.682 430.8826 438.0834 443.2554 411.1129 366.9773 365.1829
1200 282.7962 316.8225 344.0079 343.3718 379.8002 360.7225 362.1724 348.8948 336.4198 305.8111 317.5723

R2 /Ω
0 0.000364 0.000379 0.000374 0.000362 0.000315 0.000374 0.000398 0.000422 0.000478 0.000608 0.012961
500 0.000382 0.00039 0.0004 0.000392 0.000364 0.000411 0.000434 0.000466 0.00052 0.000976 0.004207
800 0.000405 0.000411 0.000422 0.000417 0.000404 0.000457 0.000477 0.000513 0.000577 0.000971 0.003166
1200 0.00045 0.000468 0.000484 0.000491 0.000497 0.000555 0.000581 0.000621 0.000695 0.00095 0.002329

C2 /F
0 30197.89 24475.69 21764.96 21379.66 26510 25383.47 25714.14 24364.22 19932.22 14078.85 4879.088
500 24784 19561.47 17836.5 17510.45 21164.78 21136.51 20789.54 19434.45 14663.58 9908.691 3582.931
800 21564.51 17553.04 16427.32 16655.01 18679.55 18342 17972.8 16888.29 13519.7 9384.17 3714.148
1200 17267.09 15354.05 14571.2 14455.37 15153.55 14080.36 13734.91 13084.62 10842.77 7944.628 3997.528

used together with an amplifier (Keyence GT2-71MCN), which powers the sensor and provides
a digital display as well as an analog current output. The sensor and the amplifier are shown in
Figure A7.

(a) GT2-P12KL (b) GT2-71MCN

Figure A7: GT2-P12KL Pencil-type Sensor head and GT2-71MCN Amplifier

• Keysight 34972A LXI Data Logger
A Keysight 34972A Data Logger Switch Unit (Figure A8) was used to acquire the temperature
and displacement data from the displacement and temperature sensors (PT1000). A board with
22 channels (34901A) is plugged from the back side of the data logger. The output of the
displacement sensors is analog current between 4 and 20mA, corresponding to the displacement
range of 0-12mm. The sensors are connected to the last 2 channels, which are the only ones that
can measure direct current of all the 22 channels.
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(a) Front Panel (b) Back Side

Figure A8: Keysight 34972A LXI Data Acquisition / Data Logger Switch Unit

A1.9 Cell Disassembly

• Fig. A9 shows the selected images of the 8 Ah cell when the cell was new and aged

• The aged cell appears to have increased in the thickness as explained in sections 3.3.5 and 5.5

• The aged anode of 8 Ah appears to have fewer damages compared to the same electrode of 75
Ah cell

• The aged cathode has some prominent white spots which was not observed in 75 Ah

• Apart from this there are no significant damages to the positive electrode

(a) New Cell (b) Aged Cell

(c) Aged Cathode (d) Aged Anode

Figure A9: Visual inspection of new 8 Ah cell and the same cell at the end of life
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A1.10 SOC Distribution for Different Tab Configurations in
75 Ah Cells
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(d)

Figure A10: Maximum SOC gradient on the cell surface during 3C discharge at 25◦C for (a) Normal
Tabs, (b) Wide Tabs, (c) Counter Tabs & (d) Wide and Counter Tabs, cell SOC = 25%

• Fig. A10 the maximum SOC gradient in 75 Ah cell during 3C discharge at 25◦C for different tab
configurations

• The simulation conditions were same to the results obtained in section 6.3

• It can be observed that the maximum current gradient and SOC gradient do not appear at the
same time interval

• The CT and CWT configurations helps to reduce the SOC gradient as well as current gradient
in the cell
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