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Abstract
In this thesis, the expansion behavior of a Prismatic Lithium-ion cell is investigated via its
external pressure changes. Experiments were done for 0% to 100% state-of-charge for both
charge and discharge at various charging rates from 0.05C to 1.2C.

An equivalent circuit with a single resistance was used to model the pressure behavior during
charging, where the modeled resistance can be understood as a mechanical resistance of
the cell casing to expand. It was shown to exhibit a clear trend for charging rate as well
as state-of-charge, with values becoming bigger with both increasing charging rate and
state-of-charge up to 0.5C. The model was evaluated for 0.3C with the absolute relative
error between the modeled and experimental result being around 1% after 5% to 100%
state-of-charge. Data from two research articles with similar pressure change experiments
were used to validate the model. The first, [1], used charging rates comparable to those
used in this thesis, and the other, [2], used charging rates above 1C. For the former, the
modeled resistance values showed similar trends as presented here. For the latter however,
the resistance values instead decreased with both state-of-charge and increasing charging
rate, which was assumed to be due to lithium plating at higher state-of-charge at the higher
charging rates as well as due to thermal effects.

Keywords: Li-ion cell, Cell swelling, Equivalent circuit model, Pressure response,
Prismatic Li-ion cell

iii





Acknowledgements
This thesis work was carried out at the Cell Simulation Group in Volvo GTT. It was presented
in and graded by the Department of Electrical Engineering at the Chalmers University of
Technology.

We are grateful to the assistance from the following people. It would have been difficult to
complete the thesis work without them.

• Niladri Roy Chowdhury from Volvo GTT supervised and mentored us throughout this
thesis work by guiding us whenever we were confused with theory, model development,
and validation.

• Gustav Giske supported and instructed us throughout the process of the experimental
set-up and conduction of experiments. Praveen Raju Hasabavi also shared his knowl-
edge and time for the safe and successful completion of the experiments. Both of them
were from Volvo GTT as well.

• The members of the Cell Simulation team who advised and encouraged us.

• Torbjörn Thiringer from Chalmers University of Technology who was the examiner
for this thesis work. He also provided the experimental test-rig and sensors that we
used and held hands throughout the project work, providing vital feedback on how the
experiments were run.

We thank all the people mentioned above. Special gratitude to Volvo GTT and Chalmers
University of Technology for providing the opportunity to learn and grow.

Finally, we thank our family and friends for their encouragement and boosting of our confi-
dence.

Gingsjö Erik
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Chapter 1

Introduction

Recently there has been a worldwide spike in the usage of Lithium-ion(Li-ion) batteries
for numerous applications. Where one of the largest single applications is in the transport
industry (See figure 1.1), in battery electric vehicles (BEVs) and hybrid electric vehicles
(HEVs). Nowadays BEVs and HEVs are preferred over conventional Internal combustion
vehicles (ICVs), mainly due to less pollution, less noise, and so on[3]. The increased price
and supply shortage of fuel for ICVs offer yet other explanations. The electric car also has
significantly fewer components in its power train than a conventional ICV, which increases
reliability and reduces maintenance frequency, whereas conventional cars have an issue of
strict regular engine maintenance followed by a raised replacement and repair cost of spare
parts[4]. Moreover, automobile manufacturers are focusing on electric drive systems for
their improved efficiency and reduced operational costs [5].

The European Commission has strict rules regarding the amount of pollutants in the exhaust
emission from ICVs [6]. BEVs can meet the standards of the current regulations with
efficient machines [4] [7]. Li-ion batteries are used in them because they have better cycle
stability, high power and energy density, safety, etc, When compared to other battery varieties
[8] [9]. The cost of mass production of the batteries is also reasonable [10], and their usage
causes less harm to the environment [11].

Figure 1.1: Li-ion batteries in Automobile industry
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However, electric vehicles have drawbacks such as an increased price, long charging time,
and reduced driving range [12]. As a by-product of the reactions inside the battery gas is
generated, which is observed to sometimes being released when either stored or operated
[9]. It is therefore important to better understand the behavior of Li-ion cells under different
conditions as a way to improve their life-cycle rather than being forced to replace them,
keeping costs down. [13]

1.1 Problem background

During normal cyclic operation, Li-ion cells tend to experience internal stress [13] due to
swelling and contraction of the electrodes, Solid electrolyte interface (SEI) formation as
well as gas and heat generation. Altogether, these effects will give rise to stress on the cell
casing, causing an expansion and contraction of the cell. The formation of gas not only
builds the pressure and causes the cell to expand, but it may also de-laminate the electrodes
and de-contact the active material [14] leading to capacity loss [13] [15], aging of the cell
and safety problems [14].

The rate of gas generation by chemical and electrochemical reactions inside the battery
is dependent on the manufacturing quality, chemistry of the battery, type of cycling, and
storage conditions of the battery [9]. Furthermore, ambient temperature, over-discharging,
and charging also have an impact on the release of the gas [16].

Usually, the swelling is barely noticeable, but in some cases, particularly in pouch cells, it
can be directly observed, see figure 1.2.

Figure 1.2: Comparison between a non-swollen pouch cell and a swollen pouch cell. [17]

Although the swelling effect in the single cell may be negligible, a more significant impact
can result at the cell module level. The cells are packed very tight inside the module and
thus have very limited space for expansion. Usually, when the battery enlargement is the
multiple of its number of cells, the deformation or cracking of the module cover can be
observed as in figure 1.3. The external pressure on a singular cell has also been found
to influence the aging and capacity fading of the cell[18]. Hence this motivates research
to study the swelling behavior in the beginning life of the battery pack from the cellular
level, both because of module concerns and aging and capacity loss of the cell. Especially
regarding the swelling behavior concerning temperature, c-rate, and state of charge (SOC).
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(a) New Toyota Prius battery module [19] (b) Swollen Toyota Prius battery module [20]

Figure 1.3: Battery modules a.) not cracked and b.) cracked due to swelling

1.2 Purpose

The purpose of this thesis is thus to investigate and model the swelling behavior of a
prismatic Li-ion-graphite/NMC-cell at the Beginning of Life (BoL).

1.3 Previous work

Oh, et al [1] studied the thickness change during one cycle in a prismatic graphite/NMC
cell at different points, see figure 1.4. The thickness increase showed a maximum in the
center of the cell (≈ 0.8 % expansion of initial thickness) (point 3 in figure 1.4) with much
less significant expansion at the edges of the cell at about 0.3% (point 2 in figure 1.4). At a
low c-rate where thermal swelling effects were deemed negligible, a maximum increase of
1.5% of initial thickness was observed, thought to mainly be attributed to the intercalation
of Li-ions in the electrode materials.

Figure 1.4: Schematic diagram of the experimental setup showing the fixture, the cell, and the thickness
measured locations 1–5. [1]
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During cell operations, there tends to be gas generation by unwanted side reactions[21] [22].
The rate of decomposition increases along the battery usage. Over-discharge and charge
current also cause a spike in the CO2 gas percentage inside the cell. These decomposed
gases exert pressure on the battery case from the inside [13], [17]. The observation made
by Seon-Hong and In-Hwan [22] while dissecting a cell post usage states that the gas
was accumulated between the jelly roll layers and between the jelly roll layer and casing.
Also, the anode surface had different color variations indicating most of the side reactions
happened in the anode.

Studies have also shown that the thermal swelling of the cell is influenced by the c-rate. Oh,
et al.[23] observed the thermal swelling of a Li-ion cell. They found a high dependency on
c-rate as well as on SOC. Additionally, at high temperatures, the thermal swelling appeared
linear, while at low temperatures the swelling was shown to be quadratic in nature.

Finally, when it comes to the modeling of pressure changes in Li-ion cells there have been
some quite successful phenomenological swelling models such as those described by Oh, et
al [24], and also full electrochemical multiscale models as described by Clerici, et al [25]
which could capture the pressure changes in a prismatic Li-ion cell. Research students Gutpa
[26] and Govindaraj [27] proposed a physics-based model that requires a large number
of cell internal designs and kinetic parameters, which is a cumbersome process to extract.
Additionally, cell suppliers sometimes restrict the possibility of opening up the cell to
investigate it internally. The complexity of these models opens up the possibility of making
a more simple model, without the need for extensive testing on or opening up the cell.

1.4 Ethical considerations in this work

Li-ion batteries are one of the most sustainable solutions when it comes to energy storage
and propulsion of cars [28], since in the end product, there is almost no environmental
impact of their usage aside from electricity production. However, one also has to take into
consideration the mining of Li and other necessary raw materials as well as the transport
of these and the production of the actual cell. Thus it is very important to optimize the use
of Li-ion cells in order to increase their life span as much as possible. Through this thesis,
more knowledge is given to how the development of pressure and stress inside the battery
cell takes place. As higher external pressure on the cell casing has been linked to increased
capacity fade, knowledge about how the pressure develops inside the cell at the beginning
of life could allow us to increase the existing lifespan of the cell. This is very positive from
a sustainability perspective as well as from an ethical viewpoint since fewer raw materials
will have to be mined and thus also less chance for people to be exploited.

5



Chapter 2

Theory

In this chapter, relevant theory necessary for the analysis of the experiments and discussion
of results is presented.

2.1 Overview of Lithium Ion Cells

A lithium-ion cell is an electrochemical cell that reversibly stores and shuttles Li-ions
between the anode and cathode materials. It consists of five main parts, An ion-containing
electrolyte, allowing ionic transport but being electronically insulating, a separator which
blocks electron transfer but allows for ionic transport, an anode whereby an oxidizing
reaction with the electrolyte produces electrons while discharging and ions, a cathode that
accepts electrons due to a reducing reaction with the electrolyte while discharging, two
current collectors that collect electrons from cathode and anode and finally an external
electric circuit connecting the current collectors permitting electron flow between anode and
cathode, see the schematic Fig 2.1. During charge, Li-ions as well as electrons flow from
the cathode to the anode.

Figure 2.1: The four main parts of a lithium-ion cell: Anode, Cathode, Separator, Current collectors, and
Electrolyte.

The open-cell-voltage, OCV , of the cell is the characteristic voltage of the cell without any
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load and is defined as the difference in electrochemical potential between the anode and
cathode [29],

OCV =
µ̄c − µ̄a

−e
(2.1)

where e = 1.602 · 10−19C is the electronic charge and µ̄c together with µ̄a are the electro-
chemical potentials of the cathode and anode respectively. Due to internal resistances, the
measured voltage will be different from the OCV as,

Vmeasured = OCV − IRi (2.2)

where I in (2.2) is the charge/discharge current, which is negative on discharge, and Ri is the
internal resistance of the cell. Thus (2.2) will yield a higher value than the OCV on charge
and vice-versa on discharge. (2.2)

2.1.1 Intercalation

The most common way of reversibly storing Li-ions in the electrodes is through a process
known as intercalation. In essence, this means that the Li-ions are stored in available sites
in the electrode structures. The process can be described as follows,

xLi(Anode) + εLi(Cathode)⇌ (x − y)Li(Anode) + (ε + y)Li(cathode) (2.3)

where x and ε are the number of Li-ions in the anode as well as a cathode at full charge,
and y is the number of Li-ions that are removed from the anode material and added to the
cathode material during full discharge. There is a non-zero amount of Li-ions, ε, in the
cathode material at full charge since its structure becomes less stable if it is allowed to
delithiate too much[30]. Note that left to right in (2.3) denotes discharge and right to left
meaning charge.

A quite illustrative example of how the Li-ions are stored in an intercalation electrode
material can be made with graphite, one of the most commonly used anode materials in
Li-ion cells. It is made up of layers of carbon stacked vertically, each layer consisting of a
hexagonal grid of carbon atoms, see figure 2.2.

Figure 2.2: Multiple Layers stacked [31]

In the graphite lattice the available sites for the Li-ions occur in the center of these hexagons,
see 2.3.

7



Figure 2.3: LiC6 structure [32].

Fully lithiated graphite, meaning that Li-ions have filled all available lattice sites, therefore
has 6 carbon atoms per 1 Li-ion, thus having the chemical formula LiC6.

In reality, the electrode structure will change in order to accommodate the Li-ions, leading
to slightly different material properties depending on the degree of Lithiation and also the
expansion and contraction of the electrodes.[33][34] [35]

2.1.2 Electrode Materials

As previously mentioned, graphite is usually used for anode material, and has a theo-
retically fully lithiated specific gravimetric capacity of 372 mAhg−1[36]. The cathode
material is often a transition-metal oxide, such as Li-Ni-Mn-oxide (NMC) most com-
monly LiNi0.33Co0.33Mn0.33O2, Lithium nickel oxide (LNO), LiNiO2, and Li-Mn-oxide
(LMO), LiMnO2, with specific capacities of 280mAhg−1 [37], 225mAhg−1, and 120mAhg−1

respectively[38]. Each offers both advantages and disadvantages, and their usage depends
on the application, see figure 2.4.
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Figure 2.4: The advantages and disadvantages of different lithium-ion battery cathode materials from [39].

2.1.3 Electrolyte

The operating voltage window decides which electrolytes can be used in the cell. The
electrolyte is selected so that the electrochemical potentials of the anode and cathode are not
too far off from the Highest Occupied Molecular Orbital (HOMO) and Lowest Occupied
Molecular Orbital (LUMO) of the electrolyte. That is,

OCV = µ̄A − µ̄c ≤ Eg (2.4)

where Eg is the energy difference between the HOMO and LUMO energy levels. If µ̄A >
HOMO the electrolyte may be reduced on the anode forming a Solid Electrolyte Interface
(SEI). Additionally, if µ̄C < LUMO the electrolyte will be oxidized on the cathode. For
Li-ion cells, the voltage window is often > 4V and as such, aqueous electrolytes with
Eg ≈ 1.3eV is not applicable. Instead, non-aqueous electrolytes are used.

In the case of a graphite/NMC cell, the OCV at 100 % is about 4.2V[40]. This means that
aqueous electrolytes with Eg ≈ 1.3eV cannot be used and thus Li-ion cells usually contain
non-aqueous electrolytes with much wider electrochemical windows such as organic and
polymer electrolytes[41]. The redox formation energy of graphite also lies above the HOMO
of the most commonly used electrolytes and as such SEI will always be formed on a graphite
anode. Additionally, SEI formation also causes increased internal resistance of the cell[33].

2.2 Volume changes in Li-ion cells

There are several ways whereby volume change can occur in Li-ion cells, both reversible
due to heating as well as intercalation, and irreversible due to solid electrolyte interface
(SEI) as well as gas formation. While cycling, the non-uniform intercalation of the Li-ions
in the electrode materials will cause mechanical stress within the active materials [42]
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2.2.1 SEI formation

The SEI layer is mostly found on the surface of the graphite particles as in figure 2.5. It
forms initially in the cell’s formation cycle and increases in thickness as the cell ages. The
SEI formation on the electrodes will cause an irreversible volume increase in the cell. The
thickness and composition of the SEI layer will depend on the electrode materials as well as
the electrolyte but it is generally 10-100 nm thick[43].

Figure 2.5: Formation of the SEI layer.

2.2.2 Intercalation related effects

When lithium ions are intercalated into the anode and cathode materials, the crystal structures
will change in order to accommodate them, and the unit cell volume will change accordingly.
During charging, a graphite anode can expand from 10[44] up to 13.2%[45] while an NMC
cathode decreases in unit cell volume from 2 to 8% depending on NMC type[46][47].
Overall this causes a net expansion of the cell and vice versa while discharging the cell.

2.2.3 Thermal expansion

Heating in a Li-ion cell comes from a number of sources, both when the cell is charged/discharged
and initially when the current is switched off. The internal resistance in the cell generates
what is known as ohmic heating and is irreversible since there is no similar reverse process.
Additionally, there is reversible entropic heating, heating from electrochemical and other
chemical reactions in the cell, and lastly heat of mixing due to the formation and relaxation
of concentration gradients. [48] Overall the heat balance can be written as follows,

Q̇ =
(
IV−
∑

l

IlU
avg
l

)
+
∑

l

IlT
∂Uavg

l

∂T
+cp

dT
dt
+
∑

k

∆Havg
k rk+

∫ ∑
i j

(H̄i j−
¯Havg
i j )

dci j

dt
dν (2.5)

where I is the current, V is the cell potential, Il is the current for electrochemical reaction l,
Uavg

l is the volume averaged open circuit potential for electrochemical reaction l, T is the
temperature, Cp is the specific heat capacity, ∆Havg

k is the volume averaged enthalpy change
for a chemical reaction k, and H̄i j

avg is the volume averaged partial molar enthalpy of species
i in phase j, and lastly ci j is the concentration of species i in phase j. The first term in (2.5)
describes the irreversible ohmic heat, the second is the reversible entropic heat, the fourth is
heat generation due to chemical reactions in the cell and the last is the heat generated due to
the creation of concentration gradients and subsequent relaxation of them. Omitting the heat
of mixing it is possible to write the heat balance in the following, simpler way,

Q̇ = I(V − U) + IT
∂U
∂T

(2.6)
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where the first term in (2.6) is the irreversible ohmic heating and the second term is the
reversible entropic heating.

Usually, the irreversible entropic heat generation dominates and as such at high c-rates there
will be considerable heating in the cell[49][50]. When the current is turned off the heating of
mixing described in (2.5) will come into play and will cause further heating of the cell[48].
All these heating effects will cause volume expansion.

2.3 Types of Lithium-ion cells

A Li-ion cell can be classified based on different cell designs, materials used, and applications.
For vehicle applications, there are three kinds of cell designs used namely: cylindrical, pouch,
and prismatic[50]. They differ essentially in the way they are packed, but all have the same
component parts of alternating cathodes, separators, anodes, and current collectors but
are folded in different ways. The anode current collectors are often aluminum and the
cathode ones are often made of copper[51]. Each different cell design has its drawbacks and
advantages.

2.3.1 Cylindrical cell

In the cylindrical cell, the sheets of the anode, separator, and cathode are rolled as a jelly
roll as shown in figure 2.6b to a certain diameter as per requirement 2.6a. This determines
the energy storage ability of the cell. The manufacturing of the cell is not complex but the
thermal control is difficult. They also consume additional space while packaging creating
voids between the cells. Regardless, those spaces can be used to run the coolant pipes for
better temperature regulations[52].

(a) Some kinds of the cells available in the market [53]. (b) Cylindrical cell windings[54].

Figure 2.6: Cylindrical cells

2.3.2 Pouch cell

In a pouch cell 2.7b, the electrode sheets are instead either stacked on each other or folded
in a Z-like form [52] as seen in figure 2.7a.
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(a) Different types of Pouch cell structures[54].

(b) Cells available in the market[55].

Figure 2.7: Pouch cells

2.3.3 Prismatic cell

Lastly, in the prismatic cell, the electrode sheets are also rolled, but in a different way from
cylindrical cells, as shown in figure 2.8a and 2.8b. Sometimes Z-folded prismatic cells can
also be found [52]. The winding is covered with a hard casing material such as aluminum or
reinforced plastic. These kinds of cells have excellent packaging efficiency. The temperature
difference between the cells is uniform while the reduction of heat in the cell module is
always a challenge[52].

(a) Structure of Prismatic cell [54]. (b) Cells available in the market [56].

Figure 2.8: Prismatic cells.

12



Chapter 3

Methods

In this section, the performed experiments and subsequent modeling are described. The
cycling tests were designed based on the cell specifications, and the test-rig was studied
before starting the experiments. The data obtained from the experiments was analyzed in
Matlab [57] and Python. The model was run in COMSOL Multiphysics[58].

3.1 Experimental set-up

3.1.1 Cell specifications

A prismatic cell with Graphite/NMC electrodes was used. Its operating range is 2.8 to 4.2
volts and has a nominal capacity of 50 Ah. The cell was at the beginning of its life with the
completion of its formation cycles.

3.1.2 Test Protocol

In order to study the overall behavior of the pressure during full cell charge and discharge
the pressure change was measured for several c-rates over the entire SOC range, see table
3.1.

Table 3.1: C-rates used for normal cycling

C-rate Current (A)
0.1 C 5
0.2 C 10
0.3 C 15
0.5 C 25
0.8 C 40
1 C 50

1.2 C 60

At the start of each cycling test, the cell was first completely discharged in order to test it for
the full capacity range. This was followed by two hours of rest allowing the cell to relax. In
order to have as comparable data as possible, three full cycles were subsequently performed
for each C-rate as shown in figure 3.1. Each charge and discharge was followed by two
hours of rest in order to relax the cell. The first cycle was only used in order to ensure that
the cell was in a similar state for all experiments and was later discarded, with only the 2
latter cycles being kept for analysis.
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Figure 3.1: Current input and voltage response for 0.2 C.

3.1.3 SOC estimation

The SOC of the cell is calculated from the input current applied to the cell by coulomb
counting, where the initial voltage after initial relaxation during the charge is considered as
0% SOC and it is assumed that the cell reaches 100% SOC the instant it has reached 4.2 V .
Similarly on discharge, 100% SOC is assumed to be the relaxed voltage when the discharge
starts and is assumed that 0% SOC has been reached when the voltage reaches 2.8 V .

3.1.4 Test-Rig

The scope of the thesis was to use an already existing test-rig to conduct experiments and
develop a model rather than to develop a test-rig. Therefore, a pre-existing test rig from
[59], made for pouch cells was used.

The test jig is described below in figure 3.4a. It is made up of 3 aluminum plates held
together vertically by 4 long screws at the corners. 4 load cells sit equally spaced from the
corners on the 24 mm thick bottom plate. The Li-ion cell then fits on the 24 mm thick middle
plate. Finally, a thinner, 13 mm thick plate, is fitted on top of the cell. In order to limit the
possibility of short-circuiting the cell, the plate above and below the cell was covered with
insulating tape.

An external force of 2000 N (i.e. 148.5 kPa) is exerted on the cell by fastening the nuts on
the bolts to mimic the force applied on the cell when they are assembled in the module[18].
The cell was connected to a Maccor series 4000 cell cycler whereas the load cells were
connected to the CAN bus of an IPETRONIK MSENS-2 device.
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Figure 3.2: The test-rig used for the experiment from [59].

3.1.5 Load sensors

F23 load cells

The load sensors used were FC23 compression load cells[60], as shown in figure 3.3a. A
total of four load sensors were used and their positions on the plate are illustrated in figure
3.3b. Each sensor is capable of measuring forces between 0 to 4.454 kN (307 kPa). It uses
a supply voltage of 5V and has a non-zero force output of ±20mV [60]. The load sensors
were calibrated with an LCB compression load cell [61] which can measure forces from 0
N up to 20 kN (1379 kPa).

During initial experiments, it was observed that the measured force was not even throughout
the plate, assumed to be due to a see-saw effect due to the fact that the plate was not perfectly
horizontal. As an effect there was a substantial difference in the force measured by the
different load sensors. Thus only data from sensor number 1, seen in figure 3.3b was used
for analysis.

(a) A Single FC23 compression load cell. (b) The placement of the four Load cells in the test-rig.

Figure 3.3

3.1.6 M-SENS2

The M-SENS2 is an IPETRONIK unit that allows analog data from a sensor to be sent
through a CAN bus to a computer. It has 4 analog input channels, with a channel sampling
rate from 1 Hz up to 2000 Hz. Additionally, any voltage required for the sensors can go
through these input channels [62]. It has a DC voltage requirement of 12V up to 35V,
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powered by an external DC source with an adjustable voltage supply, see figure 3.4b. The
total voltage requirement was calculated from the voltage requirement of load sensors [60]
and the IPETRONIK [62] unit. The sampling rate for the pressure sensor used was 1 Hz.

(a) M-SENS2 analog input module. (b) The DC Source used.

Figure 3.4

3.1.7 Cell Cycler

The cell was cycled using a Maccor series 4000[63] cell cycler that can handle currents from
-120A to 120A and voltages ranging from 0 to 5V. The test protocols are designed in the
Build Test software integrated with Maccor. The cell cycler then follows these commands
and runs the test on the cell accordingly.

3.2 Modelling

The pressure change was modeled as the circuit in figure 3.5 with an equivalent equation
3.1, assuming that the pressure response of the cell is analogous to the voltage response of a
battery with internal resistance.

Figure 3.5: Equivalent Circuit Diagram for the model.

The pressure response can also be assumed to be SOC dependent, and can thus be written in
the following way,

Pcell(S OC(t),T (t), I(t)) = Po(S OC(t),T (t)) + ℜmech(S OC(t),T (t), I(t)) · I(t) (3.1)

where Pcell is the resulting cell pressure and Po is the relaxed pressure at a particular SOC
and temperature both with unit pascal. ℜmech is the expansion resistance of the cell, the
mechanical resistance of the cell to resist expansion with the unit (pascal/ampere). Note that
the cell pressure depends on the SOC, temperature as well as the current.
The expansion resistance in (3.1) for a given c-rate x was calculated in the following way,

ℜmech,x =
Px − P0.05

Ix
(3.2)
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where P0.05 is the Pressure response for the lowest experimental c-rate, 0.05c, and Px as
well as Ix is the Pressure response and the absolute value of the experimental current at
c-rate x respectively. An illustrative figure can be seen below with the 0.5C charge pressure
experiment as an example.

Figure 3.6: Illustration showing how theℜmech values were obtained.

Due to time limitations, the modeling was only done for the charging case. A lookup table
withℜ values was created using pressure data from 0.1C, 0.2C, and 0.5C. These resistance
values were then interpolated to each desired c-rate and the pressure response could be
calculated as described in (3.1). Higher c-rates than 0.5C was not used due to bad data.
The model was subsequently validated with data from [1] and [2] taken with the use of
WebPlotDigitizer[64].
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Chapter 4

Analysis

In this section, the results, analysis as well as discussion of results, are presented. Analysis
of the gathered experimental data was done with Python and Matlab. Validation data, using
the results from two research articles, [1] and [2], is also presented.

4.1 Experimental observations

The pressure change over time is observed for one 0.2C in figure 4.1. The data shows that
the pressure change in the cell is reversible, with the cell expanding while charging and
contracting while discharging, due to intercalation and de-intercalation of Li-ions. The
intensity of the pressure developed will depend on the electrode composition, cathode
material, electrode balancing, and so on [2].

Figure 4.1: Pressure response for the c-rate 0.2C.

It can also be observed that the charge and discharge are not symmetric with respect to each
other, where the discharge curve is lower at a similar SOC compared to the charging case.
This might be due to some memory effect, where the cell has not had time to mechanically
relax when the discharge starts. Also, it could be due to the fact that the voltage at discharge
is always lower than the voltage at charge. This effect could be translated to the pressure
that is exerted on the cell casing.

The charge pressure measurements for the c-rates from 0.1C to 0.5C are displayed in figures
4.2 and 4.3 below for charge and discharge respectively.
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Figure 4.2: Pressure response over SOC for charging at c-rates from 0.1C to 0.5C.

Figure 4.3: Pressure response over SOC for discharging at c-rates from 0.1C to 0.5C.

There seem to be some trends in the data. For low c-rates, up to 0.5C, as the c-rate increases,
so does also the pressure change for both charge and discharge. This is reasonable since
faster intercalation of Li-ions into the electrodes should provide more strain on the cell and
thereby more expansion. At low c-rates, the swelling due to any thermal effect is less, as
heat generated in the cell is comparatively low.

Instead now looking at the pressure change for charge and discharge from 0.5C and up
to 1.2C in figures 4.4 and 4.5 there is a different trend. The maximum pressure change
goes down with increasing c-rate. This is contrary to what one believes should happen.
With increasing c-rate the mechanical stress increases due to non-uniform intercalation and
diffusion-limited stress within the electrode materials and thus more expansion of the cell
casing is expected. Additionally, the cell will probably start to experience some heating
effects at higher c-rates, causing it to expand even more. At c-rates above 0.5 to 1.2, the
maximum pressure change at 100% SOC instead decreases for increasing c-rates. The
reason for this behavior could lie in the setup of the test-rig used in the experiments. From
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previous studies [1] it has been shown that the swelling in a prismatic cell happens mainly
in the center of the casing. However our test-rig had the load sensors in the corners, see
figure 3.3b in Methods. Thus when the swelling becomes too big, the test-rig might have
difficulty capturing it correctly, and instead, lower pressures than the actual pressure are
observed since the cell does not swell as much at the edges. It could be that 0.5C is the limit
for the current set-up and in order to get good data for higher c-rates the test-rig has to be
changed, for example by placing a load sensor below the center of the cell. Another reason
for the trend at higher c-rate could be that the test-rig for higher pressures acts as a spring
and absorb some of the force leading to lower force measurement than what is actually
exerted on the cell’s surroundings. Additionally, it might be an effect due to the orientation
of the set-up. As discussed in Methods 3 the experimental data showed a lot of variance
between all load sensors due to the fact that the test-rig was not perfectly horizontal. At
higher c-rates the expansion of the cell casing is more substantial than at low c-rates, which
explains why more influence would be observed on the measurements.

Figure 4.4: Pressure response over SOC for charging at c-rates from 0.5C to 1.2C.

Figure 4.5: Pressure response over SOC for discharging at c-rates from 0.5C to 1.2C.
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Below in figures 4.6, 4.7, 4.8 and 4.9 the Pressure and Voltage derivatives with respect to
the SOC is displayed from C-rates at charge ranging from 0.1C to 1.2C. The corresponding
derivatives for discharge follow the same trends as the charge derivatives and can be found
in Appendix A.
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Figure 4.6: The Pressure derivative with respect to SOC for charging at c-rates from 0.1C to 0.5C.
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Figure 4.7: The voltage derivative with respect to SOC for charging at c-rates from 0.1C to 0.5C.

Looking at the c-rates from 0.1C to 0.5C in figures 4.6 and 4.7 the pressure derivative has
two clear peaks for all c-rates at around 18% SOC and another at about 80 to 90% SOC.
Meanwhile, the voltage derivative at the same c-rates also exhibits two peaks, one with a
center at around 18% SOC and another at around 60 % SOC for all but 0.5C. There is also a
curious relationship for 0.1C at the first peak for both pressure and voltage derivatives, where
a first peak is closely followed by a smaller second peak, evident in both 4.6 and 4.7. The
existence of peaks at similar places indicates that similar processes that control the voltage
change in the cell also impact the pressure change. It is known that lithium intercalation into
graphite does not happen instantaneously and instead happens in stages[65]. The first of
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these stages, corresponding to a change to Li0.2C6 will happen at around 20% SOC which is
exactly what is seen in figures 4.6 and 4.7. Another phase transition happens at around 60%
SOC. Which is only apparent in the voltage derivative. The absence of this peak from the
pressure derivative might however be due to a delay between the the phase transformation
and the mechanical response at higher SOC. The peaks in the pressure derivative are also
quite broad which could indicate that the pressure change is not as instantaneous as the
voltage change and exhibits substantial lag-time. Similar behaviors can be seen for the
pressure and voltage derivatives at higher c-rates in figures 4.8 and 4.9. Two peaks are
observed for the pressure derivative but only one for the voltage. This could indicate that
the phase transitions happen very fast at a higher c-rate and that there is not enough time for
the behavior to be captured.

Figure 4.8: The pressure derivative with respect to SOC for charging at c-rates from 0.5C to 1.2C.
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Figure 4.9: The voltage derivative with respect to SOC for charging at c-rates from 0.5C to 1.2C.

Figure 4.10 shows the behavior of both voltage and the pressure output from the cell for 0.2
C while second cycle charging and discharging. The pressure rises up to 1.4 to 1.5 times

22



the initial external pressure. The pressure increases sharply at the beginning of charging
followed by a slow rate of expansion. After around 60% of charge the pressure inside the
cell spikes. The same trend is noticed in the voltage response of the cell, so it can probably
be attributed to a change in the state of the graphite to LiC6. Similarly, during discharge,
the cell pressure change also seems similar to the voltage response. From 0% DOD to
50% DOD, there is a drastic dip in the probably corresponding to a lithium-graphite phase
transformation.[66]

Figure 4.10: Pressure response and voltage over time for 0.2C.

4.2 Circuit modelling

The model pressure responses for three different C-rates were plotted together with experi-
mental results, see figures 4.11a, 4.11b, 4.12a, and 4.12b below.

(a) Experimental pressure data comparison with the model
for 0.1C.

(b) Experimental pressure data comparison with the model
for 0.2C.
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(a) Experimental pressure data comparison with the model
for 0.3C.

(b) Experimental pressure data comparison with the model
for 0.5C.

Figure 4.12

Note that the model was created using data from 0.1C, 0.2C, and 0.5C, and therefore no
error is expected between model and experimental data. For 0.3C (4.12a)the only C-rate
where interpolation of theℜ-values was used shows quite a good fit, with an absolute error
being presented in figure 4.13 below. As can be seen, the error is quite small quickly going
to less than 1% absolute error between the simulated and experimental pressure response for
0.3C.

Figure 4.13: Absolute error between model and experimental results for 0.3C.

Lastly, the Resistance values for the different C-rates are displayed below in figure 4.14.
There seems to exist quite a clear trend in the data, with higher resistance seen at a higher C-
rate. This indicates that the used method is plausible, and shows the resistance to expansion
increase at lower C-rates indicates that the cell is expanding less at lower C-rates.
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Figure 4.14: Comparison expansion resistanceℜ of different c-rates.

4.3 Validation

The model was validated by using data from two research articles, [1] and [2]. The validation
is essential as it measures the confidence in the model. The expansion resistance ℜ was
calculated for a number of c-rates in the particular paper as described previously, and the
pressure response could then be calculated.

4.3.1 Paper 1: Rate dependence of swelling in lithium-ion cells

This study did similar experiments on a prismatic graphite/NMC cell and the authors
proposed that the swelling is dependent on the c-rate of charging and discharging, thermal
expansion, and phase transition [1]. Experimental data together with modeled data from the
paper is depicted in 4.15a, 4.15b and 4.16a. These c-rates were also used for theℜ-values
and as such the error between the model and experiment is zero. Note however that the
c-rates used are higher than the c-rates used in this thesis and as such any conclusions from
this validation should be drawn carefully. It seems however that the modeling method seems
to work for this validation data, strengthening the hypothesis that the model actually works.

The calculatedℜ is also shown in figure 4.16b. They seem to have a different trend than
the Resistance values calculated from data in this thesis, but this could be due to the higher
c-rate used and should not be taken into too much consideration. Potentially it could be due
to thermal expansion, which will play a much higher role at c-rates above 1C. However, all
obtained resistance values exhibit a similar trend with on average decreasing resistances
with increasing c-rate.
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(a) Pressure data comparison with the model for 1C. (b) Pressure data comparison with the model for 2C.

Figure 4.15

(a) Pressure data comparison with the model for 5C. (b)ℜ value comparison for the different c-rates.

Figure 4.16

4.3.2 Paper 2: Significance of dynamic thickness changes and compression effects of
commercial lithium-ion spring-braced cells

The second group of researchers states that thickness change can be categorized into two
types [2]. One is reversible where cell thickness changes in an oscillating pattern due to
charging and discharging while the other is irreversible where Li-ion plating on the current
collector or the SEI layer formation can cause the expansion. This second paper also uses
c-rates close to the ones used in this thesis. The experimental values from the paper and
model are shown in figure 4.17a, 4.17b and 4.18a. Note however that these have also been
used to calculate theℜ-values and as such again the error will be zero. Notably, the values
of the expansion resistanceℜ in figure 4.18b follow a very similar pattern as how they do
for this thesis. Note however that for 1C the expansion resistance increases more than the
rest at higher SOC, potentially because of Li-ion plating inside the cell.[2]

26



(a) Pressure data comparison with the model for 0.2C. (b) Pressure data comparison with the model for 0.5C.

Figure 4.17

(a) Pressure data comparison with the model for 1C. (b) Value comparison of theℜmech values for the different c-rates.

Figure 4.18
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Chapter 5

Conclusions

In this chapter, the conclusions from the results as well as future work that might be done
are reported.

5.1 Results

5.1.1 Initial Experiments

There seems to be some c-rate dependency on the pressure change at a charge as well as
discharge. However, it seems to change depending on if the experimental c-rate is above or
below 0.5C. Below 0.5C the trend is that an increasing c-rate leads to a higher amount of
swelling probably due to an increased rate of Li-ion intercalation. Above 0.5C the opposite
is seen, with a higher c-rate yielding a smaller pressure change. The latter is however
probably due to the test-rig used, where the swelling is not accurately measured at a higher
c-rate due to reasons such as the spring effect from the elasticity of the plate that was used,
and localized swelling in the center.

For low c-rates the pressure and voltage derivatives with respect to SOC yield two peaks
that can be observed for both pressure and voltage, while at higher c-rates two peaks are
observed for the pressure and only one for the voltage. It can be assumed that the first peak
in both voltage and pressure derivative indicates some kind of phase transformation in the
graphite anode probably due to Li intercalation. The second peak that can be observed in the
pressure derivatives could also be due to lithium intercalation, but at a higher SOC than the
voltage response due to a possible time delay between the voltage and mechanical response
of the cell.

5.1.2 Modelling

Theℜ values as a function of SOC show a clear trend with c-rate, with increasing c-rate
leading to smallerℜ values. The shapes of the curves are also conserved with increasing
c-rate. Comparing these results to validation data from [18] and[2] it can be concluded that
the resistance values follow a clear trend in these cases. In the case of [18], higher c-rates
are used compared to the c-rates used in this thesis, as such it is difficult to compare to data
in this thesis. There is still a trend in the calculatedℜ values, however, it is different and
decreases with increasing c-rate. This is however probably due to the c-rate being much
higher than what is looked at in this thesis and should not be taken into much consideration.
The second paper, [2], uses c-rates closer to what is used in this thesis, and the trends seen
in theℜ are more closely emulating the values obtained in this thesis. The increase at the
end for 1C in this paper is attributed to Li plating.
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5.2 Future work and improvement

As previously discussed, there are a lot of things that could be either improved or expanded
upon in a future, similar work.

First and foremost the test-rig used is not optimal for swelling experiments with a prismatic
cell. Because the swelling in a prismatic Li-ion cell predominantly takes place in the center
of the cell and the load sensors were situated at the corners in the test-rig, the exact pressure
development was not captured for the higher c-rates, for which a greater swelling than at
smaller c-rates should have probably been observed based on previous papers such as [18].
In future work, it would therefore be a good idea to place a load cell in the center of the
test-rig, at the center of the cell, where the swelling is the greatest. This would also limit
the possibility of unevenness in the measurements. This would most probably improve the
experimental results greatly.

Moreover, there’s an improvement to be made when it comes to the experimental set-up
outside the test-rig. To be sure that the ambient temperature of the cell stays the same,
and also in order to decouple thermal effects, it would be a good idea to use a thermal
chamber. In this way, the ambient temperature would be regulated therefore allowing a
better understanding of the thermal effects that might play a role in the pressure evolution of
the cell, especially at higher c-rates. Additionally, it could be a good idea to do testing with
different initial external pressures to see how it might affect the swelling of the cell since the
external pressure on the cell can affect its lifespan[18].

Furthermore, only the pressure behavior at the beginning of life is studied and modeled,
however, it might be interesting to do similar experiments and modeling throughout the
aging of the cell, thus eventually obtaining another way to measure the aging of a cell by
monitoring its pressure, which could be important in a battery module for example, limiting
the possibility of it catastrophically swelling and being destroyed. In the end, this kind of
experiment could yield an aging model for the cells’ state of health.

Lastly, the analysis has possible improvements including the method in which the SOC is
calculated. Now it is assumed that before each charge, the SOC is at 0% SOC regardless of
which voltage the cell has relaxed to, which might not be good since the relaxed voltage
before the charge will change depending on the c-rate. There is also no constant voltage
step after 4.2 V has been reached, which means that we might not actually have reached
100% SOC. Additionally, the calculation is done with simple coulomb counting which can
be improved, using better methods for example using a Kálmán filter. Additionally, longer
relaxation periods could be used before and after each test in order to make sure that the cell
was in a relaxed state. There is also improvement to be done in the calculation of theℜmech,
which as of now have all effects: thermal, c-rate, initial external pressure, etc., lumped
together. It makes sense to try to decouple these different effects and thus in the end have a
more dynamic model.
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Appendix A

Supplementary Data
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Figure A.1: The pressure derivative with respect to SOC for the discharge from 0.1C to 0.5C.
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Figure A.2: The Voltage derivative with respect to SOC for the discharge from 0.1C to 0.5C.
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Figure A.3: The pressure derivative with respect to SOC for the discharge from 0.5C to 1.2C.
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Figure A.4: The Voltage derivative with respect to SOC for the discharge from 0.5C to 1.2C.

32



Bibliography

[1] Ki-Yong Oh, Jason B. Siegel, Lynn Secondo, Sun Ung Kim, Nassim A. Samad, Jiawei
Qin, Dyche Anderson, Krishna Garikipati, Aaron Knobloch, Bogdan I. Epureanu,
Charles W. Monroe, and Anna Stefanopoulou. Rate dependence of swelling in lithium-
ion cells. Journal of Power Sources, 267:197–202, 2014.

[2] Niklas P. Penningh, Mozaffar Abdollahifar, Peter Michalowski, Wolfgang Haselrieder,
and Arno Kwade. Significance of dynamic thickness changes and compression effects
of commercial lithium-ion spring-braced cells. Journal of Energy Storage, 72:108187,
2023.

[3] Mehrdad Ehsani, Yimin Gao, Stefano Longo, and Kambiz M Ebrahimi. Modern
electric, hybrid electric, and fuel cell vehicles. CRC press, 2018.

[4] FA Omonov, QM Dehqonov, et al. Electric cars as the cars of the future. Eurasian
Journal of Engineering and Technology, 4:128–133, 2022.
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