Quasi 3D electrochemical and thermal modeling of lithium ion polymer battery in time and
frequency domain and its validation

by

Meng Xiao

A dissertation submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Auburn, Alabama
August 3, 2013

Keywords: Lithium ion polymer battery, electrochemical model, heat of mixing, transference
number, double layer

Copyright 2013 by Meng Xiao

Approved by

Song-Yul Choe, Chair, Professor of Mechanical Engineering
Daniel Harris, Associate Professor of Mechanical Engineering
Jeffrey Fergus, Professor of Materials Engineering
Stephen Stuckwisch, Assistant Professor of Mathematics and Statistics



Abstract

A dynamic model for a pouch type Li-polymer battery based on electrochemical, thermal,
and double layer principles is developed to analyze static and dynamic performances of a single
cell. The model is built in three steps: Firstly, the model for the single cell is a quasi-three-
dimensional, constructed by connecting one-dimensional models for micro cells using current
collectors. The developed model can represent distributions of temperature, potentials, and
current flows along with distribution of lithium ions through the plane. The model is coded using
MATLAB and validated against a LiMn,O4/Carbon pouch type power cell. Secondly, by
theoretically analyzing the heat source terms, a new heat generation equation considering heat of
mixing and enthalpy is proposed based on energy conservation and integrated into the
electrochemical model. A specially designed calorimeter with high accuracy and fast response is
used to validate the hypothesis. Finally, potential and ion transport governing equations for
double layers and bulk are used to replace the Butler-Volmer and ion transport equation used in
electrochemical model, which enables representation of high frequency behavior of a cell. The
behaviors of the sub-models are analyzed. The sub-models are integrated into the microcell

model that is validated against experiment data collected by EIS.
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Nomenclature

a Specific surface area for electrode (cm™)

b lon mobility (cm?V s

C Concentration (mol-L™)

D Diffusion coefficient (cm*s™)

E Energy storage (J)

F Faraday’s constant (96,487 C-mol™)

e Energy storage density (J-cm™)

i Reference exchange current density (A-cm™)
i Transfer current density(A‘cm's)

SOC State of charge

n Amount of active electrode material

N lon flux (mol-s™-cm™)

R Universal gas constant (8.3143 J -mol“l-K'l)
T Cell temperature (K)

U Standard potential affected by solid concentration (V)

Vi



to"

Greek symbols

Kp

Subscripts

Stoichiometric number in negative electrode or coordinate
Stoichiometric number in positive electrode or coordinate
Work (J)

Initial transference number

Porosity of a porous medium

Potential in a phase (V)

Surface overpotential (V)

Ionic conductivity of electrolyte (S‘cm'l)
Diffusion conductivity (A-cm™)

Density (g-em™)

Conductivity of solid active material (S-cm™)

Chemical potential (J-mol™)

Anode reaction
Bulk
Cathode reaction

Double layer

vii



eff.

Electrolyte phase

Effective

Solid phase
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1 Introduction

1.1 Background

Energy efficiency of future power systems can be substantially improved using energy
storage that can capture energy and retrieve energy that is otherwise dissipated. Batteries are the
most preferred energy storage because of high columbic efficiency, high energy and power
density. Among different batteries technologies, Li-polymer battery is mostly preferred because
of its highest power and energy density, and its drastic price drop that was triggered by the
rapidly growing electronic market. The mass production of cells for the consumer electronics
ensures a high production volume with increased quality. On the other hand, new applications
such as electric and hybrid vehicles require increased power and energy density that is
accomplished by employing a large size of active areas by means of wrapping or folding
electrodes, electrolytes, and separators together. Dependent upon the way of packaging, the cells
can be manufactured into three different types, cylindrical, prismatic, or pouch type. Compared
with the cells used for consumer electronics, these high power cells can be quickly degraded and
performances might drop fast and becomes unstable because of high ion transport and gradient of
ion concentrations and the associated high heat generation in conjunction with varying
environmental operating conditions. The working mechanism of a cell is very complex and hard
to understand in details, which presents one of technical barriers that prevents from optimal

design of a cell and systems. Terminal behavior of a battery cell can be described in three



different ways, using empirical equations, equivalent circuit components, or electrochemical-

thermal principles.

1.2 Electrochemical model

Traditionally, empirical or electric circuit model are preferably used for batteries because of
simplicity to approximate the terminal behaviors. These approaches enable to describe terminal
behaviors, but ignore detailed physical effects that include spacious distribution of charging and
discharging ionic and electronic current and the associated temperature rise at different SOC. In
addition, operating conditions like cycling, ambient temperature, and storage times cannot be
considered. By contrast, the model based on electrochemical-thermal principles can better
represent those major effects, but parameters necessary for the model are difficult to characterize
and obtain. The electrochemical model known as a thin-film model was proposed by M. Doyle,
T. Fuller, and J. Newman [1]. The model was extended by reflecting other cathode materials like
LiCoO;,, LiMn,0,4[2] and LiFePQOy [3]. Later, performance of cells for a mixture of two different
active materials in electrodes, LiyNiggC00.15Alo.0502 and LiyMn,O4 was studied [4]. In addition,
the model was used to investigate effects of material properties on performance, which include
transference number [5], activity coefficient in electrolyte [6], diffusion coefficient in LiPFg
electrolyte [7], and particle size distributions on the discharge capacity [8]. Furthermore, the
model was improved by adding the energy equation [9] and the efficiency of batteries during
cycling was investigated [10]. Effects of side reactions were also studied [11]. Other studies
include relaxation phenomena of a lithium ion battery [12], current limitation on pulse operation
[13], degradation of the battery in a pocket computer [14], calculation of heat transfer [15], and

optimal design of a battery system used for electric vehicles [16]. However, the research work
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above has not extended to a high power pouch cell type lithium Polymer battery that is currently
widely accepted for applications to electric vehicle (EV) and hybrid electric vehicle (HEV).
Therefore, we developed a quasi-three-dimensional dynamic model based on the principles of
electrochemical Kinetics, mass balances, charge conservations and energy balance. The model is
capable of representing ion transport, gradients of ion concentrations and two-dimensional
distribution of potentials, current density and temperature as well as terminal voltage and current

as a function of time.

1.3 Motivation of the research

This project is supported by General Motor Company, by studying the characteristic and
build precise model of high power pouch type Lithium ion batteries they were using in order to
design the battery manage system (BMS) that will be used in hybrid vehicles. During the
research, it turns out the calculation speed and model stability is important issues need to be
solved. In addition, some unclear mechanisms are revealed such as the disagreement of
computed individual heat source terms with the total heat generation and the absence form of

electrochemical impedance spectroscopy (EIS) expression in electrochemical model.

1.4 Objectives and Dissertation Structure

The objectives of the this research is to build quasi 3D electrochemical-thermal model for
high power pouch type lithium ion battery using Matlab, based on physical principles such as
Butler-Volmer kinetics, ion diffusion theory, ohm’s law etc. The solver will be self-designed in
order to achieve faster speed than the ode function provided by Matlab and easier to integrate
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into onboard computers. And the thermal model will be developed which can precisely predicts
the heat generation as well as the temperature distribution of a single cell. In addition, the ion
diffusion equation will be altered to be able to present the double layer effect so that the model
can match EIS curve. After that, corresponding experiments will be done to validate the model.
The basic structure of the dissertation is shown as follows:
1. Introduction

This section involves the research background, motivation and objectives.
2. Principle of Lithium ion battery

This section includes the chemistry and structure of a lithium battery, and how it works when
charging and discharging.

3. Quasi three dimensional electrochemical-thermal model and experimental validation of

micro cell model and single cell model

The section will describe a micro cell as 1D model that can calculate lithium ion
concentrations, potentials and heat generation, and introduce the 2D model spans in the other two
dimensions to form single cell model based on the micro cell model. An experiment setup is
designed to validate the electrochemical model including the static and dynamic performance of
terminal voltage, current and temperature distribution.
4. Thermal analysis

The heat source terms of li-ion battery are theoretically analyzed. A new formulation is
derived based on the energy conservation that includes both terms that are incorporated into
electrochemical thermal model. The hypothesis is validated against measurement result from a
specially designed calorimeter.

5. High frequency model



A sub-model for the DL and bulk is newly developed and integrated into the electrochemical
model for a pouch type LiPB. The integrated model is validated against experimental EIS and
time response. The proposing model is capable of representing the responses at charging and
discharging not only in time domain, but also in the wide range of frequency domain.

6. Conclusion



2  Principle of Lithium ion battery

The working principle of lithium battery should be discussed from four scales. As shown in
Figure 2-1, in decimeter scales, we can design the geometry of the battery and simulate the
thermal behavior during charge and discharge; in one tenth millimeter scale, we can calculate the
thickness of the electrodes-separator layers according to the energy-power ratio requirement, or
study the transport mechanism of lithium ion in materials; surface chemistry and crystal
deformation is focused on micron scale; in nanometer scale, the lattice structures of different
materials with additives will be the issue in order to improve the capacity of battery or voltage

profile.
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Figure 2-1 Lithium ion battery designing in different scales [17]

2.1 Decimeter scale

Same as other batteries, a Li-ion battery cell consists of electrolyte and two electrodes. The
typical prismatic structure of a single cell is shown in Figure 2-2. The grounded electrode
material is mixed with polymer binders and pasted onto both sides of current collectors to form
double sided electrode thin sheets. Polymer separator is placed between positive electrode sheets
and negative electrode sheets alternately. Once the stacked electrodes and separators are wrapped
and placed into battery case, the electrolyte is injected and penetrates into pores of electrodes.
The upper part of the case is covered by a cap plate and sealing gasket. The cap plate has a safe
vent to release any pressure that can be built up during operation. A positive electrode tab and a

negative electrode tab are connected to the corresponding current collectors. As a safety



precaution, insulation between the electrodes and battery case is used to prevent a potential short

circuit.
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Figure 2-2 Structure of a prismatic Li-ion battery [18]

2.2  One tenth millimeter scale

Figure 2-3 shows the sandwich structure of a micro cell with five layers that are negative

current collector, anode, separator, cathode and positive current collector respectively.
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Figure 2-3 Sandwich structure of electrode couple

When a battery is charged or discharged, chemical reactions take place at the interface
between electrode and electrolyte. As a result, the electrons and lithium ions will separate at
cathode, transport through external circuit and electrolyte respectively to anode and combine

again there to complete the total battery reaction.

Theoretically anode and cathode may switch when charging and discharging, but people

always call negative electrode as anode and positive electrode as cathode.

discharge

anode

Li* +

negative positive negative positive
electrode electrode electrode electrode
LiC, Li_ CoO, LiC, Li, Co0,



Figure 2-4 Paths of anion and cation when battery is operating

The current inside battery is contributed by ion current which flows in electrolyte and the
electron current that carried by electrode. In order to have large electrode surface area, the
electrodes in high power Lithium ion battery are made porous which allow the electrolyte soak
into them. In that case, the electrode area is mixture of electrode and electrolyte so that the ion

current and electron current will coexist.

F \
|0
] 4-0—9 i

-

_ + - .-;‘ Ioncurrent = + + -

— — o e
T ag o
-o 05 o
pary -0
et o |58 0 ee
-0
o -n O
b A .. 5o

—a
b

Figure 2-5 current inside battery

The ion transport in the electrolyte can be described using the Nernst-Planck equation.

. . dc D.F do,
N = j(d e)=-D —&-—z7c, —=2——"% 2-1
j(d)+j(e) ‘a2 RT dx (2-1)

where j(d) is the flux of diffusive mass transfer, j(e) is the flux of electro-migration mass transfer,
N(x) is the mass transfer with unit of (mol-m?-s™) that presents the amount of certain charges
passing through given area per second, De is the diffusion coefficient in electrolyte, ce(X) is the
concentration of lithium ion in electrolyte, ¢e(x) is the potential of electrolyte, T the temperature,
z the number of electrons transferred in the cell reaction, R is the universal gas constant: R =
8.314472 J K mol™* and F is the Faraday constant, the number of coulombs per mole of

electrons: F = 96485 C-mol 1.

In fact, the electrolyte is stagnant because of non-liquid electrolyte used in the Li battery and

thus the mass transfer in the cell is only affected by two factors, the flux of diffusive mass
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transfer driven by concentration gradient is represented by j(d) and the flux of electro-migration

mass transfer driven by electric field is the second term, j(e).

At an equilibrium state, the ion flux caused by diffusive mass transfer is equal to that caused
by electro-migration, which provides the concentration in the electrolyte given in the below. The

terminal voltage is determined by the charges present in the anode and cathode side.

0= dCe 7C i Pe. — Pe,

dx ‘RT L

S

(2-2)
Doy — Po_ X)
L

S

ZF
C.(x) = const x exp(—
.9 P

2.3  Micron scale

In this scale, we can see lots of interspaces among the granular crystalline grains from Figure
2-6(b). When the LiCoO, electrode material is used in lithium ion batteries, LiCoO, contacts
with liquid electrolyte. The liquid electrolyte can soak into the interspaces and directly contacts
with the crystalline grains. Thus, the Li* in the liquid electrolyte can easily diffuse throughout the
LiCoO, electrode, which is beneficial to good electrochemical performance of the material at

high current density.
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Figure 2-6 SEM images of the LiCoO, powders [19]

The particle morphology is an important factor on the performance of Lithium ion battery
because on one hand, the chemical reactions will take place at the interface between the electrode
particles and electrolyte so that larger surface area will result in lower overpotential at certain
current density and consequentially reduce power loss; on the other hand, side reaction also take
place at this interface which will consume active material and eventually cause capacity loss. In
addition, the mechanical stress occurred at intercalate and de-intercalate processes will cause
particle crack followed by further side reactions at newly formed surfaces and crystal exfoliation

which is considered the strongest impact on material change that contribute to cell aging. [20]

In recent years, the commonly used materials for anode are graphite, Sn and Si-based alloys,
Metal oxides and Li4sTisO1, spinel. And the top five cathode materials are Li-S, Li-air, LIMPO,
(M = Mn, Fe, Co), Li,MnOs3-Li[MnNiCo0]O, and LiMnysNios04 [21]. Each material has intrinsic
equilibrium potential which is only function of stoichiometry number of lithium in the material.
That means at equilibrium state (i.e. no macroscopic current across surface), there is potential
difference between electrode and electrolyte which is determined by equilibrium potential and

affected by Lithium ion concentration in electrolyte according to Nernst equation. A certain
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combination of stoichiometry numbers of two electrodes can determine the potential difference

of two electrodes, which in known as open circuit voltage (OCV).

S.O L} I T I

LiMn,0,
(citric)

|
—FH— discharge o

Cell voltage (V vs. Li/L.T)

—®— charge

L I L I
0 50 100 150
Capacity (mAh/g)

Figure 2-7 Cell voltage vs. charge and discharge capacity of LiMn,O4 battery [22]

The OCV will change with charging or discharging of the battery as shown in Figure 2-7,
after setting the fully charged and fully discharged voltage according the degradation condition,
the maximum charge Qmax IS defined as the charge involved in charging the battery from empty
to full or discharge from full to empty. And the state of charge (SOC) is defined as the ratio of
useable charge of a battery at certain time to the maximum charge with unit of percentage. At full
SOC, anode will have high lithium ion concentration while cathode has low lithium ion
concentration, vice versa for zeros SOC. Changing of SOC is equivalent to moving around the
Lithium ion between anode and cathode. It worth to mention that the Lithium ion concentration
in electrodes never go to maximum value or zeros at any time because people need constraining

the concentration in solid to certain range to avoid significant degradation.
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Low SOC Medium SOC High SOC
charging

Figure 2-8 SOC and Lithium ion concentration in solid phase

2.4 Nanometer scale

A separated layered structure of a cathode material, LiCoO,, shown in Figure 2-9, indicates

the location of atoms of the lithium, cobalt and the oxygen in crystal structure.

Figure 2-9 Separated structure of LiCoO, [23]

Another type of cathode material LiMn,O4 has spinel structure shown in Figure 2-10
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Litkiurm

Manganese

Figure 2-10 Spinel structure of LiMn,0,4

Take LiCoO,/C battery for example, the half reaction at cathode while charging or

discharging (backward) has the following expression
LiCoO, « Li,_ ,CoO, + xLi" + xe~ (2-3)
Conversely, the half reaction occurs at anode while charging or discharging (backward) is
XLi" +xe” +6C «> Li,C, (2-4)
Consequently, the overall reaction becomes
Li, ,CoO, +Li,C, <> LiCoO, +6C (2-5)

It should be noted that the lithium ions are not being oxidized during the migration from one
electrode to other, while Cobalt is oxidized from Co®* to Co*" during charging, and reduced from

Co** to Co** during discharging.
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However, the crystal lattice likely becomes instable and an irreversible reaction can take
place if more than half of the lithium ions are extracted from the electrode. The irreversible
overcharging and over-discharging reactions of LiCoO, cathode are:

Overcharge: LiCoO, — Li" +Co0O, +e~

(2-6)
Overdischarge: Li* + LiCoO, — Li,O+CoO

16



3  Electrochemical-thermal modeling

A pouch type of a single cell and a micro cell are shown in Figure 3-1, respectively. The
single cell is assumed to be made of micro cells that are connected in parallel by current

collectors of both electrodes.

. =T 7 EY. 7. =
Ce = N ‘Negativel ) - Pasitive 4 =
- @ e electrode | lelactrodé =
y | g B¢ area { 2P pref < g
] — 2. 5 ]
N CDS = P Y Y A o >" o S, IR < =
~ S g g
Nse € 2 =
o &
3| | {7 3
B A
|/ ¥ Y
Electrolyte
Ll >
S Li, MO,
Electrode /
particle

Figure 3-1 A pouch type cell and a micro cell

Each of the micro cells is assumed to be a sandwiched model that is composed of a negative
electrode, a separator, and a positive electrode. The materials are porous and equally mixed with
electrolyte materials. In addition, particles dispersed at the cathode and anode electrodes have a
same radius, rs, and are in contact with neighboring particles. The working mechanism of the
microcell is described using five variables that present concentrations in electrodes and
electrolyte, potentials in solid and electrolyte, and overpotentials under isothermal condition.
Since the conductivity of current collectors is relatively high, it is assumed that no lateral current

flows from one micro cell to another, so all lateral effects can be ignored. In addition, the current
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collectors on each layer have the same potential, so that only two current collectors are
considered for the model. The micro cell becomes a one-dimensional model. The tab current of

the two collectors in the model are obtained by dividing total tab current by the number of layers.

The number of micro cells is equal to that of the grids, given by meshing the single cell. The
number of grids in the following calculation is 1900, resulting from 38 divisions in the X
direction (x=38) and 50 divisions in the Y direction (y=50). The area of each individual micro

cell may be obtained by dividing the cell area by the number of grids.

When ions and electrons are transported though electrolyte and external circuit, chemical
reactions will take place at the surface of the electrode particles that contact electrolyte. After the
reactions have been completed, the free ions are located in electrodes and diffuse until
intercalated. The electrodes are approximated with spheres and it is assumed that the lithium ions

diffuse only in the radial direction, driven by the gradient of the Li-ion concentration.

A schematic diagram for the model of a single cell is shown in Figure 3-2, where initial
conditions, input variables and parameters for the model, and outputs are included. The
parameters used for the model are appended. The input variables are electric loads that can be bi-
directional current and voltage as a function of time, while the outputs are responses of the loads
in terminal voltage or current, SOC, and temperature distributions as well as other internal
variables. In addition, the diagram shows how governing equations of the micro cells are

connected each other and with those in the single cell.
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Initial conditions:
*Initial SOC
+Initial temperature
distribution

Input variables:

Temperature
distribution é

Potential

Single cell model

sHeat transfer

*Energy conservation

This section proposed a non-isothermal transient model of PEM fuel cell which is used to be
integrated with the FDS. The liquid water dynamics in the gas flow channels, gas diffusion layer
and catalyst layer at cathode and anode sides are considered in the model. It is known that the
accumulated liquid water in the gas flow channels can block the transport path in the gas
diffusion layer for the reactant gases and degrade the performance of the fuel cell, while the

proper water amount in the gas flow channels can help to maintain high proton conductivity in

the membrane.

Figure 3-2 Scheme of the model
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3.1 Governing equations
3.1.1 Overpotentials

Current generated by chemical reactions are described by the Butler-Volmer equations,
shown in equation (3-1).

- Li . Ola * n * F Otc‘ * n N F
Jh =asy lon (eXp[’;\‘Q—.T (7y —7se, )j - eXp(_ 'l\‘?—T (17y —7se, )j]

o' =agp i p| X p N F ex e N F D
Jp =85p "lyp| EXP R.T e p R.T e

77:¢s_¢e_u

where subscription N and P is the variable in negative or positive electrode, j*' is the current
density, ig is the exchange current density, as is the specific interfacial surface area, ¢ is the solid
potential, ¢ is the electrolyte potential, U is the equilibrium potential, T is the absolute
temperature, n is the number of electrons involved in the electrode reaction, F is the Faraday
constant and R is the universal gas constant. a is the symmetry factor that is dimensionless and
presents a ratio between oxidation and reduction. nsg is the additional overpotential caused by

the Solid Electrolyte Interphase (SEI) layer, which only exist at negative electrode.

As described in previous chapter, the equilibrium potentials are different between materials
and are function of stoichiometry number of the electrode. In addition, the equilibrium potentials

are also affected by Li ion concentration in electrolyte according Nernst equation

RT C
U =U®% +—log(—% -
=Y + =2 @J(C ) (3-2)

e0
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whereU? is the equilibrium potential when standard lithium ion concentration in electrolyte

equ

is the corrected equilibrium potential when the lithium ion

u

(Ceo=1mol-L™). And U,

concentration in electrolyte is non-standard ce.

The exchange current density, ig, is the intrinsic rates of electrons and ions transfer at the
interface between electrolyte and electrodes. It can be expressed with concentrations and

symmetric factors, a, and o, that describe bi-directions of one reversible semi-reaction.

i0 = k(cs,max - Cs)aa Cgccgc (3'3)

where ¢ and c. refer to the lithium ion concentration in solid and electrolyte and Csmax , iS the
theoretical maximum ion concentration in solid. oy and o¢ is the oxidation and reduction

symmetry factor.

3.1.2 Charge conservations

To fully understand the electrochemical dynamics of a lithium ion battery, it important to
examine the physical processes that cause the reactions to occur. First, current flowing through
the electrolyte phase of the positive electrode is driven by electric potential and the varying
concentrations near the electrode-electrolyte interface. Movement of ions and flow of electrons
are vital processes in battery performance, and the conductivity of the active materials
determines the rate of that flow. Quantifying the ionic electrolyte conductivity, as with the

diffusion coefficient, requires calculations as a function of electrolyte concentration [24].

Kk = 2.37c, exp(—8983c.*) (3-4)
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Figure 3-3 Electrolyte conductivity as a function of concentration

The ionic conductivity achieves maximum value when Lithium ion concentration is 1.2
mol-L, which is because more ions can carry more charge in order to conduct electricity at low
concentration. But they tend to interact with each other and convert to electro-neutral
coordination compound at high concentration. The optimal concentration may change with

different solute, electrolyte solvent or additives.

The charges produced in oxidation processes should be the same as those consumed in the
reduction process. This relationship is described using Ohm’s law, expressed as a function of
current and potential gradients. lon transport in the electrolyte is governed by the Nernst-Planck
equation, where migration and diffusion terms are considered, as shown in the following

equation.

0, & O 0, e O Li
(& =g )+ = (" . = (Inc,))+ j“ =0 3-5
8| ( e 8I ¢e) 8I ( D.e 5| ( e)) J ( )
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where j' is the current density in the electrolyte or solid phase, ¢ is the electrolyte potential, ce is
the concentration of the electrolyte, k™ is the effective electrolyte conductivity, while kp® is the

concentration driven diffusion conductivity.

As for charge transport in solid, no diffusion term is necessary for electron transport in solid

because it is solely governed by Ohm’s law.
8 eff a s Li
N [p— = 3'6
al(0 al@) J (3-6)

where ¢ is the solid phase electronic conductivity.

3.1.3 Material balance

Charges produced or consumed by chemical reactions taking place in the electrodes are
conserved. The chemical process in the entire cell can be described using a material balance
principle. Hence, the balance of materials in electrolyte is affected by the gradient of ion
concentrations. Since the electrode pores are filled with electrolyte, the balance should consider
the porosity of the material. Therefore, the diffusion coefficient is redefined by considering the

porosity as follows:
D:ﬁ = De ’ ‘c"ep (3'7)

where the diffusion coefficient, De, is constant. The material balance equation for the electrolyte

considering the porosity is as follows:

o(e,C.) 0
ot ol

0 1-t° .,
D - —c,)+=—=j" 3-8
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where c. is the concentration of lithium ion in electrolyte, F is the Faraday’s constant, t.° is the

initial transference number, ¢ is the porosity, and jLi is the current density [26].

For electrodes,

oc D. 0 oc
St (3-9)
ot reor or

where ¢ is the lithium ion concentration in electrode and r is the radius of an electrode

particle.

When reaction rates change, the current density varies accordingly. Consequently, the

concentration is changed.

The reaction rate, j', determined by the Butler-Volmer equation is the most important
variable that affects not only the charge conservation equations but also the mass transport

equation.

3.1.4 Double layer and concentrated ion transport

The double layer is based on the theory of electro-capillarity that a polarized electrode may
adsorb a mono-layer of anion onto the surface by covalent force, as a sequence, another thin
layer of cation will diffuse near to the adsorption layer by electrostatic force. This theory is

invented to explain the extra surface tension in a mercury dropping experiment. [27]
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Figure 3-4 Structure of double layer

Due to the large ion concentration, dilute ion transport equation fails to calculate the behavior
of ions near electrode surface. The concentrated ion transport consider the chemical potential
difference as motivation of ion transport, and the interaction between the specific ion with the

solvent as the drag force while ignore the interaction between ions. [28]

ac; V- (b,c,Vu,) (3-10)

where c is concentration, b is mobility, and p is chemical potential that calculated as follows

_OF 8 -TS)
e ac, ac,

(3-11)

where F is free energy, U is internal energy, T is temperature and S is the entropy
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The internal energy of the electrolyte is the energy of electrical field itself and the energy of
ions inside it shown in equation (3-12). When calculate the concentrated entropic contribution,
since it is concentrated solution, Borukhov considered the entropy of three species: anions,

cations and free space. [29]

u=| dr(—%|V¢|2 +26C. ¢ — 26C_¢) (3-12)

kT
~TS =——|dr(c.a®In(c.a®) + a®lIn(c a®
agj (c,aIn(c,a) +c_a’In(c_a®) 313)

+(1-c,a®-c.a’)In(l-c.a’-c.a%)

In equation (3-13), a is assumed to be the length of a single ion, averaged from the crystal

volume and molecular number.

3.1.5 Energy conservation

Temperature in operating cells affects the performance and degradation of materials, which is

described using the energy equation:

or o orT 0 oT 0 oT
—=—|ky— [+—| k,— |+=| k,— |+ Q+ 3-14
p 8t 8X( X axj ay( Y ay] ﬁl[ | 6'} Q Qconvec. ( )

where p, Cp, k and Q are the density, heat capacity, thermal conductivity, and heat-generation

rate per unit volume, respectively.

The heat source term below in equation (3-15), Q, is generally used to calculate the

temperature [30].
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=1Ugey -V, T
Q= Uoey —V,~T -2

(3-15)

The equation indicates that no heat will be generated when the current goes zero. In reality,
heat is continuously generated by the currents that are caused by the non-uniformity of
electrochemical energy state gradients, which is called the heat of mixing. Therefore, the heat
source term, Q, is divided into three terms, a reversible heat in microcell (), an irreversible
heat in microcell (gir), and the Joule heating caused by the current collectors (qcc) in a single cell

per unit volume.
Q = '[/ qrevdv +L qirr.dv +L qcc.dv (3'16)

The reversible heat is a result of the change of entropy during a chemical reaction (TAS). The

rate of the heat generated per volume can be expressed as follows:

-LI .T .aE

= = 3-17
qI’EV J 8T ( )

For calculation of irreversible heat generation, a following modification is suggested. When a
battery is charged, electric energy supplied to the cell at the terminal is equal to a sum of
electrochemical energy stored in the battery and irreversible heat dissipated. When discharged,
the electric energy obtained at the terminal is the difference between the electrochemical energy
and the irreversible heat. When the charging current is very low, it can be assumed that the

energy dissipated is negligible. Then, the electrochemical energy can be expressed as follows:

SOC

S0C equ equ
E e (S0C) = Quu [ Uocy -4S0C = Q[ (U™ ~U™™)-dsOC (3-18)
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Since there are always gradients of lithium ion concentrations, equilibrium potentials and

E
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lithium ion concentration and Ueq is the equilibrium potential.

current density, total amount of the electrochemical energy can be obtained by integrating the
energy in a small control volume. On the other hand, change of SOC is proportional to change of

concentration in a volume, so the SOC in the equation above can be substituted by C; as follows:

(3-19)

where & is the active material volume fraction, F is the faraday's constant, cs is the solid phase

Discharging
energy

Figure 3-5 Electrical energy, chemical energy and heat
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The irreversible heat generation rate for a micro cell is the difference between the electrical

Qire = -V

so that g;, always becomes positive.

micro

micro

P

(3-20)

The heat generation rate caused by the Joule heating in the current collectors is as follows:

28

power supplied to the cell (-Vmicro * Imicro) and the power (Pcrem) contributing to the chemical
energy increase that is obtained by differentiating the electrochemical energy with respect to the

time . When Charglng, 0 < Pchem_ < 'Vmicro . Imicro and When dISChal’glng, Pchem] < 'Vmicro . Imicro < O,



qCC = O- : (V¢CC)2 (3-21)

In addition, the heat transfer by convection is considered.

Qconvec. = hc '(TS _Tco) (3-22)

where h, Ts, and T, denote the convective heat transfer coefficient, the surface temperature, and

ambient temperature, respectively.

3.1.6 Model simplifications

Terminal voltage of a micro cell is given as a difference between electrode potentials and
equilibrium potential. The electrode potentials are a function of concentration given by the
Nernst equation. The equilibrium potential of a cell is called open circuit voltage (OCV) when no
current flows. The OCV is the difference between the two standard potentials of the positive and
negative electrode and is measured experimentally. Separation of individual equilibrium
potentials for positive and negative electrodes from the measured OCV are carried out using an

empirical equation for the equilibrium potential in negative electrode given in [24].

U_(x) =8.00229 + 5.0647x —12.578x"* —8.6322e — 4x " + 2.1765¢ — 5x*'?

—0.46016 exp(15(0.06 — x)) — 0.55364 exp(—2.4326(x — 0.92)) (3-23)

Currents produced during chemical reactions are a function of overpotentials governed by the
Butler-Volmer equation that consists of two exponential functions. In fact, the overpotentials
usually vary within a linear range under normal battery operating conditions, Therefore, the

exponential function can be linearized by Taylor expansion as shown in equation (3-24), which
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definitely works at low current. However, this simplification may cause some error at a large

enough current whose magnitude depends on both the load current and exchange current density.

E
R_-T(UN — Mgy ) + 0(77?1)

jhi =4ds5 N 'io,N
(3-24)
j;i =ap 'iOPEUP "'0(772)
S RT
Take the constants into equation and we can get a rough estimation of error caused by
linearization. Actually, there is almost no way we can directly measure the activation

overpotential because it is indistinguishable overlapped with concentration overpotential and

ohmic overpotential, but the current is easy to know.
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Figure 3-6 Error caused by linearization

The specific area as in our battery is about 1.5e4 cm?cm™, and the volume for each of
electrode is about 15*20*2*0.5=300cm°. So there is about 4.5e6 cm? particle surface for each

electrode. Different researchers use different values of exchange current density listed in Table 3-
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1. If we just take the average value, io.= 1.136 mA-cm™? and iy+=0.842 mA-cm™. When apply
I=100A current to the battery, current density j--as i '~0.02<<1.2, which indicates the error is
much less than 5%. So the linearized Butler-Volmer equation is precise enough, there is no need
for high order expression. Particularly, the use of this linear equation in the charge conservation

equation eases convergences of all calculations and reduces computational time.

Table 3-1 exchange current density used by different researcher

io (mA-cm'z) for Li,Cs io (mA-cm'Z) for LiyMn,0O, based compound
0.041 [2] 0.289 [2]
1.26 [5] [11]
0.215 [12] 0.489 [12]
3.6 [13] 2.6 [13]
0.688 [25] 0.416 [25]

As matter of fact, the time constant of ion concentration is larger than that that for electrons,
it is assumed that the second term in the conservation of charge equation (3-5) is regarded as
constant. Therefore, concentration and temperature at a given time can be used to calculate x*

and xp™". Hence, the only unknown variables are the phase potentials, so that the equations are

linearized and the number of equations to be solved simultaneously is reduced.
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3.2 Numerical calculation
3.2.1 Initial and boundary conditions

Numerical calculation requires initial and boundary conditions to initiate and finalize
simulations. The three variables calculated from dynamic equations are lithium ion concentration
in solid and electrolyte, and cell temperature, while others are obtained from static equations

using these three variables.

The boundary condition for the potential of an electrode is:

o | ot 1
al |, al., A
(3-25)
o) _on| g
s s

where the ¢*" is the conductivity, @s is the solid phase potential, =0, L represents the interface
between the electrode and current collector at negative and positive sides, respectively, and I=6.,
o+ represents the interface between the separator and electrode at negative and positive sides,

respectively. For a given current density, the potentials outside of the electrolyte boundary are

zero as follows:

9.
ol

_0¢,
o ol

=0 (3-26)

=L

The initial conditions of various variables are determined from the initial lithium ion

concentration in the electrodes. The concentration is expressed as a function of SOC, as follows:

¢, = (stoi, + (stoi,,, — stoi; ) x SOC) - ¢ (3-27)

s—,max
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C,, = (stoiy + (stoi,y, — stoiy ) x SOC)-c

S+,max

The concentration of lithium ions inside the particles is spherically symmetric with no
generation within, so the gradient of lithium ion concentration at the inner boundary is zero. The

outer boundary of electrode particles is determined by the rate of the reaction taking place.

rz% =0
or |,
(3-28)
oc,| j"
L "~ aF

Since there is no electrolyte flow prior to current flow through the battery, the change in

electrolyte concentration at the boundaries is shown below to equal zero.

oc,
ol

_ac,
1=0 al

=0 (3-29)

I=L

The initial cell temperature is set to an ambient temperature. At a low current, heat transfer

between the environment and the cell is regarded as negligible. At the boundary,

oT
—k5r=h(T—n) (3-30)

where k is the thermal conductivity of the outer casing, h is the overall convective heat transfer

coefficient, T, is the ambient temperature, and T is the temperature in the cell.
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3.2.2 Numerical method for micro cell

The micro cell is discretized into 25 grids through the plane. The negative and positive
electrodes are meshed with 11 and 8 grids, respectively, because of different thickness of the
electrodes. As a result, 44 discrete equations are obtained for the equations (3-5) and (3-6) in
order to calculate potentials. As potentials and concentrations near both interfaces between
electrode areas and separator change drastically, the size of grids at the interfaces should be small
enough to minimize the numerical errors. In addition, the small grid is generated at the outer

boundary of spheres.

All of equations are converted into discrete forms, coded using MATLAB and solved for the
solid phase potentials at the electrodes and the electrolyte phase potential across the cell. For
calculations, a finite differential method with an implicit scheme is employed to get converged

fast.

The resulting phase and equilibrium potentials are used to calculate overpotential at each
section across the cell, which allows for calculation the reaction rate, j*', using the Butler-Volmer
equation. The reaction rate will be inputted to mass balance equations (3-8) and (3-9) to
determine the change in concentration at each time step. Similar to the method used for the
calculation of the reaction rate, an equation for each segment or grid of the battery cell is
derived. While the initial values are known, the lithium ion concentration as a function of the

change in time provides the variables for the equation.

In fact, electric field in both of electrodes and electrolyte responses faster than that of ion
transports when charged and discharged. Therefore, it is assumed that the potentials, ¢ and ¢ are

constant during each time step and calculated just in one subroutine. Conversely, ion transport is
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dynamically calculated in another subroutine using the mass balance equations for ion
concentrations cs and c. . The discretized equations can be numerically solved by implicit or
explicit method. The major drawback of the implicit method is the difficulty in coding in

compared with the explicit one that is less accurate and stable. The code developed is based on

the implicit method. The dynamic equation above has a general form %z f(c,4), where

C
c= (Cej and ¢ = [Ze] The potential can be solved from the static equations (3-5) , (3-6). Even

S S

though both explicit and implicit method assume that the function, f, during two time steps is
constant, the explicit method explicitly calculates the function using ¢ and ¢ from the previous
time step, while the implicit method considers ¢ and ¢ to be the values of potentials and
concentrations in the following time step and calculate them by solving a matrix about c. For
calculation of the potential, ¢, at the following time step, change of concentration for the time
step, 4c, instead of c is calculated at a cp at the previous time point, which results in the potential

¢ as follows:
¢=¢,+A-Ac,+B-Ac,, (3-31)

where the ¢ is the potential at previous time step, and A and B are coefficient matrices that

include the linearized relationship between ¢ and Ac.

3.2.3 Numerical method for two dimensional single cell

Compare to one dimensional mesh in micro cell model, the two dimensional mesh in single

cell model has much more grids. In addition, each of the grids is a micro cell and coupled with
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the whole system. It will take too long to calculate the matrix if list everything as the vector to be
solved. The way to reduce the complexity is to decouple the single cell model and micro cell

model by linearizing micro cell model at the operating point that estimated

l’ Single cell model

Estimate single cell
current distribution

|

Linearize micro cell
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———————

Update Cs, Ce
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| linear range?
| i

Calculate micro cell
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Figure 3-7 Flow chart to solve 2D single cell

Another effort to reduce the calculation time is to sort the thousands of micro cells into
syndromes according to the current density of the micro cells because the micro cells with same
load condition and initial state must have identical Lithium ion concentration in both electrolyte
and electrodes during the whole process. And each syndrome only needs to be calculated once at
the step of micro cell linearization or the step of updating concentrations. The leor feed-back is
used to reduce the error caused by micro cell linearization. In order to better estimate single cell
current distribution and increase the stability of the code, especially when step load is applied to

the model, the vector B in the stiff differential equation A-¢,. =Bis splitas B=C+D-1 as
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shown in Figure 3-8. Where C is load-independent term, D is load-dependent term and | is the

load current.
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|

Linear term
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Figure 3-8 Improved code for estimating linear range in single cell

3.3 Static and dynamic analysis of a micro cell

3.3.1 Potential and overpotential

Standard potentials are determined by the type of chemical compounds used for the
electrodes and are a function of the stoichiometric numbers of the chemical compound and SOC.
The terminal voltage for a given electrode can be calculated based on the standard potentials.
When a battery is charged and discharged, two reversible half reactions occur that cause the
potential losses (Overpotentials). The overpotentials of a cell at two different SOCs (50% and
80%) are shown in Figure 3-9 under assumption that the OCV at a specified SOC is constant.
The concentration overpotential, Ad,, is the potential difference in the electrolyte phase caused
by the concentration of the reactants. In addition, the ohmic and the concentration overpotential
are depedent upon the geometry and tend to increase when the film layers become thicker.

Conversely, the activation overpotential was not “cumulative” through the plane of the battery
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film, so that the value is relatively small. The idea cell voltage in each figure is constant, but

varies as a function of SOC.
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Figure 3-9 Overpotentials of micro cell as a function of discharging current at different SOC
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The Figure 3-10 (a) shows the potential of a micro cell, where the | coordinate is a
dimensionless number of meshed grids along through-the-plane. The range of the grid for
0<I1<0.45, 0.46<I1<0.67, 0.68<I<1 corresponds to the anode, the separator, and the cathode,
respectively. We assumed that the potential of the electrolyte at 1=0 is the ground potential, so
that the potential of the anode and the cathode is about 0.1V and 3.6V, respectively. The zoomed-
in potentials in the anode are shown in Figure 3-10 (b). The difference between the equilibrium
potential, U, and the solid potential is relatively small and varies from 1=0 to I=L. In fact, the
activation overpotential is the difference between the potential in solid, electrolyte, and

equilibrium potentials, as shown in equation (3-23).

Figure 3-10 (c) shows the cathode and corresponding equilibrium potential and overpotential.
The overpotential at the cathode always has an opposite sign when compared to the anode, and in
each electrode it can be either positive or negative depending on whether the cell is charging or
discharging. In this case, the cell is obviously discharging because the overpotential at the anode
IS positive, which means the current is flowing from the negative electrode to the electrolyte then

to the positive electrode. Figure 3-10 (d) shows the corresponding overpotential.
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Figure 3-10 potential and overpotential in a micro cell

3.3.2 Current distribution

When a battery is charged or discharged, chemical reactions take place at the interface
between the electrodes and electrolyte. As a result, electrons and ions are separated at the
cathode. The electrons and ions are transported through an external circuit and the electrolyte,
respectively, to anode and combine again there to complete the total reaction. The current in the
electrodes is composed of electron current and ion current because of the porosity, while only ion
current can go through the separator. The gradient of ion currents is the current density, j-,
whose slope indicates the direction of the current (i.e. positive slope implies that the current

flows from solid to electrolyte).
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Figure 3-11 current distribution of micro cell

3.3.3 Concentration of lithium ions

Concentration of lithium ions in solids and electrolyte is the key factor that affects physical
variables and states of the battery like SOC, conductivities, and exchange current density. Since
the concentration in the solid is not uniformly distributed, only the lithium ion concentration in
the electrodes at the outer boundary is shown in Figure 3-12, which determines the maximum

discharge or charge rate at a moment.
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Figure 3-12 lithium ion concentrations and exchange current density in micro cell

Responses of a high discharging current rate (10C rate) on concentration and current density

are shown in Figure 3-13. The current density shows a highest value in the electrode at the point
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of contact with the separator. It decays with time because the migration of ions in both the
electrolyte and the electrodes mitigates the difference of reaction rates. It takes several minutes

for ion concentration to be uniformly distributed.
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In Figure 3-14, r=0 represents the center of the electrode particles, while r=1 is the outer
boundary of the electrode particles. The geometry of electrodes along with material properties
like thickness and porosity result in different concentrations, for example at 1=0 and I=1. The
magnitudes of concentrations at the boundaries of the separators on the negative electrode are

different from that on the positive electrode because of the high conductivity.

Concentration of Li ion in solid @ 5C discharge
15s 100s

= =
£ £
w w
Q Q
w w
O O
r (radius) e r (radius)
| (thickness)
200s 600s
= w x
4] o H
E = E
3 305 i
0 5 0.5
05 0 1 r(radius) 0.3 0 1 r(radius)
| (thickness) | (thickness)
0 0.2 014 06 0.8 1

Figure 3-14 Response of ion concentration in electrodes
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3.3.4 Constant current (CC) and Constant voltage (CV) mode

Generally, charging a cell is carried out by two modes, a constant current mode (CC mode)
and a constant voltage mode (CV mode). Transition from one mode to another is simply

implemented by changing the boundary condition of the solid conductive equation (3-6). The

boundary conditions for the two modes are as follows:

[0

¢S+ B ¢S_ B RCC ’ ZAL ) J—LI =Vmicro (3-32)
Z jLi -0
>0 = e /AL (3-33)

The simulation result of CC+CV charging is shown in Figure 3-15. The current in CV mode

decay as an exponential function, the time constant is proportional to the inner resistance of

battery
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Figure 3-15 CC and CV charging
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3.3.5 Numerical error dependency on number of mesh grids and time interval

The number of mesh grids has little effects on the calculation result. We can see the
simulated 1C discharging terminal voltage with grids number is 10, 25, and 50 overlap to each
other in Figure 3-16 (a). In order to show the numerical error dependency on the number of mesh
grids, the standard deviation of 18 sets of simulation with grids number from 4 to 200 is
calculated and shown in Figure 3-16 (b). The numerical error is relatively large when the grid
number is very small, while the error is small enough without any obvious trend when the grid

number is greater than 15.
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Figure 3-16 Effect of mesh grids

Similar way, the effects of time intervals of calculation steps in the range of 0.04s to 0.6s are

shown in Figure 3-17. Even though the error increases when the time interval is greater than
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0.2s, the total error between 0.6s and 0.04s is only 0.35mV which is the same order of

experimental error, so it is acceptable.
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Figure 3-17 Effect of time interval

3.4 Modeling of a pouch type single cell

Micro cells are connected in parallel by the current collectors that provide a current pathway
to the terminal tabs. For each of the current collectors, the potential field is described using

Ohm’s law:

2 2
O-cc—(a ¢cc— + a ¢CC—J_ Imicro —

ox* oy’ l,..
22 . | (3-34)
O-cc+ ¢02c+ + ¢czc+ + micro — 0
ox oy e,
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where ¢. and o+ are the conductivity of aluminum and copper, respectively, @.. and ¢.. are the
potentials on two current collectors, Imico is the current for the micro cells with units of A-cm?,

and l... and I+ are the thickness of the current collectors.

Since the cell is made of identical multiple layers of current collectors, it is assumed that the
collectors have the same boundary conditions as the load profile at the terminal tabs. Inmicro that is
given by derivatives of the potential field ¢ on both current collectors, as described in Equation
(3-34) . On the other hand, the relationship between Inmicro and the voltage of the corresponding
micro cell, Viicro = @ee+ - dec-, Should satisfy the nonlinear dynamic micro cell equations, so that

all of the micro cells can be coupled to each other.

The simulation results reveal that the Inico IS asymmetrically distributed because of the
different conductivity of the two current collectors, even though the terminal tabs are
symmetrically located. Responses are calculated at 1 sec after a 100A discharging current is

applied where the initial temperature is 300K and the initial SOC is 50%.

The potential distributions on both current collectors are shown in Figure 3-18 and Figure
3-19. At the positive current collector, the potential near the current tab decreases when the
battery is discharging and increases when charging. For each grid, the potential difference
between the two current collectors is the potential of micro cell, so the micro cells near the two
current tabs show highest overpotential than other locations because of a high reaction rate near

the tabs.
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Figure 3-18 Potential distributions on positive current collector when discharged
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Figure 3-19 Potential distributions on negative current collector when discharged

Due to the non-uniform potential distribution on both current collectors, the voltages of
micro cells are not identical and consequently the reaction rates of micro cells are different from
each other. The reaction rate of micro cells determined by the current flow through the micro
cells per unit area with an X-Y cross-section is shown in Figure 3-20. The reaction rate near

terminal tab is higher than that in other area at the beginning. As a result, the SOC of the region
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is low for a period of time. Since the low SOC leads to a low equilibrium potential, the
overpotential decreases if the terminal voltage remains the same as before and consequently the
reaction rate get decreased. The results show that the reaction rate near the positive tab is the

highest, 20% greater than the lowest grid at the given operating condition.
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Figure 3-20 Initial reaction rates of different micro cells
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3.5 Model validation

In the electrochemical-thermal model, there are some parameters and equations which should
be validate by the experiment. The validation should be going in three aspects: CC/CV terminal

behavior; CC/CV cell temperature and heat generation; EIS behavior.

3.5.1 Experiment Setup Design

Labview
control & record

Wy

125A power supply lr;,:-" 200A @Ere_quinﬂ Eload ¥V __ _ _ -

!

15.7Ah Pouch cell
( LiMn,O,/Carbon)

Figure 3-21 Test setup

The experiment setup should be designed to implement following functions.

1. Monitor and control the voltage, current and temperature of the battery.
2. Power supply and E-load be able to work simultaneously in order to create adjustable
current ripple whose amplitude, frequency and duration can be arbitrarily changed

3. Overcharge & over-discharge protection circuit
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4. Fast response heat pumps and fixture that precisely control heat flow

The Labview code should have following functions

1. Have constant current (CC) mode, constant voltage (CV) mode for both charging and
discharging

Have current ripple mode

Be able to filter and record data at independent sample frequency with control loop

Overcharge and over-discharge protection code

o M w0 N

Script-driven

3.5.2 Discharging and charging behavior

Simulation and experiment results of discharging characteristics of a pouch cell are compared
in Figure 3-22, where the terminal voltages at different current rates are plotted as a function of
time. The pouch cell used for the experiments has a capacity of 15.7Ah and its dimensions of the
active area are 149.2mm by 197 mm. When a discharging current is applied, the terminal voltage
drops instantaneously because of ohmic resistances present in the cell. Then, the voltage drops
linearly because of the change of the OCV induced by the change of SOC. At the end of each
discharge, the experimental shows that the change of the OCV becomes large and as a result the
voltage drops drastically. In addition, it should be noted that all of the charges discharged is a
function of the current rate. For example, when discharged at 1C, 93% of the maximum capacity

is released, while 85% of capacity is released when discharged at 10C.
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Figure 3-22 Discharge characteristics at different current rates

(Ambient Temperature=294K and SOC=100%)

The cell is firstly charged with the CC mode until the terminal voltage reaches 4.2V and then
a constant terminal voltage is applied until the cell is completely charged. While CV charging,

the current decays slowly. Simulation and experiment results are compared in Figure 3-23, where

four different current rates of 20A, 40A, 60A and 80A are applied.
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Terminal voltage comparison @ 20A/40A/60A/80A charge
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Figure 3-23 Charge characteristics at different rates in CC and CV mode

Comparison of discharging and charging characteristics at the different C rates shows that the

model developed can predicts the performances.

3.5.3 Dynamic analysis

In order to assess dynamic responses of the model, an operating condition for a single cycle

is defined with initial SOC of 41% and discharge current rate is 5C for 200 seconds, rest 200

seconds, charge at 5C current for 200 seconds then rest 200 seconds. Comparison of simulation

and experiment voltage response is shown in Figure 3-24.
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Terminal voltage comparison for 5C cycle
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Figure 3-24 Voltage response at a single cycle with 5C charging and discharging rate.

In addition, temperature distribution between experiment and simulation is compared in
Figure 3-25, where the temperature of the cell is captured using IR camera. The temperature
distribution in the cell is asymmetric because of the different conductivities of two current
collectors. Temperature rise around the positive tab is higher than that that in the negative tab. In
addition, more heat is generated during discharge process because of exothermic reactions. The
temperature increase during discharging is always greater than that of charging at a given current
rate. The calculation for individual heat source terms shows a distribution of Joule heating in
electrolyte (38%), heat of mixing (24%), heat caused by activation losses (16%), change of

entropy (10%), Joule heating at SE1(8%), Joule heating at the current collectors (4%) and others.
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Figure 3-25 Temperature distribution of the cell

Temperature of three locations of the cell are measured and compared with that of the
simulation as shown in Figure 3-26. The simulation results follow the experiment results with
some time delay and errors that are possibly affected by the heat transfer between the cell and air

flow in a thermal chamber.
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Figure 3-26 Temperature comparison at three locations.

3.6  Summary

We developed a high resolution quasi-three dimensional model for a pouch type of lithium
polymer cell with a chemistry of LiMn,O4 /Carbon for electrodes. The model is constructed
using a one dimensional microcell based on electrochemical and thermal principles and
experimentally validated against static and dynamic performance of a cell.

Analysis shows following interesting findings:
1. Due to different conductivities of the two current collectors, asymmetrical distribution of
the current and voltage field is observed. The asymmetric current field causes non-
uniform heat generation rates on the current collectors. Particularly, more heat is

generated on the current collector located near the terminal tabs. Similarly, the
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asymmetric voltage field affects the reaction rates of micro cells, so heat generation rates
and the associated DOD are different dependent upon location.
2. Contribution of individual heat source terms are analyzed, where the heat caused by Joule

heating in electrolyte and heat of mixing are the major parts at the 5 C rate.

The model developed is capable of representing not only current and voltage at the terminal
tabs of a single cell but also distribution of ion concentrations, potentials, internal currents, and
temperature when a battery is charged or discharged. Future work includes measurement of the

individual heat source terms and validation of the model for other ambient temperature ranges.
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4 Thermal analysis

4.1 Introduction

Lithium ion batteries are widely used in transportation and grid applications because of their
higher energy and power density compared to other rechargeable batteries. These applications
require a long lifespan with low degradation. When a battery is charged and discharged, ions are
transported from cathode to anode and vice versa, while electrons flow through an external
circuit from one electrode to the other. The charge transport, reduction, and oxidation processes
continuously generate heat that can affect these processes and the degradation. Operation of a
battery in an elevated temperature accelerates electrolyte and binder decompositions that lead to
a capacity fade. In addition, the reaction products can reduce the accessible surface area of the
electrode particles, which leads to a power fade [31]. A comparison at elevated operating
temperatures from 278K to 318K shows that the capacity fade and the power fade rate at 318K
were eight and two times, respectively, higher than those at 278K [32]. Therefore, battery
manufacturers put enormous effort into optimizing the design for the high thermal stability of the
materials and less degradation [33]. In addition, temperature affects other parameters like
diffusion coefficients, conductivities and reversible heat generation [34]. Moreover, the large
amount of heat generated in modules or a pack should be properly rejected to prevent a thermal
runaway and minimize the temperature effects on cell performances and degradation [35].
Therefore, accurate estimation of the heat generation rate is crucial not only for the design of the

battery, but also for allowing safe operations.
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Heat of a battery is described by two source terms, the reversible and irreversible heat. The
reversible heat is produced by the change of entropy at an operating cell temperature, which is
expressed by a product between the change of entropy and the working temperature. On the other
hand, the change of the entropy can be expressed using the open circuit voltage (OCV), so the
reversible heat can be determined by measuring the open circuit voltage (OCV) when the cell
temperature varies and a function of state-of-charge (SOC).

The profile of reversible heat is inherent and depends upon not only materials used for design of
electrodes but also their manufacturing processes [36]. Conversely, the irreversible heat sources
are a function of the overpotentials with discharging or charging current [37][38][39][40]. For
the first time, Rao calculated that the irreversible heat is continuously generated eve