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Abstract

The rise of electric vehicles (EVs) is a key solution to reduce the transport
sector's environmental impact, driven by advances in lithium-ion battery (LiB)
technology which has increased energy density and reduced costs. However,
temperature significantly affects the performance of the battery, necessitating
effective cooling strategies and accurate modeling approaches to ensure their
longevity and efficiency in real-world conditions. This thesis develops an electro-
thermal 3D model through COMSOL Multiphysics 6.0, which integrates the second-
order resistance and capacitance (2RC) equivalent circuit models (ECM) for heat
generation with the finite element analysis (FEA) heat transfer model based on the
cell's geometry. The simulation results present the internal temperature
distribution and voltage response of the cell based on the applied load cycle,

supporting the optimization of cooling strategies for the cell.

Streszczenie

Wzrost popularnosci pojazdéow elektrycznych (EVs) jest kluczowym
rozwigzaniem majgcym na celu ograniczenie wptywu sektora transportu na
Ssrodowisko, napedzanym przez postepy w technologii baterii litowo-jonowych (LiB),
ktore zwiekszyty gestos¢ energii i obnizyty koszty. Jednak temperatura znaczaco
wptywa na wydajnos¢ baterii, co wymaga skutecznych strategii chiodzenia i
doktadnych metod modelowania, aby zapewni¢ ich dtugowiecznosc¢ i efektywnosc¢
w rzeczywistych warunkach. Niniejsza praca rozwija elektro-termiczny model 3D
przy uzyciu COMSOL Multiphysics 6.0, ktéry integruje modele drugiego rzedu
oporu i pojemnosci (2RC) réwnowazne z modelami obwodéw (ECM) dla generacji
ciepta z modelem transferu ciepta opartym na metodzie elementéw skonczonych
(FEA) opartym na geometrii ogniwa. Wyniki symulacji przedstawiajg wewnetrzny
rozktad temperatury i odpowiedzZ napieciowg ogniwa w oparciu o zastosowany cykl

obcigzenia, wspierajac optymalizacje strategii chtodzenia dla ogniwa.



Nomenclature and abbreviations

AC Alternating Current
BMS Battery Management System
BTMS Battery Thermal Management System
DEC Diethyl Carbonate
DMC Dimethyl Carbonate
EC Ethylene Carbonate
ECM Equivalent Circuit Model
EIS Electrochemical Impedance Spectroscopy
Evs Electric Vehicles
FEA Finite Element Analysis
FEC Fluoroethylene Carbonate
FEM Finite Element Model
I Current
IEA International Energy Agency
LiB Lithium-Ion Battery
Li-NCA Lithium Nickel Cobalt Aluminum Oxides
LiPF6 Lithium Hexafluorophosphate
LP Lumped-Parameter
LTO Lithium Titanate Oxide
LUT Look-Up Table
NE Negative Electrode
ocv Open Circuit Voltage
P2D Pseudo Two-Dimensional
PE Positive Electrode
R2 The Second Parameterization Resistance
SOC State-Of-Charge
T Temperature
2RC The Second-Order Resistance And Capacitance
3D Three-Dimension
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1. Introduction

1.1. Li-ion battery

Electrification of vehicles is regarded as one of the most essential solutions
for reducing the environmental impact of transport sector, supported by
governments, conducted by manufacturers, and adopted by customers. The days
of the fossil-fueled vehicle are numbered and tailpipe emissions are anticipated to
reduce. Therefore, there are more and more electric vehicles (EVs) hit the roads
in recent years worldwide. Data presented by the International Energy Agency
(IEA) shows EV purchases have been growing at least 30% year-by-year since
2016 [1].

In the last two decades, the barrier to EV passive production could be mainly
attributed to its short drive range and expensive manufacturing costs. With
significant advancements in battery technologies catalyzed by pioneering
contributions such as Sony's launch of the first commercial lithium-ion batteries
(LiBs) [2], a new era has emerged for energy storage systems. This evolution,
epitomized by the progressive development of LiBs, boasts commendable
attributes including enhanced energy density, cost-effectiveness, and extended
cycle life. These improvements enable LiBs to facilitate extensive driving range
and rapid acceleration, thereby driving the expansion of their applications across

diverse domains.

LiBs, being the costliest component of EVs, have garnered significant
attention, particularly concerning the optimization of their utilization. Anticipations
revolve around enhancing their performance and extending their lifecycle.
Considering these two factors are usually evaluated on different integration levels,
from the cell level, the smallest unit, connected to the module level, linked with
electric wires to the pack level. Considering the elevated costs and intricate
mechanism associated with conducting tests at the battery system level, opting to
commence with a primary focus on the cell level becomes both a pragmatic and

sensible approach. However, it's important to note that such cell level testing



introduces challenges associated with constructing a truly representative test

environment.

In most cases, the performance of the LiB cell is largely influenced by
temperature. It is researched that its optimal temperature range is 15~35°C [3].
However, in typical scenarios, the practical working temperature range extends
from -20°C to 60°C, substantially exceeding the ideal comfort zone. This
discrepancy has negative impact on the performance, lifespan, and safety of LiBs,
which can be discussed and analyzed from the effects of high temperature and low
temperature. During the cycling process, LiBs generate considerable heat that
influences the operational temperature. To maintain a stable working temperature
range for LiBs, various cooling strategies have been implemented. Furthermore,
gaining a better understanding of the linkage between aging and thermal
conditioning could help finding more optimized cooling stategies to prolong LiB life

and improve performance.

LiBs have been a mature energy storage technology in recent years, and a
vast amount of research has paid close attention to how to build a more idealized
automotive environment. However, there are still unresolved issues. Even though
a lot of thermal and electrochemical simulations were performed to analyze the
implications of the thermal environment and cooling strategy, in many cases, the
simulation models and assessments based on cell level tests are with limited
understanding of how the differences in thermal environment in cell level test,
which might impact the results in terms of LiBs performance and life. Thus, an
ambition is that coupled with lab experiments on LiB cells in different thermal
conditioning, a model for LiB cell is expected to get developed, which could help
with a deeper comprehension of a more suitable test setup to replicate a realistic
vehicle-like environment and develop an effective temperature-controlling method

to keep the operating temperature within a specific range.

1.2. Working principles

LiB cell operates through the redox reaction and the basic working principle

is based on the transfer of ions of lithium. Every component of LiB cell is effective



for its operation. During discharging, the lithium ions leave negative electrode,
enter electrolyte, and travel through the separator to the positive electrode,
creating the internal circuit. At the same time, electrons from negative electrode
are also released to keep the electric equilibrium, and move to positive electrode
through the external circuit. During charging, the process and transfer are
reversed. What needs to note is that electrons are powered by the load to move

from positive to the negative electrode.

Taking lithium nickel cobalt aluminum oxides (Li-NCA) cell, one of the most
potential next generation of LiB technologies to enter and take over the market in
the following ten years by IEA [1], as an example, the reactions and the transfer
of ions and electrons during charge and discharge are illustrated in Figure 1.1
and equation (1) - (3).

e Conducting
additives

= C,/Si Anode Separator =
S <
— —
e T S
opd| [0 g
= @® nca 2
= o
= Si =]

L
g g
= =
O o

Discharge

_—

-~e—e—  Load

l 4_0
Ce/Si. )

o—>»

Electrolyte

Figure 1.1 An example of Li-NCA cell chemistry. The anode active materials are C6 and

Si particles, and the active material in the cathode is NCA particles [4,5].



charge (1)

Ce/Si: Ce+yLit +ye” = LijC,0<y<1
discharge
. charge (2)
Ce/Si: 4Si+ zLit +ze- =  Li,Si,,0<z<15
discharge
charge (3)
NCA: LiNi0.85C00.1A10.0502 i = Lil_mNi0_85C00.1A10_0502 + mL1+ + me~
discharge

1.3. Cell design

The main essential components of LiBs cell consist of positive electrode (PE),
negative electrode (NE), electrolyte, and separator, which work as different roles
during the LiBs cell operation. In general, the aluminum and copper foils perform
as current collectors, and the negative electrode materials are coated on the
former, while the positive electrode materials are coated on the latter. Both
electrodes and the separator are soaked in electrolyte. All these components will

be described in more detail in following sections.

1.3.1. Negative electrode

The material of the negative electrode shows significant effects on the
performance of the LiBs cell since the inherent electric potentials vary with
electrode materials. In the design of the LiB cell, certain important parameters are
prioritized, such as rate capacity, coulombic efficiency and power density [6]. The
carbon-based compounds, especially graphite, are most-commonly used materials
for commercial negative electrode considering its abundance, high electrical
conductivity, and low prices [7]. However, with slow diffusion and sustained
deposition of lithium ions, it results in the problem of dendrites to graphite
electrode. Silicon composite electrodes works as the alternatives to increase the
capacity of electrode [6]. For greater safety, longer cycle life, and higher rate
capacity, alloys and transition metal oxides, for example, lithium titanate oxide
(LTO), are also great options for negative electrode. All these four categories for

negative electrode are with promising features, but also with limitations
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correspondingly, which requiring to select suitable material to reach the full

performance of LiBs cell and fulfill target demands [6].

1.3.2. Positive electrode

The voltage and capacity are different between negative and positive
electrodes. The ideal design for the LiBs cell is to reach the high capacity and high
voltage simultaneously with desirable choices of electrode materials, according to
which, Figure 1.2 contributes to make a balanced cell. Lithium transition metal
oxides, for example LiCoO, (LCO), attracted research attention for positive
electrode materials due to their high structural stability and mature production
process. However, the extraction of cobalt presents notable ethical concerns,
particularly in the Democratic Republic of the Congo where the largest known
reserves are localized [8], together with its high cost and safety issues hindered
itself applied to large batteries system [9,10]. Aiming this, the group of transition
metal phosphates containing lithium, such as LiFePO, (LFP), was regarded as a
promising alternative due to its lower cost, better safety, and higher abundance.
Besides, other lithium transition metal oxides with layered structure, such as
LiNi;_x_yCo,Al;0, (NCA) and Li1+a(NiXMnyCoZ)1_aOZ (NMC) distinguish themselves

with stable structure, superior cyclability, and good electrochemical performance,
exhibiting both remarkable potential and capacity as well as high energy density,

which also suppresses the capacity fading [9,11].
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Figure 1.2 Approximate electrode potential vs capacity for various electrode materials [7].

The grey area indicates electrolyte stability window.

9



1.3.3. Electrolyte

Considering the electrolyte mediates the ion transfer between the positive
and negative electrodes, in another words, it defines the rate of the energy
released and limits the mass flow of the LiB cell [7], making the electrolyte
important to obtain excellent performance of LiB. Thus, electrolyte is expected to
be characterized with thermal and electrochemical stability, high ionic conductivity,
and low viscosity over a wide temperature [12]. Besides from function side, the
safety aspect is crucial, requiring the tolerance of electric, mechanical, and thermal
abuse as well as low flammability. Thus, to fulfill these requirements possibly, the
most commonly used liquid electrolytes consist of a mixture of a lithium salt in
organic solvents in commercial LiBs. More specifically, the most widely applied one
is composed of a solution with lithium hexafluorophosphate (LiPF6) in mixtures of
carbonates, such as ethylene carbonate (EC), dimethyl carbonate (DMC) and
diethyl carbonate (DEC) being the most used ones [13,14].

1.3.4. Separator

The separator in a battery, is a critical component, placed between positive
electrode and negative electrode. Its primary function is to prevent direct physical
and electrical contact between the electrodes, thereby avoiding a short-circuit
within the battery cell. While the separator itself does not participate in the
electrochemical reactions that occur during the charging and discharging of the
battery, it plays a crucial role in influencing the overall performance and safety of
the LiB cell. One important aspect is that the separator serves as a reservoir for
the electrolyte, allowing the transport of ions between the electrodes. To fulfill its
function effectively, the separator needs to strike a balance between high electric
resistance and sufficient porosity [15]. High electric resistance helps to minimize
the flow of electrons between the electrodes, preventing internal short-circuits. On
the other hand, sufficient porosity allows the electrolyte and ions to move freely
within the battery, facilitating efficient ion transport. Achieving this balance is
crucial for maintaining optimal battery performance. There are different types of
separators used in LiB technology. Single-layer and multilayer separators are

greatly mature and common technologies, composting from polyolefins to blends
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and composites of fluorinated polymers. Besides, ceramics addition and surface
modification are also applied to obtained desired properties, such as thermal

stability, mechanical strength, and electrolyte retention [16].

1.3.5. Mechanical design of LiBs

For every LiB cell, there are two poles, known as tabs, which are often placed
with a gap in between or on opposite sides of the cell, enabling electrical
connection between current collectors and external circuit. Usually, the cell is
assembled by stacking or rolling all its layers together into a jelly roll, which is
then placed inside the cell can. The can is sealed, leaving only a small hole.
Subsequently, the electrolyte is injected through the hole into the cell before
sealing it completely to prevent any leakage [17]. To pack all their components,
three types of structure are adopted in current commercial cells: cylindrical,
prismatic and pouch (Figure 1.3). Cylindrical cells are widely used over the year.
Their common formats are 18650 as well as 21700, and the new standard is 46XX ,
which different versions and models of Tesla vehicles [18]. Due to a higher tension
from wound electrodes, the energy density of 18650 cell reaches around 600 Wh/L,
a fifth higher than the rest [19]. To fulfill higher degrees of design freedom, the
prismatic and pouch cells stand out. The prismatic cell is suitable to integrate, easy
to cool, and robust to get packed assembly, making some EV manufacturers in
favor with which despite the relatively expensive manufacturing costs. The pouch
cell eliminates the metal enclosure and enables highly efficient space usage of 90%
packaging efficiency [20]. Therefore, prismatic and pouch cells make them easily
customized for the final product, compensating for the sacrifice of slight energy

density compared to the cylindrical cell [19,20].
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Figure 1.3 Three representative commercial cell structures [19].

Can' Cathode

11



1.4. Typical vehicle battery

In practical cases, high energy and power are needed for vehicle applications.
Thus, automotive manufactures use several battery cells connected in series and
parallel for suitable voltage and energy levels. As shown in Figure 1.4, the battery
pack in the Tesla Model S comprises 16 modules, with a total of 7,104 cylindrical
18650 Li-NCA cells, whose configuration allows to achieve the energy of up to 85
kWh. In every module, there are 6 series of 74 cells connected in parallel [5,18,21].

Besides, other typical vehicles’ battery is listed in Table 1.1.

a. Module level b. Pack level

Figure 1.4 Battery of Tesla Model S: module level (a) and pack level (b) [18,21].

Table 1.1 Summary of different LiB for passenger cars [20]

Cell .
Energy Cooling
Mechanical Chemistry (kwh) strategy
design (NE/PE)
Nissan Leaf Pouch Graphite /LMO-NCA 30 Liquid cooling
(2015)
Renault Zoe Pouch Graphite /NMC 41 Air cooling
(2017)
Tesla Model S Cylindrical Graphite /NCA 85 Liquid cooling
(2012)
Volvo XC60 Prismatic NMC 10.4 Liquid cooling
(2017)
BMW I3 (2017) Prismatic Graphite /LMO- 33 Liquid cooling

NCA-NMC
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2. Aim and scope

This thesis focuses on the LiB cell, especially on the Ni-rich Li-ion prismatic
cell. It is aimed to develop a model to support optimization of both cooling strategy
and test environment. It was witnessed by 2019 from IEA that Europe saw a 50%
increase in EV sales, leading to an increase in its market share [1], which suggests
a huge potential for LiBs, and bring both opportunities and challenges to improve

the improve the cell performance and prolong the lifetime of LiB cell.

There are multiple expectations for the characteristics of LiB cell, including
the propulsion power, driving range, charging speed rate, durability, and safety.
When fulfilling these requirements, LiB cell’s performance in these aspects are
highly dependent on temperature. Different thermal conditioning leads to different
electrochemical behaviors. Regarding this, the research questions are described

as following:

1) At the cell level, what is the effect on cell performance and life from thermal

conditioning?

2) What are the common cooling strategies for LiBs? What is the thermal

performance of LiBs when applying different cooling strategies?

3) How to bring the cell testing environment/setup close to thermal conditioning

in an automotive environment?

4) How to improve the performance of LiB cell and lessen its ageing in the

automotive environment?

The first two questions were answered in the literature review, and the third
question was the key issue discussed in the thesis by: a) developing an electric-
thermal three-dimension (3D) model of the Ni-rich Li-ion prismatic cell, b)
contributing to support the optimization of cooling strategies and helping to design
a realistic vehicle-like test environment. The answer to last question was
summarized in the analysis of the simulation and lab work, as well as contributing

to the conclusion of the thesis.
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3. Literature review

3.1. Effects from different thermal conditioning

3.1.1. High temperature

Recently, the NCA cathode was used in Tesla Model S due to its high power
density and capability of driving around 400 km per single charge [18]. However,
when cycling over 100% DOD for 140 cycles at 25°C and 60°C relatively, the
capacity fade of NCA/Cs cells showed a huge difference. The high-temperature cell
lost 65% of its initial capacity, which was 20 times more than the room-
temperature one [22]. It suggested that the Li-NCA cell met problems of poor
thermal characteristics and accelerated capacity deterioration at elevated
operation temperatures [23,24]. The reversible capacity was achieved by the high
relative content of Ni with the sacrifice of thermal stability, leading to the formation
of NiO-like structure layer, contributing to the increase in impedance and
degradation of the NCA cathode, accelerating the cell ageing leading to thermal

runaway [25].

It is reported that, at rising temperatures, significantly above 55 °C, the
performance of the cell degrades greatly compared to those operates in normal
temperature range, indicating the capacity fade and the power loss. Figure 3.1
(a) shows that even the elevated temperature could increase cell’s performance
through increasing its capacity temporarily in a period, but the maximum charge
storage capacity fades irreversibly with the temperature, which is mainly attribute
to the lithium loss and active reduction inside the cell, suggesting side reactions
between the cathode and electrolyte [5,26], which can be improved by coatings
and surface modification [27]. Figure 3.1 (b) shows the increasing cell internal
resistance with increasing cycling temperatures, leading to the loss of the power.
According to Leng’s analysis regarding the effect of high temperature towards LiB
cell's performance, the elevated temperature accelerates all components’
degradation of LiB cell, not only affecting the maximum charge storage capacity
and internal resistance, but also the coulombic efficiency and charge transfer rate

constant of electrode [28]. To improve cell performance and prolong its lifespan,
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it is of great significance to conduct the thermal management to control the

temperature.
a. Maximum charge storage capacity b. Total resistance of electrodes and electrolyte
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Figure 3.1 The maximum charge storage capacity corresponds to temperatures and cycle
numbers (a); The total resistance of electrodes and electrolyte corresponds to

temperatures and cycle nhumbers (b) [28].

Thermal runaway is another inevitable issue and widely researched
phenomenon when it comes to high temperature effects, which might lead to
severe consequence and present serious safety problems. Thermal runaway in LiB
cell encompasses a cascading sequence of interconnected processes and reactions,
where heat generation intensifies correspondingly with rising temperatures, and it
occurs when all the exothermic reactions in the cell triggers sequentially by the
heat released, finally leading to fire with the generation of large amount of
deleterious gas and explosion in more severe cases [29]. During this process, the
temperature can reach extremely high to 870 °C [5], and the reactions persist
unabated without external intervention, ultimately causing the cell's destruction
through heat-induced mechanisms [29]. Thermal runaway involves a series of
complex reactions, including decomposition of the solid-electrolyte interface (SEI),
the chemical reactions encompassing the electrolyte and electrode with binder,
and the decomposition of the electrolyte, etc. [29-31]. Itis proposed that thermal
runaway can start when the cell temperature rises above 80 °C, and the process

and stages are shown in Figure 3.2 and Figure 3.3.
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Figure 3.2 Process of thermal runaway in reality [17].
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Figure 3.3 Stages of thermal runaway at different temperature ranges [31].

3.1.2. Low temperature

At low temperatures, the viscosity of electrolytes would rise with the dropping
temperature, resulting in a sharp decrease in ionic conductivity and hindering the
ion transport in electrolytes, which leaded to an increase in resistance and a
reduction in energy density (Figure 3.4) [32,33]. To solve this problem and
maintain normal function at low temperatures, using additives is regarded as one
of the most convenient and economical ways by the industry [34]. With no more
than 5% additives (either by weight or by volume), the viscosity and freezing point

of electrolytes reduce effectively. For example, additives with fluorine groups, like
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Fluoroethylene carbonate (FEC), could decompose on the surface of graphite to

induce a thin and compact SEI layer [35].
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Figure 3.4 Energy/power density of typical NCA cells at 25, -20, and -30 °C [33].

Zhang presented that the poor performance of the Li-ion battery at low
temperatures was mainly attributed to the increase in charge-transfer resistance,
resulting in the slow kinetics of the electrode reactions [36]. It also led to the
problem of Li* desolvation, confirmed as the main barrier to Lit transfer and the
rate-controlling step at low temperatures [37]. Also, the higher charge-transfer

resistance makes charging more difficult than discharging in cold conditions [38].

Lithium plating is a typical issue that needs to be solved operating at a low
temperature [33,38]. The cold condition leads to a trend of anode polarization,
making the potential for Li* intercalation into graphite almost reach lithium plating
[39]. It is occurring when metallic lithium deposits on the anode surface instead
of inserting itself into the anode through intercalation [40]. The produced Li
dendrite is clustered on the surface of the cathode, blocking the electrode reactions
and degrading the lifetime of the battery [5]. To tackle this problem, LTO can be
used as an alternative to graphite, making the difference in equilibrium potential
higher and contributing to the cell being much less sensitive to lithium plating.
However, it will not be the perfect solution. Due to the low nominal voltage of the
LTO cell, the energy density is significantly lowered [38].
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To obtain the better performance of the Li-ion battery cell in cold conditions,
preheating technologies, fundamentally rising the operating temperature to solve
the problems, are regarded as the most effective methods [41]. Among them, the
self-heating technology, especially using pulse and alternating current (AC) to
generate heat through the internal impedance to preheat the cell core terminal, is
with high energy efficiency and good temperature uniformity. In addition to
preheating, the utilization of insulation materials, such as aerogel, can effectively
maintain the temperature of the LiBs system by providing exceptional thermal
insulation [42]. These materials serve to mitigate the effects of low ambient
temperatures. The impact of insulation materials is also influenced by their
thickness, where an optimal thickness, typically around 10 mm, results in a

substantial thermal resistance [42,43].

3.1.3. Cases study of Failed BMS

As the most expensive part of the vehicles, LiBs failure can result in more
severe consequences such as passengers’ injury, besides the vehicles damage.
The main hazards associated with batteries commonly arise from extreme
temperatures, external or internal short circuits, as well as overcharging or over-
discharging, which may trigger exothermic reactions within the battery [44]. The
disaster would happen if the temperature of LiB reaches sufficiently high or with
an available ignition source, which might ignite the flammable gases from LiB,
meeting the condition of the fire (Figure 3.5). The cases of EV fire are presented
in Table 3.1.

Figure 3.5 The fire triangle for LiB [44].
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Table 3.1 Summary of some documented EV fire incidents [44]

Vehicle Incident Cause Location Year

Fire when plugged o
Short circuit in
to Tesla _ Oslo,
Tesla Model S electrical system 2016
supercharger Norway
_ of the car
station

Struck wall and
Battery case
Tesla Model S pole, immediate Florida, USA 2018
. ruptured
ire

Smoke from the

front, parked in Tilburg,
BMW I8 / 2019
showroom at Netherlands
dealership
Rebuilt Nissan Fire during On Ferry
/ “Pearl of 2010
Qashqai charging Scandinavia”

Fire 3 weeks after  Leaking coolant Wisconsin,

Chevrolet Volt ) 2011
crash test in battery USA
. Fire in parked
2 Bolloré ) ) _
vehicle and spread Vandalism Paris, France 2013
Bluecar

to second vehicle

To improve the fire safety of LiBs, a holistic solution is proposed. In an optimal
scenario, the single LiB cell would be expected to mitigate the occurrence of short
circuits, which might lead to overheating and thermal runaway. As for the module
level, it was designed to prevent the propagation of thermal runaway among the
cells. When it comes to pack level, the safety systems capable of detecting and
preventing potential fires were supposed to get equipped. Besides, the battery
management system (BMS) would effectively and smartly deal with the battery

issues and even be able to interact with other vehicles [44].
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3.2. Cooling strategies

Implementing efficient cooling strategy and deploying battery thermal
management system (BTMS) are vital to maintain the working temperature of LiB
cells within a normal range and ensure their performance, safety, and longevity.
To choose the appropriate cooling strategy, several factors need to be taken into
consideration, including cost, complexity, weight, cooling efficiency, temperature
uniformity, and parasitic power [5], which are elaborated clearly on the most

commonly used cooling strategies in the following sectors.

3.2.1. Air cooling

Air cooling, the most traditional cooling method, has been extensively
researched and widely used in commercial automotive applications, especially in
some parallel HEVs, such as Toyota Prius, because of its distinct advantages of
simplicity, lightweight and low cost [5,19]. Generally, according to if the inlet air
is cooled by the external force, the air cooling BTMS are further classified as natural
convection (or passive) and forced convection (or active) systems, while the heat
transfer coefficient of the former is much lower than that of the latter [5]. Also,
Nelson pointed the ineffectiveness of passive air-cooling method in lowering the
temperature of the battery pack when reaching as high as 66°C [45], showing the
limited availability of passive air-cooling strategy for low energy density batteries.
Thus, the general air-cooling system is driven by several fans or blower, helping a
lot to enhance the heat transfer coefficient, and cools down cells through forced
air flowing past the surfaces of cells, the efficiency of which differentiates by

configurations and parameter settings [5,46].

The configurations of air-cooling system affect its cooling efficiency and
thermal behavior of battery, which can be categorized as series, series-parallel
mixed, and parallel, shown in Figure 3.6. According to Xia’s research, the design
of simple channel with reciprocating cooling, Figure 3.6 (c), achieved a
combination of temperature uniformity of cells and reducing the parasitic power,
which refers to the energy consumed by the cooling system itself is considered

wasteful concerning the overall efficiency of the cell system, only with slight
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sacrifice of 0.5 °C final cooling results, compared to other series cooling
configurations [46]. Pure parallel cooling configurations, shown in Figure 3.6 (d)
and (c), were the best choice for minimizing the temperature difference in battery
module. The series-parallel mixed cooling configuration can be regarded as an
optimization of series and parallel cooling configurations with great reduction in
flow path, relative increase in the cross-sectional area of channel, and much

improvement in temperature uniformity [47].

1. Series cooling configurations 2. Parallel cooling configurations
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Figure 3.6 Configurations of air-cooling strategy: (a) Simple channel; (b) wedged channel;
(c) simple channel with reciprocating cooling; (d) U- parallel configuration; (e) Z- parallel
configuration; (f) Aligned bank; (g) staggered bank; (h) trapezoid configuration [48].

As for the impacts from parameter settings, Zhao conducted a rigorous
assessment to investigate how these factors effect on the thermal management
performance of the battery pack, including the ventilation types and velocities, gap
spacing, number of single row cells, ambient temperature, cell diameter, etc [49].
The results showed that when air speed rose, the local temperature differential

increased first and subsequently dropped. When deciding the gap spacing of
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neighbor cells, configurations and cell's diameter should be taken into
considerations. Also, the inlet pressure and velocity of the air were quite important
parameters, directly influencing the maximum temperature of the battery and the
power consumption. With increasing inlet pressure, the battery could get cooled
down faster and its maximum temperature could be effectively reduced [50].
Similarly, with rising inlet velocity, the temperature uniformity got improved
greatly [46], while the power consumption increased exponentially and the energy
efficiency decreased simultaneously [51]. Besides, there was an upper limitation
for the air-cooling capacity, which could be demonstrated by Fan’s findings that
the air-cooling capacity is proportional to the discharge rate with the increasing air
inlet velocity [51]. Additionally, when the ambient temperature is too high, the
power consumption increases and the battery temperature could rise to unsafe
levels [5,49]. Thus, even air cooling distinguishes itself in many aspects such as
the cost, complexity, maintenance, and weight, it is still not effective enough for
power demanding applications or applications in high ambient conditions, which
might be more suitable and available for more effective cooling strategies, like

liquid cooling.
3.2.2. Liquid cooling

With relatively higher thermal conductivity and heat capacity, liquid cooling
methods are able to meet the heat dissipation requirements of high-power battery
packs and have been the mainstream of thermal management, saving parasitic
energy up to 40% and lowering the noise level compared to air-cooling methods
according to Roger Schmidt [46,52]. According to if the battery is with direct
contact of circulated dielectric or not, liquid cooling methods can be classified as
direct cooling and indirect cooling [48]. The former generally means that the
battery entirely immersed in circulated dielectric to cool down all surfaces of every
cell and improve temperature uniformity [53]. Based on its principle, the direct
cooling is need of more rigorous sealing mechanisms and intricate integration to
prevent coolant leakage. Also, the choice of the potential cooling media is of great
significance, with the requirements of ensuring compatibility with cell components,
avoid corrosion, and preserve long-term stability [46]. Chen made a comparison

of commonly used cooling liquids of mineral oil and water/glycol coolant with air
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cooling. Her results showed that even both liquid coolants were more thermally
efficient than air cooling, they required a fairly low flow rate to seek a balance
between pressure drop and power consumption due to their high viscosity [54].
Also, direct liquid cooling presents a spectrum of challenges, spanning from
intricate system integration and potential leaks to electrochemical corrosion and
electrical short [46]. Thus, the direct liquid cooling has not been widely applied
used in BTMS of commercial EVs so far and more research have concentrated on

the indirect cooling strategy, which is more practical [46,48].

As for indirect cooling, its cooling liquid flows through the heat sink attached
at the surface of battery cells, whose cooling is influenced by the design of the
heat sink, parameter settings, and the coolant selection. According to the
configurations of the heat sink, indirect cooling is further classified as cold plate
cooling, tube cooling, and jacket cooling, which are illustrated in Figure 3.7. For
cylindrical cell, tube cooling is more typically used. Wavy tube has been applied in
the BTMS of Tesla (Figure 3.7 a), whose tube is made of aluminum coated with
dielectric material to wrap the cell and is with the coolant of water-glycol mixtures
[55]. The design of coolant jacket (Figure 3.7 b) is more thermally effective and
with better temperature uniformity than wavy tube because of the enclosed
contact surfaces, while the wavy tube is safer from mechanical and electrical
assessment and with lighter weight [46]. What is notable that the mini-channel
cold plates (Figure 3.7 d) and discrete tubes are specifically developed for
prismatic cell [5]. Besides, the fin and cold plates can be combined to form an
integrated heat sink, shown in Figure 3.7 (e), and the metal fins can contribute
to the heat dissipation from cells to cold plates [46]. For cooling plates, different
types of coolant flow passages, seen in Figure 3.8, were studied, finding that by
making angled incisions across the usual straight channel walls to disrupt the
boundary layer can increase the heat transfer coefficient and the ideal flow channel
design for greater temperature uniformity requires cross section of the channel to
rise progressively with flow direction [56,57]. As for effects the from parameter
settings, some factors including number of channels, flow direction, inlet mass flow
rate, etc. also influence on the cooling results. For cold plate with mini-channels,

Huo discovered that with higher inlet flow rate, the system is able to cool down
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the battery more effectively and the optimal flow rate could be found [58]. Also,
Jiagiang proposed that the influence of channel number was most visible, followed
by the effect of coolant flow rate, while channel height and width had the least
effect when comparing their effects to heat dissipation [59]. To improve cooling
efficiency of the liquid cooling methods, the improvement of liquid medium thermal
property has been investigated. Water and aqueous ethanol are the most common
choices for liquid cooling system coolant, but their low thermal conductivity
actually limit the cooing efficiency. To solve this issue, Huo infused Al,04
nanoparticles with water as the coolant, and the results showed that it did enhance
the cooling performance and low the average temperature of battery [60]. Yang
pushed it further, used liquid metal in BTMS, and found that it not only improved
the temperature and uniformity cooling performance, but also consumed less
parasitic power [61]. Considering the density of liquid metal is much larger than
that of water, if ignore the drawback of a heavy cooling system, then liquid metal
would be a better choice due to its excellent heat extraction and spreading
capability [61].

With the advantages of high specific heat, great thermal conductivity, and
high heat transfer coefficient, liquid cooling methods are regarded as a more
practical and better choice for BTMS. However, their characteristics also lead to
some questions including complexity in system design, higher costs, and potential
threat from coolant leakage, which might damage the entire system and cause
severe safety issues [48]. Thus, continued research and development are
welcomed to solve mentioned problems and will definitely play a vital role in
shaping the future of BTMS for LiBs.
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Figure 3.7 Different design of heat sinks. For cylindrical cells: (a) wavy tube; (b) coolant
jacket; (c) liquid cooled cylinder. For prismatic cells: (d) cold plate with mini-channel; (e)
combination of fin and cold plate with mini-channels [46].
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Figure 3.8 Different types of coolant flow path in cooling plate (a) Serpentine type; (b)
U-type; (c) Multi-channel type [48].
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4. Methodology

To avoid negative effects from extreme temperatures and achieve an
effective BTMS, it is essential to understand the thermal behavior of the LiB and
predict the temperature profile of the battery in operating conditions. Given the
complexity and high expense of testing battery temperature and associated
parameters in real automotives, an accurate thermal model of the LiB cell is critical
for BTMS design and cell configuration optimization. Thus, a thermal model of LiB
cell is developed, consisting of two parts: the heat generation model and the heat

transfer model, which are elaborated in the following parts.

4.1. Heat generation model

Generally, the heat generation model of LiB cell can be categorized into three
types: the black-box empirical models, the physics-based electrochemical models,
and the equivalent circuit models (ECM) [62]. Based on empirical data collected
from experiments, black-box models can establish mathematical relationships
between input variables and the heat generation as the output only through some
data-driven statistical estimation theories, such as artificial neural networks [63],
with little knowledge of physical LiB system [64]. Even the black-box empirical
models can get relatively accurate results in specific cases, it requires
unacceptable computational costs and fails to be applicable in some situations,
such as the temperature distribution of the internal components of LiB cell, if
applied in the modelling of the heat generation. As for the electrochemical models,
the most commonly used theory is physics-based Pseudo Two-dimensional (P2D)
models, which used the concentrated solution theory and the porous electrode
theory, developed by Newman’s group in 1975 [65]. Regarded as one of the most
typical models of battery cell, the physics-based electrochemical models are
capable to provide insights into cell’s performance and present a comprehensive
description of the electrochemical phenomena occurring within the cell, and have
continuously been developed and improved further since the P2D model, which
helped to lower the computing cost to a large extent. However, its massive non-

linear partial differential equations still cause the simulation to consume an
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excessive amount of processing resources and is therefore limited by its own
complexity [5]. Thus, among all the commonly used modelling methods, ECM is
regarded as the optimal choice for its adequate precision and reasonable
computational cost at the same time, making it widely adopted in heat generation

model of LiB cell.

The equivalent circuit models are semi empirical models incorporating
electrical circuit components including resistors, capacitors, voltage and current
sources to depict the electrical characteristics of the battery cell [66]. Generally,
the ECM can be classified into two categories: the Thevenin equivalent circuit
model and the impedance based model, the method of which determining
impedance model of a battery is called electrochemical impedance spectroscopy
(EIS) [67]. Considering the lower expense and higher computation speed of
Thevenin based model, the Thevenin equivalent circuit model is more suited and

widely used in the prediction of battery performance [5].
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Figure 4.1 The second-order equivalent circuit model [68].

As shown in Figure 4.1, the second-order resistance and capacitance (2RC)
ECM is applied in COMSOL Multiphysics 6.0 to calculate the heat generation. When
a current is applied to the model, the output of the ECM is the estimated voltage
response of the cell [68]. The open circuit voltage (OCV) can be represented by
an ideal voltage source. Ry, like terminal resistance and electrode resistance,
represents the internal resistance and is responsible for the instantaneous voltage

changes during discharge and charge. C; denotes the electrochemical double layer
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capacitance [69]. This model includes 2 RC branches: the first describes the fast
dynamics in the cell, presenting surface effects on the electrodes and reaction

kinetics, while the second represents the slower dynamics of the cell.

Thus, the OCV (Egcy), terminal voltage (V;), and current of each branch can

be calculated as in [68]

9Eocv(SOC)
Eocv(SOC, T) = Eocy,rer(S0C) + (T = Tre) =5 > (4)
V; = Eocy(SOC, T) — IR((SOC, T, 1) — V¢, (SOC, T, 1) — V¢, (SOC, T, 1) (5)
Ie = 2y ¢, Wi 6
RC; — Ri i dt ( )

where T, means the surrounding temperature as a reference, I and Ig¢,; represent
the cell current and the current in polarization capacitance branches, ¢, denotes

the polarization capacitance, V. and V., _ are the voltage in the first and second
p1l p2

polarization capacitance branches, respectively.

The electrical paraments of the developed model, encompassing ohmic and
polarization resistances, as well as polarization capacitance, exhibit dependence
on the state-of-charge (SOC) of the cell, the cell temperature (T), and current (I).
Thus, these parameters are acquired by optimizing the voltage response of the
second-order ECM against extensive lab tests on the cell. Once specific input
parameters are set, including initial SOC, initial temperature, and initial capacity,
the aforementioned electrical parameters can be calculated. The ECM comprises
two look-up tables (LUTs) for OCV - one for charging and another for discharging.
To represent the diverse operational conditions of vehicles, the second
parameterization resistance (R2) entails two LUTs, corresponding to relax and slow
dynamics states, while other resistances and capacitance solely possess a single
LUT[70]. Based on following equation, the heat generated during the cell operation
is mainly dominated by the reversible heat and the irreversible heat. Irreversible

heat arises from various sources, such as concentration polarization, activation
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polarization, ohmic polarization, and more. The irreversible heat is exothermic,
meaning a heat loss all the time. Whereas the reversible heat is related to the
entropy changes during chemical processes in cells, the sign of which alters

according to the cell's SOC and current direction [62,71].
Q = Qocv + Qr, T Qrc1 + Qrcz = Qirr + Qrev (7)
where Qocy, Qr, Qrc1,Qrcz Fepresent the heat generated by different electrical

components in ECM.

According to Bernardi et al. [71], the generation of heat of the total cell can

be computed using the following equation:

OE
Q = I(E — Eoc) +17 (52) (8)
p

where E is the cell potential during the charge or discharge process, and (Z_']i) is
14

represents the temperature coefficient reflecting the entropy change.

The irreversible heat can be calculated as:
Qirr = I(E — Egcy) = I*Rip (9)

where R;, stands for internal resistance, which is the key to calculate the

irreversible heat.

Assumed that the absolute value of current flow in cathode and anode is

almost the same, the reversible heat calculates as follows:

Qrey = —ITAS=IT (Z—ﬁ)p (10)
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Thus, the total heat generation of the full cell can be calculated according to
equation (4) - (10).

4.2. Heat transfer model

Besides heat generation part, the heat transfer model constitutes another
pivotal element within the thermal system of a cell. Depending on the extent of
required prior knowledge concerning the physical system of the cell, heat transfer
models are typically categorized as white-box, grey-box, and black-box models
[64]. Each model is tailored to meet specific application requirements. Similar to
the heat generation model, black-box heat transfer models can yield accurate
temperature predictions with sufficient training data, albeit without the inherent
physical significance of model parameters [72]. Due to its straightforward
parameterization and ease of implementation, the lumped-parameter (LP) model,
one of the most prominent grey-box models, is widely regarded as the optimal
choice for real-time thermal management. However, this model's simplicity comes
at the expense of simulating the temperature distribution within the internal
components of the cell. However, when the finite element analysis (FEA) of the
cell's internal structure is combined, a more comprehensive depiction of
temperature gradients within the prismatic LIB cell becomes achievable. Building
upon the LP model, the utilization of a Finite Element Model (FEM) that incorporates
a detailed representation of the cell structure significantly enhances accuracy, even

though it might entail higher computational demands [62].

Utilizing experimental measurements and the cell's physical properties, a 3D
resolved thermal model with detailed cell structure was developed. This model
encompasses the complete cell structure, encompassing the tabs' frame, the
positive and negative current collectors, the stack, the cell's cap, cap insulation,
outer tapes, and the can, which is shown in Figure 4.2. Utilizing the computational
domain mentioned above for the numerical simulations, the mesh for the cell is
approximately composed of 31K tetrahedron elements for the real geometry
(Figure 4.3) with an average quality of 0.5603. Within the domain, the maximum
and minimum element sizes are 23.4 mm and 4.21 mm, respectively. Besides,

tabs experience heating due to the diffusion of heat generated within the cell.
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Given the unavailability of material characteristics inside the cell, joule heating in

the tabs has been disregarded in the current simulations.

Y\L'x

Figure 4.2 The view of 3D resolved thermal model
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Figure 4.3 Geometry of the cell.

To describe the conduction that happened in the internal cell during cycling,
the heat transfer in solids and fluids module was used in COMSOL. The heat

transfer process is delineated through the following part [73].

As for the heat transfer in solids,
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oT 1
pCpE+pCpu-VT+V-q=Q+Qted
For heat transfer in fluids:
oT (12>
pCPE+pCPu'VT+V‘q=Q+Qp+Q1,d
q=—kVT (13)

In its basic form, the density p, heat capacity C,, thermal conductivity k, heat
sources Q, Pressure work @,,viscous dissipation Q,4, constraint temperaturesT,
and heat fluxes q. Considering not all parameters are constant, which leads to a

nonliner system.

With Dirichlet and Neumann boundary conditions at some boundaries,

-n-q=q (14)

Qo = h(Text = T) (15)

Where n stands for the normal vector toward exterior.

Additionally, in relation to the boundaries of the cell's six surfaces exposed to
the surroundings, a thin layer concept was employed to simplify heat transfer
process for packaging layers such as the can and tapes. This concept revolves
around the idea of replacing micro-scale layers in the object geometry with heat
transfer resistance terms to avoid the burden of computation for exceedingly thin
layers. This ensures that the temperature at any point within this thin layer is
equivalent to the temperature at points situated on the thermal insulation layers
with substantial thickness. As shown in Figure 4.4, the thin layer was indicated
with a light blue color, with a specific point A situated on its boundary interface.

Additionally, at the boundaries of other thermal insulations with certain thickness,
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there was another point labeled as B. The utilization of the thin layer ensured that
the temperature at points A and B are identical (T, = Tg), thereby establishing

temperature consistency and simplify the heat transfer process through this

approach.
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Figure 4.4 Illustration of thin layer concept.

4.3. Model outline

The coupled electro-thermal model is established and its schematic
representation is depicted in Figure 4.5. By utilizing input data concerning the
cell's characteristics, relevant electrical parameters, and temperature records, the
developed model is capable of predicting the internal temperature distribution and
voltage response of the cell based on the applied load cycle. As elaborated above,
this model encompasses two sub-models: the heat generation model based on a

2RC-ECM and the heat transfer model based on the cell's geometry utilizing FEA.

Primarily, the heat generation was calculated, which encompasse the

irreversible heat generated by Joule heating and the reversible heat attributed to
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entropy change, through the ECM. Subsequently, this calculated heat generated
by the cell was then distributed across its internal components in accordance with
its structural composition. The governing equations for heat generation and heat
transfer were discretized for the constructed cell geometry using the finite element
method. These equations were subsequently solved through COMSOL with the fully

coupled time-dependent solver. The computational process employed a time step

of 1 second.
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Figure 4.5 Schematic illustration of the electro-thermal 3D model
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4.4. Experiment

This section outlines the design and setup of two experiments. The
temperature distribution test, wherein temperature fluctuations are measured at
various points across each surface of the cell. This test aims to validate and visually
depict the temperature distribution across the cell's surface. The second
experiment concerns the measurement of the entropy coefficient, which is
conducted to obtain the entropy profile, a crucial factor in calculating the reversible
heat.

4.4.1. Cell characteristics

All measurements were carried out on single cell. The cell under study is a
prismatic lithium-ion cell that utilizes graphite anode and nickel rich cathode. It
possesses a nominal capacity of 150 Ah. The upper and lower cut-off voltages for
this cell are set at 4.2 V and 2.8 V, respectively. Other detailed characteristics are
shown in Table 4.1

Table 4.1 Investigated cell characteristics.

Maximum voltage/ V 4.2

Minimum voltage/ V 2.8

Nominal capacity/ Ah 150
Type Prismatic

Chemist Graphite anode -
emistr
y Nickel rich cathode
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4.4.2. Temperature distribution test

To comprehensively elucidate heat transfer and temperature fluctuations
from points to points, this experiment was structured to visualize temperature

distribution across the cell surface and validate simulation outcomes.

The experimental setup utilized a total of 40 K-type thermocouples, with the
distribution as follows: 9 thermocouples on both the front and back surfaces
(Figure 4.7 a), 3 thermocouples on each of the remaining four surfaces, and 2
thermocouples in each of the five directions exposed to the air, except for the
downward-facing bottom sides, illustrated in Figure 4.6. The cell was placed
within a thermal insulated box, enhancing the ability to closely monitor
temperature fluctuations. The experiment equipment used in the temperature
distribution test (shown in Figure 4.7 b) was a an MACCOR 4000 with 0.02% of
full-scale voltage, 0.05% full-scale current, and 16-b resolution. The thermal box
containing the cell was put inside the climate chamber of LaboTest PGX-224,

setting the surrounding temperature at 25 °C during the test.

The complete test procedure can be found in Appendix 8.1 Temperature
distribution test. The cell underwent a discharge process until reaching 0% SOC
prior to entering the pulsing cycles utilizing a current of 1/3 C, which is an
appropriate current magnitude, strikes a balance between not being too high to
overlook entropy heat and not being too low to miss observing joule heat.
Subsequently, within a loop comprising 10 consecutive cycles of full charging and
discharging with the range of 0 to 100% SOC, the temperature at various sites on

the cell was recorded.
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a. Thermocouples location on front and back side b. Thermocouples location on other sides and in the surroundings
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Figure 4.6 The design of thermocouples sites on the large surfaces of the cell (a) and
the rest (b).

a. Thermocouples on the back side of the cell b. Experiment setup

Figure 4.7 Thermocouple sites on cell’s back side (a) and the experiment setup (b).

4.4.3. Entropy coefficient measurement

According to equation (8) - (10), entropy changes exert a significant impact
on cell temperature, particularly evident at low C rates. Consequently,
incorporating entropy changes is imperative to enhance the accuracy of the

thermal model employed.

37



The entropy profile is commonly determined through several methods,
notably potentiometric, frequency-domain, and calorimetric approaches [74-76].
Calorimetric methods, in general, function by quantifying the total heat generated
with a calorimeter, segregating reversible and irreversible heat components from
the total, and subsequently deriving the entropic coefficient from the part of
reversible heat. While the calorimetric method offers entropy profile across the
entire SOC range relatively fast, it encounters certain obstacles when applied to
larger cells such as the targeted cell in this project. These obstacles encompass
the high cost of the calorimeter equipment and the potential fire hazards they pose
[76,77]. Another approach, exhibiting enhanced accuracy, is the frequency-
domain technique termed entropy change via electrothermal impedance
spectroscopy (EIS). This method operates by utilizing known thermal impedance
and measuring surface temperatures to derive internal heat flow within the cell,
which is a linear function of current and entropy change [77]. Although this method
presents itself as a highly appealing way of entropy measurement, offering a
balance between fast data acquisition and precision, it necessitates a significant
investment of time and effort in the pre-processing of data to achieve satisfactory
results. Thus, this project has opted for one of the most typical and reliable
approaches, the potentiometric method introduced by Thompson [78]. This
method involves the direct measurement of the OCV at varying temperatures after
a relaxation interval. Despite its slightly longer measuring time compared to others,
the potentiometric method ensures the accuracy of the entropy profile and

significantly contributes to the development of a highly precise heat transfer model.

The potentiometric test (shown in Figure 4.8) is powered by the same
system as the temperature distribution test. The temperature is controllable by
the programmable climate chamber Weisstechnik C/600/70/3 recorded with 3 type
K thermocouples, the site of which are near positive and negative tab, as well as
the center of the left side. In this measurement, it is the temperature change AT

that affects the result but not the absolute temperature.

38



Figure 4.8 The setup of potentiometric method for entropy measurement.

Followed the method mentioned in [76], the test procedure can be seen in
Appendix 8.2 Entropy coefficient measurement, showing that the entropic
coefficient was assessed across 10 SOC levels, ranging from 100% to 10%, with
intervals of 10% SOC. What need to notice was that measurements were not
conducted at 0% SOC, reaching this state is rare in realistic scenarios and can lead
to certain cell performance issues. The measurement commenced with the cell
being fully charged to 100% SOC. Subsequently, it was discharged to the next
SOC level at a rate of 0.33C for a duration of 40 minutes. Following each discharge
cycle, the cell was relaxed for 4 hours at each designated temperature.
Temperature conditions were regulated within a controlled environment provided
by the climate chamber, with temperatures varying from 30°C down to 10°C in
increments of 10°C. The voltage of the cell at last period of the relaxation was

regarded as cell’'s OCV at each temperature for every SOC level.
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5. Results and discussion

5.1. Test Results

5.1.1. Surface temperature distribution

The voltage, current, and other electrical parameters of the cell during the
temperature distribution test were presented in Figure 5.1 and Figure 5.2. In
terms of the temperature variations at different sites on the cell, Figure 5.3
depicted the temperature changes on the front side. The other thermocouples were
plotted as the delta towards the middle one. There are 9 graphs corresponding to
the site of thermocouples on the front surface, demonstrating a consistent trend
with slight variations (maximum temperature difference were only 0.5 °C ) among

different locations. Left side (Figure 5.4) and the remaining four surfaces were
observed with similar results.
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Figure 5.1 Voltage and current during temperature distribution test.
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Figure 5.2 Capacity, energy, and temperature during temperature distribution test.
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Figure 5.3 Temperature of front surface of the cell.
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Figure 5.4 Temperature of left surface of the cell.

5.1.2. Entropy profile

The voltage and current profiles observed during the entropy coefficient

measurement were illustrated in Figure 5.5, and the variations in energy, capacity,
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and temperature were depicted in Figure 5.6. Based on the graphs mentioned,
the OCV values were obtained at 3 designated observation temperatures within
the SOC range spanning from 100% to 10%. The gradient of these OCV points at
different temperature illustrated the entropy coefficient.
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Figure 5.5 Voltage and current during entropy measurement.
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Figure 5.6 Temperature variation during entropy measurement.

Recognizing that the 10 data points from discharge side obtained from the
experiment might not provide sufficient accuracy for the reversible heat. The
outcomes cited in [79], which employed the same electrode materials and
analogous chemistry as the cell utilized in this project, were integrated to elaborate
upon the entropy profile for both discharge and charge sides. These results are
depicted in Figure 5.7. The red dots represented the experimental data, while the
black dots represented the reference data. Both sets of data exhibited similar
entropy profiles, with the reference data offering more detailed variations in
entropy coefficients and data from the charge side. This enhanced dataset for

entropy contributes to a more accurate calculation of reversible heat.
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Figure 5.7 Entropy coefficient as function of SOC for the charge and discharge.

5.2. Model validation

5.2.1. Heat generation model validation

Considering ECM is developed based on electrical parameters of the cell, such
as ohmic, current, polarization resistances, etc., voltage is determined as the
factor to validate the developed 2RC-ECM. A series of diverse types and levels of
current was applied in the model to mimic different operation scenarios of the cell,
during which, the error of the test voltage and simulated voltage were calculated

to estimate the ECM performance.

|Experiment Voltage — Model Voltage| (16)

Voltage Error = %X 100%

Experiment Voltage

In ECM, SOC works an important parameter, because it enables to make the
bridge between cell’'s voltage and its heat generation, displaying as cell’s
temperature, providing valuable information about the capacity, energy and
performance of the cell. Figure 5.8 shows the OCV-SOC-Temperature curve when

charging and discharging current was applied.
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Figure 5.8 The test curve for OCV-SOC-Temperature of the cell of (a) charging current

and (b) discharge current.

Based on the initial parameters of input data and the interpolation of LUTSs,
the terminal voltage and the heat generation of the cell were calculated according
to Equation (5) and Equation (7) -(10).

Figure 5.9 to Figure 5.12 revealed the results of the developed 2RC-ECM
through voltage validation from simple current cycles to dynamic cycles of different
current levels correspondingly, Figure a of which displayed the detailed
comparison of test voltage and simulated voltage, while Figure b depicted the
error of the measured and model results. As for the simple load cycles (Figure
5.9), the voltage error was all below 2%, demonstrating a fairly dependable model
for heat generation. As for dynamic current cycles, 3 different levels current were
applied and lasted for longer periods, varied from high current of 1C to the medium
current of 1/3C, then to low current of 1/10C. It is noteworthy that the direction
of current displaying in COMSOL is opposite of the reality, which means that the
positive current is actually discharging current. As for high current, voltage errors
were also less than 2% except one breaking point reached around 6%, which was
the switch point for the current direction as well as the change of charge and
discharge LUTs. At medium current, a parallel trend was observed in comparison
to the high current scenario, where a maximum voltage error of approximately
5.5% emerged at the point of transition between current direction. In the low

current group, model results closely aligned with test ones and the voltage error
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were uniformly below 2.5%. The model underwent a series of dynamic fast-
charging cycles to mimic real-world automotive conditions. The outcomes of these
cycles are depicted in Figure 5.13, revealing a maximum voltage error of 5.5%
at the cycle's initial part. Moreover, it's important to highlight that the model
exhibited relatively less accuracy when discharging to low SOC compared to other
situation. Results of these groups showed some similarities: the maximum voltage
error point usually appeared at the current direction switch point, but it did not

affect the high accuracy and excellent performance of the ECM.

After sets of validations comprising high, medium, low current and fast
charging scenarios, the results revealed the excellent performance and reliability
of ECM in simulating dynamic driving cycles. Therefore, the ECM can be able to
integrate with heat transfer model for further research.
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Figure 5.9 Validation of ECM for simple current cycles: (a) verification of the simulation

and experimental results of voltage, (b) error of voltage.
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Figure 5.10 Validation of ECM for high level dynamic current cycles: (a) verification of

the simulation and experimental results of voltage, (b) error of voltage.
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Figure 5.11 Validation of ECM for medium level dynamic current cycles: (a) verification

of the simulation and experimental results of voltage, (b) error of voltage.
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Figure 5.12 Validation of ECM for low level dynamic current cycles: (a) verification of

the simulation and experimental results of voltage, (b) error of voltage.

a.  Fast Charging: Model Voltage vs. Test Voltage b. Voltage error
T D Erm)
P {40 5 1

AL | 30 Il
3.9 ‘ ‘ig 450 ||
sar | ° 3§ 47” i i\
37 100 2T 3spy I I
s 36 20 £ B I[ I i
Do A !
& . 40 3 o | |
£ 3.4 o § 2 25 | | .
s : 3 B i
> 33 r 60 B © 2t Al
= | !
3.2 — [ 70 & 15 7|| I I | I
3.1f ~— Voltage Model | | ’gg 1 | l’ | | |
— = Voltage Test = 1 1-
of B 707{9?7-5)—73 it e 0.5 I I P, f ] L M A i LMy g
29 — — Applied Current |1 1-110 . 7‘ WU ' M v M A}
28 = 120 oll ¥
2.7 L N 130 L I
o > P’ 0 12 0 2 4 [ 10 12

6 N
Time (h) Time (h)

Figure 5.13 Validation of ECM for dynamic fast-charging cycles: (a) verification of the

simulation and experimental results of voltage, (b) error of voltage.
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5.2.2. Heat transfer model validation

In order to validate the FEA heat transfer model, a medium-level current
(1/3C, approximately 45A) was applied to the model, and the load cycle results
were consistent with those depicted in Figure 5.11 It was this particular C rate of
the current that was deliberately selected to effectively showcase the heat
generated from both Joule heating and entropy. The average temperature for each
surface as well as the individual temperature at various sites on those surfaces
were used. By comparing the difference between the model and experiment data
though calculating the temperature error, the accuracy of the model could be

estimated and assessed.

Experiment Temp. —Model Temp.
|Exp p p |>< 100% (17)

Temperature Error =
P Experiment Temp.

The results, from Figure 5.14 to Figure 5.19, illustrated the outcome of
surface average temperature validation through the assessment of temperature
errors. Similarities were observed in the results for each surface. The model's
outcomes adeptly replicated the trends in temperature variations as the
experiment group, substantiated by errors that all remained below 0.75%.
Although subtle discrepancies from the experimental data occasionally emerged in

specific peak and valley values.
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Figure 5.14 Validation of FEM for front surface: (a) verification of the simulation and

experimental results of average front surface temperature, (b) temperature error.
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Figure 5.15 Validation of FEM for back surface: (a) verification of the simulation and

experimental results of average back surface temperature, (b) temperature error.
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Figure 5.16 Validation of FEM for top surface: (a) verification of the simulation and

experimental results of average top surface temperature, (b) temperature error.
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Figure 5.17 Validation of FEM for bottom surface: (a) verification of the simulation and

experimental results of average bottom surface temperature, (b) temperature error.
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Figure 5.18 Validation of FEM for left surface: (a) verification of the simulation and

experimental results of average left surface temperature, (b) temperature error.

a. Right surface: Model Temperature vs. Experiment Temperature b. Right surface temperature error
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Figure 5.19 Validation of FEM for right surface: (a) verification of the simulation and

experimental results of average right surface temperature, (b) temperature error.

Taking into account the considerable number of temperature points across
each surface, one temperature sampling point was selected for each surface to
compare the model's temperatures with experimental measurements, seen in
Figure 5.20 to Figure 5.25. The temperature data for each surface continued to
exhibit similar trends, akin to its average surface temperature. It's worth noting
that, regarding points’ temperature, the maximum temperature error reached
0.8%, slightly higher than the error observed for the average surface temperature.
This divergence can be attributed to disparities between the placement of
thermocouples and the selection of temperature points within the model, leading

to differences in the results.
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Figure 5.20 Validation of FEM: (a) verification of the simulation and experimental results

of TB12 on the front surface, (b) temperature error.
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Figure 5.21 Validation of FEM: (a) verification of the simulation and experimental results
of TF31 on the back surface, (b) temperature error.
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Figure 5.22 Validation of FEM: (a) verification of the simulation and experimental results
of TS1 on the top surface, (b) temperature error.
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Figure 5.23 Validation of FEM: (a) verification of the simulation and experimental results

of BS3 on the bottom surface, (b) temperature error.
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Figure 5.24 Validation of FEM: (a) verification of the simulation and experimental results
of LS2 on the left surface, (b) temperature error.
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Figure 5.25 Validation of FEM: (a) verification of the simulation and experimental results
of RS2 on the right surface, (b) temperature error.

The validation of both the surface average temperature and individual point

temperatures of the cell underscored the low level of temperature error. This
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outcome corroborates the exceptional performance of the FEA heat transfer model,

which is able to delivers accurate and reliable temperature distribution results.

5.3. Performance analysis

To delve into the analysis of the simulation results obtained from the electro-
thermal 3D model, the discussion will be structured around two main aspects in
the following section: the source of heat generation and the distribution of

temperature within the cell structure.

5.3.1. Heat source and thermal behaviors analysis

The simulations adeptly captured the overarching thermal behavior of the cell.
Figure 5.26 illustrated the comprehensive heat generation during the load cycle.
Entropic heat varies between positive and negative values. Joule heat, on the other
hand, is consistently positive and directly correlates with the SOC level, or more
precisely, the current. Focusing on Joule heating (Figure 5.27), a significant
portion of the heat was contributed by the heat generated from R2. The generated
heat from RO and R1 maintained a consistent trend, whereas the heat generation
from R2 exhibits an opposing trend. Additionally, it's noteworthy that the switch
point for current direction corresponds to the turning point for joule heat

generation.

Concentrating on the discharge and charge phases occurring between 1.2
hours and 7.5 hours, both the discharge and charge phases can be divided into
two distinct stages, seen in Figure 5.28. In the discharge scenario, the initial
stage corresponded to a gradual temperature decline from approximately 100%
to 40% SOC within approximately 1.7 hours. This phenomenon stems from the
fact that the entropic heat is negative, implying an endothermic process,
occasionally even the entropy effects nearing zero in this range. Subsequently, the
discharge entered a second stage from 40% to 0% SOC, showing a pronounced
temperature increase. The elevation in temperature is attributed to the combined
contributions of joule heat and entropic heat. Conversely, during the following full
charge phase, the initial stage involved a temperature decrease from 0% to 30%

due to the negative entropic heat. As the charging process ensued, coupled with
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an increase in current, the heat generated by the Joule effect intensified. This, in
turn, resulted in a temperature rise in the subsequent stage, ultimately reaching
100% SOC. Tardy also conducted research on similar topics and discovered that
the thermal behavior of the cell was relatively consistent during the charging phase
[80]. However, discrepancies arise during the discharge phase. This difference
might be attributed to variations in the C rate of the applied current between his
study and this model. The different C rate may result in varying effects of entropy

on the total heat generation.
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Figure 5.26 Heat source of the total heat generation.
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Figure 5.27 Different joule heat sources.
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Figure 5.28 Two stages of discharge and charge.

5.3.2. Temperature distribution

Figure 5.29 to Figure 5.35 exhibited the internal temperature distributions
of the cell at various SOC levels. With a 1-second time interval for computations,
the obtained results showed a notably homogeneous temperature distribution
within the cell's geometry. The maximum temperature difference (AT) observed
throughout the load cycle across the entirety of the cell's structure was
approximately 2K. In regions enveloped by tapes, such as areas on the current
collectors, the temperature registered slightly higher than other components.
Besides, the central regions of the cell's front and back surfaces, coinciding with
the central part of the jelly roll, exhibited higher temperatures due to their high

in-plane thermal conductivity.

Regarding the temperature fluctuations within the cell's internal structure
throughout the load cycle, the results revealed that the temperature of each
component increased from 298K to approximately 303K during the charging
process, from the initial SOC of 62.5% to 100% SOC. As previously discussed in
the preceding section, the cell's temperature declined due to the endothermic
entropy effect during discharge until reaching 40% SOC (Figure 5.31). Upon
discharging to 0% SOC, the temperature continued to rise, reaching an average
temperature of 307K (Figure 5.32). Upon initiating the charging phase, the cell's
temperature decreased by 2K until it reached 30% SOC (Figure 5.33). Upon

reaching full charge, the cell's temperature increased to 307K (Figure 5.34).

54



The simulated temperature distribution and changing patterns offer valuable
insights into devising an appropriate cooling strategy for this cell. Given the with
higher temperature, including the taped sections and the central part of the large
surfaces, throughout the load cycle, it is advisable to incorporate cold plates within
the clamping. These cold plates would enclose the cell's front and back surfaces,
facilitating effective cooling. Considering that cells are typically used to form pack
in vehicles, an additional cold plate could be integrated at the bottom to cool the
entire pack, which would yield even more efficient cooling effects. Furthermore,
it's observed that the cell's temperature tends to increase at both extreme low and
high SOC levels, as well as after prolonged cycling. Aiming this, the Battery
Thermal Management System (BTMS) should be employed to actively monitor the
cell's SOC, particularly after extended operational periods, in order to prevent the

temperature from rising to uncontrollable levels.
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Figure 5.29 Temperature distribution of the cell at the start point.
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Figure 5.30 Temperature distribution of the cell at 3912 s (100% SOC).
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Figure 5.31 Temperature distribution of the cell at 10368 s (40% SOC at discharge).
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Figure 5.32 Temperature distribution of the cell at 15650 s (0% SOC).
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Figure 5.33 Temperature distribution of the cell at 18193 s (30% SOC at charge).
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Figure 5.34 Temperature distribution of the cell at 26018 s (100% SOC).
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Figure 5.35 Temperature distribution of the cell in the end
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6. Summary and conclusions

6.1. Conclusion

Operational temperature significantly impacts the performance of LiB cells.
Both high and low temperatures can affect cell’s performance and overall
functionality. Hence, implementing effective battery thermal management is

crucial.

In order to propose a detailed thermal management strategy tailored to this
cell with nickel-rich cathodes and enhance its performance in an automotive
environment, this thesis has established an electro-thermal 3D model through
COMSOL, which integrated the 2RC-ECM for heat generation with the FEA heat
transfer model based on the cell's geometry. The simulation results showed the
load cycles and internal temperature distributions during cell operation. These
results contribute to understanding the electrical and thermal behavior of the cell
under different cycling conditions and support the optimization of cooling
strategies for the cell. Based on this, some important conclusions could be

summarized.

® The developed model has undergone rounds of validation: the ECM has been
validated through various current conditions, yielding an average voltage error
of 2%. Similarly, the FEA heat transfer model's validation involved average
surface and point temperatures, with temperature errors below 1%. These
results underscore the model's exceptional performance and reliability.

® During cell cycling, the entropy primarily influences the cell's temperature at
low C-rate, while at high C-rate, temperature is primarily governed by the
Joule effect. With a current of 1/3C, the entropy change could even effectively
serve as a cooling contributor and the primary source of joule heat generation
was attributed to R2.

® Regarding the internal temperature distribution of the cell, a homogeneous
temperature distribution was observed within the cell's geometry, with a

maximum temperature difference (AT) of 2K.
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® The regions near current collectors and the central part of the cell's front and
back surfaces exhibited higher temperatures during cycling, which could

provide valuable insights for optimizing cooling strategies for the cell.

6.2. Future work

The satisfactory simulation results obtained in this thesis demonstrate some
insights for the optimization of cell’s cooling strategies. Considering the thermal
behaviors and high temperature area of the cell observed through simulation
results, it is recommended to integrate cold plates enclosing the cell's front and
back surfaces like clamping. If time permits, it is expected to develop the model
for the cold plates and evaluate the cooling effectiveness, which would serve as a
preliminary step for the testing setup for cooling methods. Additionally, there is an
interest in exploring the thermal behaviors connecting the cell to the module and
pack, with a focus on understanding the correlations and distinctions among for

improving simulation models and testing environments.
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8. Appendix

8.1. Temperature distribution test

Step Type Mode Value Limit Value EndType Op Value Goto | ReportType| Value Optiong
1 Rest Step Time = 00:00:05 002 Step Time 00:00:01 © ANNN
Voltage >= 4,3 o
Voltage <= 2,7 [0k
Thermocouple __>= 1/50,0 o1
Thermocouple ~ >= 2 /50,0 oM
Thermocouple  >= 3/50,0 oM
2 Rest StepTime = 00:01:00 003 StepTime 00:01:00 ° ANNN
Voltage 1,0
3 Rest Thermocouple <= 3/26,0 004 StepTime = 00:01:00 ' ANNN
Voltage 1,0
Themocouple  1/1,0
4 | Discharge Cument 0,3C StepTime = 02:00:00 005 StepTime = 00:00:01 ' ANNN
Voltage <= 2,8 005 Voltage 0,01
Thermocouple <= 1/45,0 005 Current 0,1
5 Rest Themocouple <= 1/26,0 006 ANNN
6 Do1
7 Charge Current 0,3C Voltage 4,2 StepTime = 04:00:00 008 StepTime | 00:00:01 = ANNN
Curment <= 0,05C 008 Voltage 0,01
Thermocouple  >= 1/45,0 008 Current 1,0
8 | Discharge Curent 0,3C StepTime = 04:00:00 009 StepTime ' 00:00:01 ' ANNN
Thermocouple . >= 1./45,0 009 Voltage 0,01
Voltage <= 2,8 009 Curment 1,0
9 Loop1 Loop Count = 10 010
10 Rest StepTime = 01:00:00 oM StepTime 00:01:00 = ANNN
Voltage 1,0
ANNN
1 Rest Thermocouple <= 31/26,0 012 StepTime = 00:01:00
Voltage 1,0
Themocouple 1/1,0
12 End

Figure 36 Temperature distribution test procedure
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8.2. Entropy coefficient measurement

Step] Type Mode [Value] Limit jvValug EndType Op Value Goto J| ReportType Wakie Opticng
1 Rest StepTime = 00:00:10 002 Step Time (GG ARINY
Voltage >= 4.3 016  SetVariable alEnd: WAR1=15{.832
Voltage <= 2.7 016
Thermocouple >= 1/50.0 016 ARNH
2 Rest Themocouple >= 1/28.0 003
3 Do1
4 Rest StepTime = 04:00:00 005 StepTime AHHN
Voltage
5 Rest Thermocouple <= 1/21.0 006 Voltage 0. AHHN
Step Time D000
6 Rest StepTime = 04:00:00 007 StepTime 00010 ARINY
Voltage 001
7 Rest Thermocouple <= 1/14.0 008 Voltage 001 ARINY
StepTime OO0 1)
8 Rest StepTime = 04:00:00 009 StepTime D00 10 ARNN
Voltage 0.1
9 Rest Thermocouple >= 1/28.0 010 Voltage AHNH
StepTime
10 ' Discharge Curent ' 0.33C StepTime = 00:40:00 011 StepTime AHNN
Thermocouple >= 1./40.0 011 Current
Function : CAPACITY>=VAR1*0.1 011 Voltage
Thermocouple
11 Loop1 LoopCount = 10 012
000010 ARIN
12 Rest StepTime = 04:00:00 013 StepTime LG
Voltage
OO0 160 ARINY
13 Rest StepTime = 04:00:00 014 StepTime Ll
Voltage
D001 ]
14 Rest StepTime = 04:00:00 015 | _StepTime a.m
Voltage
(L)) AHNH
15 | Charge = Cument  0.5C ' Voltage 4.2 ' Thermocouple >= 1/45.0 016 Voltage 030010
Current <= 0.05C 016 | _StepTime @
Function : CAPACITY>=VAR1*0.5 016 Voltage
StepTime = 02:00:00 016
16 End

Figure 37 Potentiometric entropy test procedure
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