5 CHALMERS

UNIVERSITY OF TECHNOLOGY

Anisotropic Temperature Distribution
within Li-ion Cells in EV Batteries
an electro-thermal approach

Master’s thesis in Automotive Engineering

SAURABH BIDARI

Department of Electrical Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2020






MASTER’S THESIS IN AUTOMOTIVE ENGINEERING

Anisotropic Temperature Distribution
within Li-ion Cells in EV Batteries

SAURABH BIDARI

CHALMERS

UNIVERSITY OF TECHNOLOGY

Department of Electrical Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2020



Anisotropic Temperature Distribution within Li-ion Cells in EV Batteries
an electro-thermal approach
SAURABH BIDARI

© SAURABH BIDARI, 2020.

Academic Supervisors : Torbjérn Thiringer and Zeyang Geng, Department of
Electrical Engineering, Chalmers University of Technology, Gothenburg, Sweden

Industrial Supervisors : Keerthana Arjun and Torbjorn Larsson, ART Power
and Energy, Volvo Cars, Gothenburg, Sweden

Examiner : Torbjorn Thiringer, Professor, Department of Electrical Engineering,
Chalmers University of Technology, Gothenburg, Sweden

Department of Electrical Engineering
Chalmers University of Technology
SE - 412 96 Gothenburg

Sweden

Telephone +46 (0)31 772 1000

Cover: Volumetric temperature distribution in a unit cell (top left), isothermal con-
tours in a full cell (bottom right), plots of conductivity variation with temperature
(centre), temperature variation over time for 2C current (bottom left) and for WLTC
current (top right).

Typeset in IATEX

Printed by Chalmers Reproservice
Gothenburg, Sweden 2020

iv



Anisotropic Temperature Distribution within Li-ion Cells in EV Batteries
an electro-thermal approach

SAURABH BIDARI

Department of Electrical Engineering

Chalmers University of Technology

Abstract

One of the most crucial issues in the electric vehicle ecosystem is the service life of
the Li-ion battery pack. As the cell's energy and power density improve, there has
also been a reduction of thermal losses due to the internal resistance which depends
on the electrical, chemical, thermal and mechanical properties of cell materials and
their mutual interactions. Temperature plays a vital role in cell performance, safety
and the nature of regular operation de nes the variability of service life. For a cell
with a volume of 225c¢n¥, as in the current study, heat distribution through the
volume becomes essential, especially when the constituent materials are anisotropic,
temperature-sensitive and possess poor thermal properties which inhibit e ective
heat dissipation. This master thesis deals with understanding the interdependence
of multiple physics contributing to the cell operation and creating an electro-thermal
model of a Li-ion pouch cell determining temperature distribution within the cell
volume. The nite element method is employed in multi-physics simulations. Exper-
imental test results are also utilized to calibrate the model to improve its accuracy
and reliability. Pulse tests and standardized drive cycle current pro les are fed
as input to correspond real vehicles on-road operations, hence obtaining respective
temperature distributions.

It is observed that the temperature is the highest at the positive tab than at the
negative and a substantial di erence in temperatures at the cell surface and cell core
is detected. The higher temperatures at the speci ¢ sections of the cell correspond
with the experimental results. A di erence 0f3:3°C is detected between extremes,
i.e., positive tab and lower cell surface while the di erence between the cell surface
and cell core peaked a0:5°C for boundary conditions of an ambient room aR0°C
and 2C electric current.

A reference vehicle model with minor modi cations is used to compare the pow-
ertrain thermal management system (TMS) performance. The TMS which used
cell core temperature as a cooling actuation parameter demonstrated a marginally
higher drop in the state of charge as opposed to the system using cell surface tem-
perature. This is due to the longer cooling requirement in the former case. However,
the improvement in battery pack service life is not quanti able because of single-
cycle simulations and the complex chemical degradation phenomenon occurring over
the cell lifetime. This re ection and its derivations provide an interesting scope for
future studies.

Keywords : Powertrain, Li-ion batteries, Internal resistance, thermal management
systems, Finite Element Analysis, electro-thermal modeling.
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Introduction

The urgency to transition from fossil fuel energy sources to sustainable, low-
carbon energy providers has amplied during the past decade. Most industries
have realized the need for this transition. They hence have correspondingly started
transforming their respective business models by taking suitable actions. Next to the
collective emissions from electricity generation in power plants, the transportation
industry has long been responsible for carbon emissions [1]. The same is demon-
strated in Figure 1.1. Most automotive manufacturers have started pushing hard
towards the electri cation of their product portfolios [2]. Many federal governments
have also been considering incorporating new transformative norms for the automo-
tive industry in their economic recovery packages announced due to the COVID-19
global pandemic.

Figure 1.1: At the end of 2014, GHG emissions share were Electricity and heat
production:49.04%, Transport:20.45%, Manufacturing and construction:19.96% and
the rest accounting for about 10% [3]

Antithetical to the complexity of ICEV and HEV, BEV is relatively simpler based
on the propulsion systems' perspective as there are relatively fewer moving parts.
The energy source used de nes the energy conversion method to be employed in the
vehicles. High energy density fossil fuels need an ICE for converting chemical energy
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1. Introduction

to use into propulsion energy. In contrast, relatively lower energy-dense batteries
need electric motors for converting electrical energy to useful propulsion energy
in a HEV and a BEV. The development of highly optimized electric powertrains
by seamlessly integrating hardware and software has become one of the vehicle
manufacturers' prime challenges. This has compelled the EV battery suppliers to
their limits in order to show appetence for high energy, power-dense batteries and
deliver them in unprecedented lead times [4]. Figure 1.2 shows the past and projected
Li-ion battery demand for di erent categories of transport.

Figure 1.2: Bloomberg NEF 2019 forecast for annual Li-ion battery demand de-
picting majority share of passenger EVs beyond 2020 [5]

1.1 Problem Background

Volvo Cars has committed to the sustainable design of vehicles for a cleaner
environment, which is re ected in its ambitious climate plans for future [6]. It intends
to reduce the CQ emissions per car byi0%before 2025 and become climate neutral
by 2040 [6]. VCC aims to sell 1 million electri ed vehicles by 2025 and at the same
time, stop the new development of pure ICEV [6]. Hence, most of the upcoming
Volvos' will be either a BEV or an HEV with at least 48 V system, i.e., Mild hybrids
[6]. Since the battery pack is a crucial component in the vehicles with some or
other electric drive forms, proper optimization of this critical component becomes
necessary. From the recent developments in battery technologies, Li-ion batteries
stand out to have more relative advantages than disadvantages compared to lead-
acid and Nickel-based batteries [7][8]. Li-ion battery performance and service life are
strongly dependent on the temperature. Surprisingly, a reasonably high temperature
Is desired as the losses are lower due to a low resistance at higher temperatures [9].
However, it is essential to limit the average temperature to belods C to decelerate
aging and achieve a longer service life [9], which can be achieved by using a suitable
BTMS. Typically, BTMS is a part of the BMS, which has a more extensive range
of functions like monitoring of battery voltages, currentsSoC along with charging,
cell voltage balancing, among other vital tasks [7].
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1. Introduction

BTMS is a closed-loop control system that continuously monitors the battery
temperatures. Consequent to the extremes attained, it actuates the thermal man-
agement system based on speci ¢ pre-set target parameters. Typically, the temper-
ature sensors of a BTMS are attached to some centrally placed cell surfaces within
the battery pack, which leads to an underestimation of the actual cell temperature,
i.e., within the cell [9]. The temperature within a cell could have reached much
higher magnitudes as constituent materials' thermal conductivity (separator in par-
ticular) is signi cantly low compared to its neighboring components. This limits
the heat dissipation to the heat sink - in the current case, the coolant used. It is to
be noted that when the core temperatures are around 90 to 12G, a phenomenon
called thermal runaway occurs. During this phenomenon, the exothermic reactions
take over the heating and induce permanent damage in the battery cell [9] and can
lead to critical battery pack res [10].

A su ciently high amount of electrical energy needs to be stored on-board the EV
with well-balanced power and energy density to propel the vehicle, which typically
weighs overl600 kg[11]. Lithium-ion batteries, incorporating high energy densities
while being relatively easy to operate, turn out to be a viable solution. However,
Lithium-ion batteries need proper thermal optimization for the best possible per-
formance characteristics [12]. This can be done in di erent ways. Two important
examples are,

" by re ning the materials used which govern the electro-chemical processes and
are the basis for cell operation[13]
by designing a thermal management system to ensure that the battery pack's
temperature remains in the optimum range for cell reactions to occur e ec-
tively without a high rate of aging [14].

Both the above options tend to be challenging due to the nascency of a Li-ion
cell application in high voltage EV and hence need to be addressed. Therefore,
the concurrent work deals with the latter option of e ective thermal management
down from the root cell level. This ultimately has to account for variable external
environmental factors while still serving the necessary driver's demands and optional
auxiliary system power requirements during normal operations.

1.2 Objectives

To develop a 3-dimensional electro-thermal model of a battery cell in a more
detailed level where the geometry, anisotropic material properties of the elec-
trode, separator, electrolyte and casing are taken into consideration.
Use the developed electro-thermal model to estimate the battery cell internal
temperature for various set of ambient conditions. The internal cell tempera-
tures are functions of speci c load cycles and cooling strategies used.
To model and simulate two BEV thermal management models operating with
standardized WLTC,

a). one with a BTMS which uses the cell surface temperature as the control
parameter
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b). another with a BTMS using the cell core temperature from the electro-
thermal model as the control parameter

1.3 Speci cations of the Issue under Investigation

The current thesis work would address the following,

" The temperature distribution within the entire cell volume in x, y and z di-
rections with a simple cooling arrangement.

Real-time surface temperature of the cell when the cooling system needs to be
actuated while the internal temperature has reached the stipulated limit.

If there is any driving range improvement or hindrance due to the new target
control parameters determined from the electro-thermal model.

If the modeled cooling circuit is good enough to e ectively cool the battery
pack at high power demand applications like rapid accelerations, top speed
operations and if necessary, suggest appropriate changes to meet the demands.

1.4 Delimitations

In order to have simplicity in the modeling, only BEV cooling systems will be
considered as the HEV cooling systems are relatively more complicated due to the
presence of an ICE. Heat transfer by conduction and convection will be considered,
while no radiation e ect will be taken into account due to a relatively lower heat
loss by that means. The experimental veri cation of internal temperatures from the
battery cell model developed is not carried out since it involves cell disassembly.
However, surface temperatures are estimated from the model and compared with
experimental results. When the vehicle model is designed to evaluate the cooling
system's e ectiveness and performance of a BEV, a simple vehicle model is used
where a set of battery modules are simpli ed and considered as a single thermal
node, which in turn constitute the battery pack. No detailed CFD simulations of
the cooling system in COMSOL - Multiphysic8 will be performed. Battery cell
aging is a complex function of cycle aging and calendar aging mechanisms that are
independent. Hence, a detailed qualitative and quantitative analysis of the reduction
in the battery pack's aging rate and its constituent cells are ignored in this study.
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Theory

The use of EVs dates back to the 19th century when horse carriages and buggies
were the primary modes of transport and innovative engineers were planning to
transform the transportation industry. With the invention of combustion engines
powered by coal, gasoline, and diesel, an industry transformed reluctantly against
the inuence of innovators' e orts who built the galvanic cell-powered carriages.
Due to a relatively higher energy density, convenient availability of fossil fuels and
the desired longer range from competing combustion engines, the ICEV success
overshadowed the EV [15]. EV growth seems relatively new when compared to the
historical use of high power electricity in heavy transport like trains and city trams.
Nevertheless, the use of electrical energy in rst passenger vehicles dates back to
1881 in Gustave Trouvé's tricycle [16] and 1901 in Ferdinand Porsche's "Semper
Vivus', the rst HEV [17], both presented in Figure 2.1.

In this chapter, a brief explanation of the theoretical background necessary to
carry out the contemporary work in a concisely-structured way is laid out. It ranges
from the basics of heat transfer while glancing through the aspects of battery cells
and ends with describing the EV thermal management system. It is to be noted
that the A/C system, which underlines the luxury and passenger comfort, is not
considered in the study and any reference to the same is exclusively related to
the powertrain cooling. However, the omission of the same does not in any way
undermine its importance.

Figure 2.1: The rst EV, (a). Gustave Trouvé's tricycle (1881) [16] and (b).
Ferdinand Porsche's Semper Vivus (1901) [17]



2. Theory

2.1 Electri ed Vehicles - HEV and BEV

Conventional vehicles powered by combustion engines have a smallgV lead-
acid battery which serves as the power source for the auxiliary electrical/electronic
systems in the vehicle. It is recharged during regular operation by an EM, which
is known as the alternator. Its other function is to provide power to the auxiliary
loads during normal operation. Another EM is a xed next to the engine with
the primary function to crank up the engine during start-up and hence is called
the Starter. Figure 2.2 illustrates the classi cation of vehicles based on the fuel
source and propulsion device employed. As seen, in the case of EVs that comprise
hybrids ranging from mild hybrids to PHEVs and complete BEVSs, the use of Li-
ilon batteries has become standard but with varying energy content and operating
voltages. In the automotive industry, high voltage refers to voltages oves0V,
which is typically found in EVs with EM power above 12 KW [18]. High voltage
encompasses Mild Hybrids, all Full Hybrids, PHEV, FCEV and BEV. Figure 2.3
depicts the EV classi cation based of system parameters.

Figure 2.2: Vehicle classi cation based on fuel source used and propulsion device
employed [19]

2.2 Importance of Heat Transfer Mechanisms

Heat energy is one of the most convenient forms of energy as it can be transferred
by all known means, i.e., with or without the availability of transfer media. The
energy ow is always from a body/section at a higher temperature to lower temper-
ature analogous to water ow from a higher elevation to lower or charge ow from
a region of higher potential to lower. In Li-ion cells, primarily, heat transfer within
the cell dominantly occurs by conduction (as the material is solid) and the heat
transfer from the cell surface to the coolant takes place through convection. The
radiation heat transfer is promptly neglected as the temperature di erence between
the cell surface and the ambient is relatively low to account for radiation loss. As
explained byCengel et al.in [20], radiation heat loss becomes signi cant enough to
consider only if the temperature di erence between the source (cell) and the sink
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2. Theory

Figure 2.3: EV classi cation based on primary voltage source used and EM power
category [18]

(ambient/coolant) is higher than 300°C. Table 2.1 represents the analogous com-
parison between the charge, heat and uid transfer illustrating electrical, thermal
and hydraulic circuits, respectively.

Table 2.1: Parametric comparison between Electrical, Thermal and Hydraulic
circuits

Electrical Thermal Hydraulic
Potential Voltage Temperature Pressure
Flow Current Heat Discharge
(volume ow)
" . . Hydraulic resistance
Opposition Resistance| Thermal resistance (Viscosity, bends/turns)

2.2.1 Conduction

Conduction heat transfer occurs within solids or between solids in physical con-
tact. As the heat energy is supplied to a solid, the constituent molecules start
vibrating with higher amplitudes and frequencies and after reaching a limit called
melting point, the closely packed molecules dissociate into the liquid phase. As a
basic principle in heat transfer, a body above absolute zer® K) always has its
constituent particles in vibration. Heat transfer through conduction is dependent
on the thermal conductivity of the material, the temperature di erence between
points/surfaces of interest and the cross-sectional area for the heat ow. Ina 1-D
steady-state system, (2.1) represents the heat 0Wconquction through a solid with
thermal conductivity k with one end of the solid at temperaturel; which is con-
tinuously heated andT, is the temperature at a distance ofx from T, while A is
cross-sectional area normal t®conguction - The same is shown in Figure 2.4. From
Fourier's law of heat conduction, the above parameters are related as,



2. Theory

T, T T
Qconduction = kA(lXZ) = kA7 (2.1)
In the limiting case when X 0, (2.1) reduces to di erential form and is given by,
dT
Qconduction = kA& (2.2)

Figure 2.4: Heat transfer through a cylindrical body with thermal conductivity k

Here, k [W=m K] characterises the material's ability to conduct heat. Typically,
metals have higher thermal conductivity except for a few non-metallic conduc-
tors. One unique among them is Diamond. Diamond's thermal conductivityk(=
2300WEm K) is almost over 5 times that of Silver k = 429W=m K) [20]. Ther-
mal conductivity is also a temperature function and hence does vary with changing
temperature. However, the range in which the current work deals with has no con-
siderable e ect on the same and hence ignored.

When the heat transfer takes place through all three primary directions within
a body, it is said to be 3-dimensional (3-D) heat transfer and is given by equations
(2.3) and (2.4). Figure 2.5 represents the 3-D heat transfer.

Qconduciion = Qx + Qy + Q; (2.3)
dT dT dT
Qconduction = kxAxd7 + kyAyd*y + szzE (2-4)

In case of isotropic materialsky, = k, = k, while for anisotropic materials,k; 6

2.2.2 Convection

The mechanism of heat transfer where the movement of constituent particles is
due to the di erence in their thermal energies is called convection. For example, the
air molecules at higher temperature are less dense and possess higher thermal energy,
while molecules at a lower temperature are dense and have lower thermal energy.
This heat transfer involves contribution from conduction and from the motion of
constituent particles. Generally, convection is found between the solid surface in
contact with a moving uid, be it gas or liquid. Considering a solid surface in
contact with a uid owing on its surface, the heat is initially transferred to the

8



2. Theory

Figure 2.5: Heat transfer in a 3-D block

uid molecules closest and in contact with the surface. Then, these warmed up
molecules collide and transfer heat to the upper layers by conduction and then by
moving upwards as the density of uid molecules at higher temperatures is lower
[20]. When the uid is con ned to narrow spaces and not at the liberty of free
movement, the heat transfer in it is by conduction for instance, as in two solids with
rough surfaces in contact with each other. The uid between the voids formed due
to crests and troughs as a result of rough surface conducts heat. Convection is a
fairly complicated phenomenon when analysed against conduction.

A generalised equation for convection heat transfeQ.onvecton between a solid
surface at temperatureTs and uid in motion at temperature T, is given by (2.5).
Figure 2.6 illustrates the steady-state heat transfer with blue and red arrows repre-
senting air ow and heat ow respectively.

Qconvection = hA(Ts Tz ) (2.5)

where, A is the solid's surface area in contact with uid and h is the heat transfer
coe cient, which varies largely based on the uid, velocity/ ow rate and phase.

Figure 2.6: Heat transfer between a block surface and uid in motion

When the uid is induced to ow over a certain surface by use of external means
like a blower, fan, the phenomenon is calleBorced Convection In contrast, if the
uid motion is only caused by buoyancy e ects due to density di erences as a result
of di erent temperatures in di erent layers, it is characterized adNatural Convection

9



2. Theory

2.2.3 Radiation

Heat transfer occurring between bodies above absolute zero temperature by elec-
tromagnetic waves constitutes radiation heat transfer. The heat energy from the
stars in the cosmos reaches the revolving planetary bodies by radiation and Earth is
no exception. It is also to be noted that these electromagnetic waves are not cate-
gorised as gamma rays, radio waves, x-rays, ultraviolet rays. Typically, radiation is
considered as a surface phenomenon for opaque solids as the radiations from interior
regions cannot reach the surface and incident radiation on surface cannot penetrate
beyond a few microns. The maximum radiation heat releasé&|.giation , from a body
with surface areaA, absolute temperatureTs is expressed using Stefan-Boltzmann
law as,

Qradiation = AT s4 (2.6)

where, is the Stefan-Boltzmann constant with a magnitude 05:67 10 8 W=m? K%
Figure 2.7 depicts the radiation heat transfer represented by red arrows from the
shaded surface. The maximum radiation emitted by an ideal surface is called black
body radiation and the body emitting it is called black body. Hence, the generalised
equation for a body above absolute zero temperature is given by (2.7) whers the
emissivity of the body.

Qradiaton = AT 54 (2-7)

Emissivity is the property which describes how closely a body resembles a black
body which has =1 and hence, for rest of the surfacesO0< < 1[20].

Figure 2.7: Steady-state heat radiation from a surface with at Tg

Though radiation constitutes for most of the energy transfer in the universe, its
applicability in the current study scenario is negligible since and T are signi cantly
lower. This leads to a su ciently low radiation heat transfer when compared to
conduction and convection. Therefore, the radiation heat transfer mechanism is
ignored in the current study.

2.2.4 Steady-State Operation

When a speci ¢ small volume of a 1-D object is considered, there is a continuous
exchange of thermal energy. A measurable quantity of heat ows into the voluntg,

10



2. Theory

and a di erent quantity of heat ows out of the same volumeQ,,. The di erence
between these quantities gives the rate of change of energy of the voluﬁ%&'.
These parameters are related as,

dE
Qin out — T:[ml

However, after a su ciently long duration, the rate of energy change becomes nil
and a thermal equilibrium is attained. When a time-dependent process is executed
for an extended period of time, which results in the attainment of a state where
the resulting parameters attain equilibrium. The passing of time does not a ect the
state of the system. Hence, the underlying state reached known as steady-state is
reached. This leads to (2.8) transformation as,

(2.8)

Qin  Qou =0 (2.9
For 1-D conduction under steady-state,

T, T

Qin = Qout = Qconduction = KA |

(2.10)

where, T; and T, are wall temperatures at heat entry and exit of the volume re-
spectively, whereak and A are thermal conductivity and cross-sectional area for
heat ow. | represents the transverse distance between the heat entry and the exit
surfaces.

_T T |:V1 V,

Qconduction - Rtherm . R (2 . 11)

|
Rtherm = H [K:VV] (2.12)

Equation (2.10) can be compared to an electrical circuit with temperatures anal-
ogous to potentials and heat ow to electric current and the thermal resistance
(Rtherm ) I1s computed as in (2.12). Using a similar approach, heat transfer for con-
vection can be corresponded to an electrical circuit and equivalent thermal resistance
computed based on steady-state convection.

T T VvV, V.
Qconvection = hA(Ts Ty )= ;71 ! | = ! R 2 (2.13)
therm
R = i [K=W] (2.14)
therm — hA - .

2.2.5 Transient Operation

In reality, most of the processes are short enough to ful | their purpose based
on the application and hence a steady-state is rarely reached. Especially in the
present work, traction batteries are operated based on the power demand from
the driver during driving maneuvers; hence a transient behavior is hot uncommon.
The heat generated by the battery varies continuously with time and a lumped

11



2. Theory

system analysis is a method to solve for the temperature while assuming uniformity
throughout the study volume. However, it does not apply accurately to the battery
due to anisotropic properties. However, a brief background of the lumped system is
helpful in understanding the transient simulations carried out in the present work.

Considering a body with massn, density , surface are& volumeV and speci c
heat capacity C, at temperature Ti,y as shown in Figure 2.8. At timet = 0, it is
placed in a medium at temperaturél; and heat transfer coe cienth. Let Ty > Tt
and as temperature is assumed to be uniform in the body, it only varies with time
T(t). Hence, in a time intervaldt, the body temperature increases byglT. From
energy balance, the heat transfer into the body it increases the energy of the
body [20].

Figure 2.8: Arbitrary body with respective parameters for transient analysis

hA(T, T )dt = mC, dT (2.15)

Sincem= V ,dT = d(T T;) and T, is constant external temperature, (2.15)
can be written as,

dT T.) _ hA
T T Vdet (2.16)
On integration fromt =0 whenT = T, , until anytime t whenT = T(t) leads to,
T@) T hA
In = t 2.17
Tinit Tl vVC p ( )
Using exponential function on both the sides and rearranging,
T(t) T1 ¢
I T -e 2.18
Tt T2 ( )
where,
hA hA
= = 1= 2.19
Ve, mc, 0= (2.19)

is positive in magnitude and is calledime constant while its reciprocal has unit
as [s].
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Figure 2.9: Variation of temperature with respect to time for di erent

Hence, from (2.18), for di erent , T(t) at di erent time instants can be obtained.

For the highest value of i.e., 3, the body reaches steady-state temperature
which is same as surrounding temperatur@, much faster than , and ; which
are lower than .

From the Figure 2.9, one can determine the time required for the body to reach
a certain target temperature, which is undoubtedly below the surrounding temper-
ature. Subsequently, one can also analyse the time required for the body to reach
a steady-state. It is easier to understand the same more intuitively asis directly
proportional to the area and inversely proportional toC,; m. This means it takes
longer for a heavier object to reach the steady-state than a lighter object and the
inverse holds true for a body with a larger surface area than for a smaller area.

2.2.6 Thermal Contact Resistance

When multiple solids are in physical contact with each other and heat transfer is
taking place between them, the concept of contact resistance comes into the picture.
Practically, there is always some resistance to the heat ow at the interface between
the two bodies in contact and this resistance per unit interface area is called thermal
contact resistanceR..

Consider the bodies A and B in Figure 2.10. As all the practical surfaces have
irregularities on their surfaces, their surface roughness measures the extent to which
a surface has a deviation in its crests and troughs. It is a primary parameter that
determines the surface nish along with other measurements like atness and wavi-
ness. Hence, two bodies in contact microscopically are actually in contact touch
only at a few individual points. Even at contact pressures 0f0 MPa, the actual
contact area isl 2% of the nominal area [21]. This results in a sudden temper-
ature drop T, as shown in Figure 2.10 a. Typically, the contact resistance which
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is the reciprocal of contact conductance is determined experimentally by a set of
experiments in vacuum and media of interest.

As shown in Figure 2.10 b, the heat ux from solid A ows to B through contact
spots Qcontact) and the voids lled with uid ( Qgap). Hence, the heat transferred at
the interface is a combination of the above two modes.

Q = Qcontact + anp (220)
In analogous to Newton's law of cooling,

Q=hAT (2.22)

where, A is the apparent interface area andT is temperature drop at interface.
h. corresponds to heat transfer coe cient is called thermal contact conductance
computed as,

=A
h = QT W=m? K] 2.22)
As R; is the reciprocal ofhg,

— 1 — T 2
R¢ = h. = O=A [m~ K=W] (2.23)
The value of R; is dependent on the uid property in the voids/gaps, the surface
roughness of contact faces, contact pressure. As expectled,seems to reduce with
reducing surface roughness and increased contact pressure. Most of the experimen-
tally determined contact resistance range between 0.000005 and 0.0005 K=W
or thermal contact conductance of 2000 to 200000/=m? K.

Figure 2.10: (a). Solids A and B with imperfect contact interface and constant
heat ux through the assembly, (b). Microscopic representation of contact interface
[21]

In the present study, application of thermal contact resistance exists between
di erent layers within the cell. During the manufacturing of a Li-ion pouch cell,
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current collectors coated with electrode materials are stacked and assembled with a
separator between anode and cathode repetitively for multiple times. Furthermore,
during the cell operation, the heat generated from the electro-chemical reactions
ows to the surface by obeying the principles of contact resistance. However, since
the material properties and surface roughness of the electrodes and separator are
trade secrets and variability due to the addition of electrolyte cannot be approx-
imated appropriately, the thermal contact resistances between layers in a cell are
not considered in this study. One more plausible reason is the use of an electro-
thermal approach which disregards mechanical pressures which act on the cell due
to expansion and contraction during charging and discharging processes and hence
a continuously varying contact pressure exists between cell layers. However, in some
instances of experimental tests and corresponding simulations, the concept is used
and justi ed.

2.3 Li-ion Batteries

With the onset of the industrial revolution in the late 18th century, energy storage
and conversion to useful work became the prime focus of industrialists. Fossil fuels
and steam, ICE ful lled these blanks and propelled the developments. Eventually, as
electrical energy became more familiar, various methods were being worked towards
to store this e cient, noise-free and robust energy that could run the industries
which were slowly being replaced by high capacity electric motors. Since then,
various technological innovations have come to light, especially during the World
wars and the electronics industry revolution starting with the transistors in 1947.

Figure 2.11: Ragone plot displaying the driving range and acceleration capability
based on di erent kind of fuel sources used with their respective drive units [22]

One of the earliest electrical energy storage solutions was invented by Allesandro
Volta in 1800, - Voltaic Pile [23]. As the technology improved by works of vari-
ous pioneers and some major breakthroughs in the 19th and 20th centuries, Li-ion
batteries came into existence. Other electrical energy storage devices like hydro-
gen fuel cells and super-capacitors have also been around and being used based on
the di erent applications. However, after careful evaluation of the advantages and

15



2. Theory

disadvantages, Li-ion batteries have come up to extensive usage by less debatable
con icts. Due to their higher energy density and relatively moderate power density
(which can be regulated by cell chemistry used). Li-ion batteries have become a
plausible choice for most of the EV manufacturers with a su cient balance between
Driving range and acceleration capability. Figure 2.11 shows the Ragone plot en-
abling the proper choice of energy source based on applicability. The source furthest
to the top right proves to be the best choice provided it is eco-friendly.

Table 2.2: Comparison between Capacitors, Super-capacitors, Hydrogen Fuel cells
and Li-ion cells [24]

Property Supercapacitors Capacitors Hydrogen fuel cells Li-ion cells
. . 10 to 300 hrs.

Charge/Discharge time mstos ps to ms instant charge (refuel) 1to 10 hrs
Operating temperature -40 to +85 deg,C -20 to +100 degC +25 to +90 degC -20 to +65 degC
Operating voltage 23t0275V 6 to 800 V 0.6V 1.25t04.2V

Capacitance 100 mF to 1500 F 10 pF to 2.2 mF N/A N/A
Life 50,000+ hrs, unlimited cycles >100,000 cycleds 1500 to 10000 hrs 150 to 1500 cycles
Weight 1gto230¢g 1 g to 10 kg 20 g to >5 kg 1gto>10kg
Power density 10 to 120 kW/kg 0.25 to 10000 KW/kg | 0.001 to 0.1 KW/kg | 0.005 to 0.4 kW/kg
Energy density 1 to 10 Wh/kg 0.01 to 0.05 Wh/kg 300 to 3000 Wh/kg 8 to 600 Wh/kg
Pulse load up to 100A up to 1000A up to 150 mA=cm? upto5C

2.3.1 Battery Cell Terminologies

The general terminologies associated with batteries are described brie y as below.

1. State of charge $0C): The remaining charge capacity within a battery ex-
pressed as a fraction of maximum capacity SoC. It is one of the most com-
mon terms which one can observe on electronic/electrical devices expressed in
% [25].

2. Depth of discharge (DoD) The amount of charge which has been consumed
during an operation is depth of discharge [25]. It is opposite to that d3oC
and is generally represented in %. Hence, when a battery is fully charged,
its SoC is 100% while DoD is 0% and vice-versa when the battery is fully
discharged.

DoD =100 SoC % (2.24)

3. Terminal voltage The potential di erence between the battery terminals when
the circuit is complete with a load is the terminal voltage. It takes into ac-
count the potential drop across the internal resistance of the battery [25].
Terminal voltage also varies withSoC and current direction, i.e., charging or
discharging.

4. Open circuit voltage (OCV} The potential di erence between the terminal of
the battery without a load connected in the circuit.

5. Internal resistance R, ): Internal opposition o ered to the ow of charge
when the circuit is completed is called the internal resistance. It is a strong
function of temperature and moderately related to the current direction and
SoC [25]. In large commercial batteriesR;y; is of the order ofm
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6. Nominal voltage The reference voltage of a battery which is typically men-
tioned as voltage on batteries. It is also characterised as the normal voltage
of the battery.

7. Capacity: The charge content of a battery is called its capacity and is expressed
in Ah (ampere-hour) [25]. When theSoC is 100%, the battery is assumed to
be at its highest capacity and at lowest whei®oCis 0%. A battery of capacity
26 Ah is fully discharged if a constant current o26 A is drawn for 1 hour from
the initial SoC of 100%.

8. C-rate: It is the current at which a battery is charged or discharged and is
expressed in A [25]. A C-rate of 1C for 26 Ah cell means a constant current
of 26 A while 2C would equate to26 2 =52 A. When a fully discharged cell
is charged at 1C and 2C respectively, it theoretically charges fully in 1 hour
and 0.5 hour respectively.

9. Energy. The power delivered by a cell at instantaneous C-rates for speci ed
times at corresponding battery voltage is called energy delivered by the battery.
It is expressed in watt-hours [Wh] [25]. It is obtained by multiplying discharge
power with discharge time.

Below is a brief description on Li-ion batteries mostly dealing with the structure
and basics of construction, working principles, di erent formats commercially avail-
able, materials used, methods employed to manufacture format under consideration,
among others relevant to the current study.

2.3.2 Construction

Similar to historically available electro-chemical cells, the three sections which are
essential for the battery operation are cathode (+ve electrode), electrolyte (charge
carrier) and anode (-ve electrode). As the development advanced over decades, based
on the construction and applications to speci ¢ shapes and sizes, a separator soaked
in the electrolyte was installed between cathode and anode to avoid their physical
contact and cause short circuits. It is to be noted that an electrolyte is capable
of carrying the positively charged ions but not the electrons which are negatively
charged. The cathode material is coated onto a +ve metal current collector (typically
Al) and the anode material onto a -ve metal current collector (typically Cu). A
single unit cell is made up of stacking of these materials in the order as -ve electrode
(Cu+anode material) | separator/electrolyte | +ve electrode(Al+cathode material).

It is to be observed and noted from Figure 2.12 that anode, separator and cath-
ode materials are porous with electrolyte in the crevices. There are several additives
and binders added to the electrode materials which enhance speci c properties like
working temperature range, resistance to degradation, high C rate tolerance among
several others. These additives are trade secrets that are speci c to the manufac-
turers and no mention of these materials is given in the manufacturer data-sheet.
There are several unit cells repetitively arranged next to each other to make one
battery cell. Cu current collectors from each of the unit cell is projected at the top
and welded, attached to a relatively thicker Cu piece forming the -ve tab. Similarly,
Al current collectors are projected and welded to Al piece forming the +ve tab. It is

17



2. Theory

Figure 2.12: Basic electro-chemical unit cell construction [22]

also to be noted that the current collectors are coated on either faces. The current
cell under study has 38 [26] unit cells represented by the dotted line in Figure 2.13.

Figure 2.13: Battery cell construction with repeated unit cells

2.3.3 Working Principle

Batteries store electrical energy in the form of chemical energy. It is the chemical
reactions that determine the behavior, limitations of these cells. The thermodynam-
ics and kinetics of chemical reactions are the origin for voltage, capacity, power and
energy in the cells. Based on the requirement, cells are arranged in series and par-
allel to obtain suitable voltage and capacity for the required end application. The
components of the cell where the characteristic redox reactions take place are called
Active materials i.e., anode and cathode while the components which are passive
during these reactions areNon-active materialsi.e., current collectors, separator
and electrolyte.

Thermodynamics of the active materials used and the absolute temperature when
the redox reactions take place determine the voltage level and behavior during charg-
ing and discharging. The rate of chemical reactions that a ect the rate of energy
transformation from chemical energy to electrical energy depend on the mass trans-
port and diusion in active and non-active materials used [27]. The individual
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thermodynamic properties of electrodes determine the theoretical cell voltagge
of the cell, which is also called electromotive force (emf). The driving force for redox
reactions is expressed as Gibb's free energysqe [27].

Geel = NFEca (2.25)

where,n = number of electrons transferredF = Faraday constant (96485 As/mol)
and E is di erence between electrode potentials [27].

EceII = Epositive Enegative (2-26)

For a cell to undergo continuous discharge, G. needs to be negative. As seen
from (2.25), this is only possible whelk ¢ is positive. The cells which can only act
as sources converting chemical energy to electrical energy are called galvanic cells and
are considered a®rimary cells. But, the cells which can convert electrical energy
to chemical energy are called electrolytic cells. Cells that exhibit both behaviors
as galvanic and electrolytic cells are considered &econdary cells Hence, the Li-
ion cells which are under consideration here are Secondary cells as they need to be
recharged regularly for EV operation.

Figure 2.14: lllustration of charge movement during a cell discharge [27]

Figure 2.15: Discharge animation of a Li-ion battery illustrating transfer of +ve
and -ve charges [28]

19



2. Theory

During discharge, G drives thee from the anode to the cathode through
the external load andLi * ions travel through the electrolyte/separator to maintain
charge balance. However, all théi™ ions are not extracted out of the cathode
since it otherwise would cause irreversible damage to its micro-structure and result
in excessive degradation which is specied as the cuto voltage with some safety
margin by the manufacturers. Hence, the electrode materials used play a major role
in cell performance over its lifetime [27]. Figure 2.14 and Figure 2.15 depict the
charge movement during discharge.

Figure 2.16: lllustration of charge movement during a cell charge [27]

Figure 2.17: Charging animation of a Li-ion battery illustrating transfer of +ve
and -ve charges [28]

After the cell is discharged, i.e., the cuto voltage is reached, the speci ed con-
centration of Li* ions is reached in the anode and further discharge could cause
irreversible damage to the material structure. Figure 2.16 and Figure 2.17 depict
the charge movement during charging. An external emf which is applied to reverse
the redox reactions and drive thee back from cathode to the anode while inducing
Li ™ ion transport from the cathode to the anode is considered as an external source
[27]. The process of removal dfi * ions from an electrode micro-structure is called
Delithiation whereas addition ofLi * ions into an electrode micro-structure is called
Lithiation . These terms are extensively used in battery cell research.
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2.3.4 Multi-physical Component

A Li-ion cell is a complicated device with multiple-physical principles and laws
working simultaneously during normal operation. The chemical reactions are pro-
viding electrons, electrical connections are forming a path for their travel, heat is
generated/absorbed during chemical reactions, electron ow and the external me-
chanical pressure is acting based on the cell's application area.

2.3.4.1 Chemical

Analogous to a traditional Pb-acid battery, a Li-ion battery also operates based
on the potential di erence between 2 electrodes, namely Cathode and Anode. Gibb's
energy is the driver which forms the basis for operation. The anode (-ve electrode),
which is typically made of porous lithiated graphite, is where the andLi* ions are
separated. Due to the concentration gradient and selective permeability of separator
towards Li * ions, they travel through to the cathode (+ve electrode) and electrons
travel along the external circuit and end up at the cathode to maintain charge
balance. The separator and the cathode materials are porous as well and entirely
soaked in liquid electrolyte along with the anode.

2.3.4.2 Electrical

The electrons provided by the chemical reactions are what constitute the electrical
energy for all the systems within the vehicle. During discharge, electrons ow from
the anode to the cathode through the external circuit. This external circuit is
where the energy is utilised for vehicle propulsion and other auxiliary functions. As
all the electrical systems operate on AC or DC based on the appropriateness, e.g.,
Propulsion motors (IM or PMSM) use AC, while infotainment or lighting systems
use DC. Conventionally, discharge is represented by current ow direction from the
positive terminal to the negative ¢ ow from negative to positive terminal) and
vice-versa for charging.

2.3.4.3 Thermal

Heat energy is dissipated or absorbed during the chemical reactions leading to
electron free-up. Depending on thé&oC and temperature of the Li-ion cell, net
heat dissipated can be positive (exothermic) or negative (endothermic). This part
is accounted for from the chemical reactions in the cell. However, the ow of elec-
tricity through the conductors also generates heat and this heat is always positive
irrespective of the direction of ow (charging or discharging). This heat is the com-
bination of heat from thee ow through anode/electrolyte, anode current collector
(Cu), cathode current collector (Al), cathode/electrolyte andLi ™ ion ow through
anode/electrolyte, separator/electrolyte, cathode/electrolyte.
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2.3.5 Materials and Properties

As mentioned in the previous sections, typically a Li-ion cell is primarily made up
of 6 components, namely (1). positive current collector, (2). cathode, (3). separator,
(4). anode, (5). negative current collector and (6). electrolyte. Some of the above
components have common materials among di erent cell manufacturers. Generally,
the positive current collector is made of Al and the negative current collector is
made of Cu [27].

2.3.5.1 Electrolyte and Separator

As the combination of electrodes determine the energy, voltage and cell capacity,
the electrolyte used determines the rate at which energy is released or accepted.
Hence, it is vital for Li-ion transport between electrodes. Electrolytes are electrically
and chemically inert as they do not take part in redox reactions. Most of these are a
combination of uoridated salts and organic solvents with some additives to enhance
charge transport characteristics and be sacri cial to temperature increases hence
avoiding electrode damage. Typical solvents used are ethers, esters or carbonates
like propylene carbonate (PC), ethylene carbonate, dimethyl carbonate (DMC) or
a combination of these in specic proportions. The most common salt found in
most of the commercial Li-ion batteries is Lithium hexa uorophosphate L(iPF )
which is also used in the current study cell. The solvents used are a combination of
EC/DMC/Ethylmethyl Carbonate (EMC)[26].

Separator is a thick porous membrane which separates the electrodes and holds
a signi cant quantity of the electrolyte. It is an electrical insulator and also has
poor thermal conductivity. Since it is a polymer, its functionality is dependent on
temperature. Though it is desirable to have the separator thickness constant over
the cell's lifetime, it's thickness varies as the cell ages. It also acts as a passive safety
component. It is tailored to melt and block the path between electrodes entirely
with su cient mechanical strength to avoid short circuit during thermal runaway
situations. It's ageing is mainly characterised by blocking of the pores within from
solid electrolyte interphase (SEI) particles and hence increase cell impedance. Most
of the separators are made up of polypropylene membranes but the choice also varies
based on the electrolyte used as they complement mutual functioning.

2.3.5.2 Electrodes

Electrodes are the active materials which are the sources ef and Li* ions
hence forming the primary materials for a cell's voltage source. Anode and cathode
are made of di erent materials and their combination determines the operating
voltage, power and energy of the cell. In general, the cathode material is coated
onto an Al current collector and together, it is called +ve electrode while the anode
material is coated onto a Cu current collector and together is called -ve electrode.
Sometimes, anode and -ve electrode are used interchangeably while the same applies
to the cathode and +ve electrode. Commercially available Li-ion cells have anode
materials as silicated graphite, which is a layered structure with voids to be lled by
Li* ions. As the cell is discharged, lithiated graphite losds * ions to the cathode
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and its half cell reactions during discharge and charging are as below.
During discharge at the -ve electrode,

LICd Cg+Li*+e (2.27)
During charging at the -ve electrode,
Ce+ Li" +e! LiC 6 (228)

The spectrum and variability of materials available for the cathode are innumer-
able and new materials are being continuously synthesised as cathode material is
currently one of the limiting factors for cell capacity [27]. A di erent arrangement
of Li * ions within either layered or spinel ionic compounds containing heavy metals
like Mn, Co, Ti and Ni are not uncommon. One of the most common layered mate-
rials employed is Lithium cobalt oxide (LCO) and NCA, NMC are two variants of
LCO which have a relatively lower amount of Co and is substituted by Ni, Al and
Mn with some improvements in capacity, structural and thermal stability. The half
cell reactions during discharge and charging are as represented below.

During discharge at the +ve electrode using LCO,

xLi* + Li; yCoO,+ e! LiCoO, (2.29)
During charging at the +ve electrode using LCO,
LiCoO4 xLi*™ + Li; xCoO,+ e (2.30)

where,x = 0.5to0 0.6

On the other hand, spinel structures have also become common lately which sport
high C rate capability and structural stability while compromising on capacity. One
example of this is lithium manganese oxide (LMO) which is often mixed with NMC
to combine advantages of higher capacity. In the current study, the cathode material
is a combination 0f30% by weight of spinel LMO and70% by weight of NMC [26].

2.3.6 Cell Con gurations

Li-ion cells come in various shapes and sizes and for di erent applications, the
most suitable ones are chosen with some reasonable trade-o s. The most commonly
used formats in automotive applications are cylindrical, prismatic and pouch. Each
of these have their own advantages and disadvantages as presented in Table 2.3.
Based on the energy and power required for a particular class of vehicle for a certain
driving range and acceleration capability, cells are arranged in series and parallel
into the battery pack asns mp where nis the no. of cells in series and m is the no. of
cells in parallel. The format chosen for each EV application is also dependent on the
chassis employed and space available for e cient packaging as it largely determines
the battery pack energy and hence range. The format of the cell considered in the
present study is a pouch cell and hence the manufacturing methods discussed in the
next section exclusively deal with the same. Figure 2.18 represents the most widely
available and used Li-ion cell formats.
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Table 2.3: Comparison of standard cell formats commercially available [7]

Small cylindrical

Large cylindrical

Prismatic

Pouch

Encased in a metal

Encased in metal or

Encased in semi-hard

Contained in a

strips or plates

for bolt

for bolt

Shape cylinder, usually ) . .
65 mm long hard plastic cylinder plastic case soft bag
. Threaded stud for Tabs that are
Connections Welded Ni or Cu nut or threaded hole Threaded hole clamped, welded

or soldered

Retention against
expansion when
fully charged

Inherent from
cylindrical shape

Inherent from
cylindrical shape

Requires retaining
plates at ends of
battery

Requires retaining
plates at ends of
battery

Appropriateness for

Poor: high design
e ort, requires

Good: some design

Excellent: little design

Very poor: design

small projects welding, labor eort eort e ort too high
intensive
. Good: welded L
MproprlaFeness for connections are Good Excellent Good: high
production runs : performance
reliable
) . . In general
Field replacement Not possible Possible but not easy Easy genera,
not possible

High energy/power
density (by themselves);
signi cant design e ort

required: only appropriate
for large production runs

Best for retro ts,
as small shape can
be tin all
available space

Best availability,
very little design
e ort required

Other notes Not widely available

Figure 2.18: Li-ion cell formats: (a). small (left) and large (right) cylindrical cells,
(b). Prismatic cell and (c). Pouch cell [7]

2.3.7 Manufacturing Methods

As the cells considered in the study are pouch cells, this section focuses on
the manufacturing methods for the same and how di erent methods can a ect cell
behavior. There are four methods most widely followed in the battery manufacturing
industry, namely,

1. Single sheet stacking In this method, at sheets of double side coated current
collectors, both anode and cathode are assembled alternatively with a sepa-
rator in between each set of anode and cathode sheets. It is one of the most
e ective uses of raw materials as no resource is wasted in the lateral direction,
I.e., along the thickness that could cause stresses at the foldings, which is the
case in other processes as described below. The process is demonstrated in
Figure 2.19.

2. Winding : Four di erent rolls of the anode, separator, cathode, separator are
wound onto a rotating rectangular block based on the capacity of the cell
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