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ABSTRACT

MATHEMATICAL MODELING AND CAPACITY FADING STUDY IN POROUS

CURRENT COLLECTOR BASED LITHIUM ION BATTERY

SURENDRA BAJAGAIN

2017

Lithium ion (Li-ion) batteries are primary energy storage devices especially in

electronic gadgets, electric vehicles and for stationary storage of intermittent renewable

energy. These applications demand durable Li-ion batteries with higher energy density.

Energy density can be increased either by finding novel electrode materials or by

modifying the existing design of the battery. The electrode materials or modified design

should not only increase energy density, but also should control the capacity fading of the

battery.

In this work, existing mathematical model of Li-ion battery was adjusted in the case

of the porous current collector. The discharge performance and capacity fading of the

porous current collector based Li-ion battery was compared with non-porous current

collector Li-ion battery. The electrode averaged model (EAM) was used to simulate the

discharge performance of the battery. The capacity fade was compared by comparing the

film growth, change of initial electrode state of charge (SOC) and change in solid phase

diffusion coefficient with cycling. Both simulation and experimental results have shown

the porous current collector based Li-ion battery achieves greater than the theoretical

specific capacity of electrode active materials for the first few cycles of operations. In this

work, Lithium titanate was considered as an electrode active material which has a



xvi

theoretical specific capacity of 175 mAh/g. Simulation and experiment have predicted

specific capacities of 238 mAh/g and 235 mAh/g respectively in the case of the porous

current collector. Simulation result showed the porous current collector Li-ion batteries

reaches the end of useful life after 100 more cycles than the non-porous current collector

batteries under similar conditions of operation.
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CHAPTER 1 INTRODUCTION

1.1 Background

Industrialization has improved the quality of life of world population. Improved life

standards have increased the energy consumption. International Energy Outlook 2016

(IEO2016) released by the U.S. Energy Information Administration states that world

energy consumption will grow by 48% between 2012 and 2040 [1]. Population growth

and per capita consumption growth are two major causes for the energy consumption

growth. As of now, fossil fuels are the main sources of energy. Fossil fuels are

non-renewable and burning of fossil fuels produces carbon dioxide (CO2). About 21.3

billion tonnes of CO2 are produced by burning fossil fuels per year [2]. Natural processes

can absorb only about half of that amount and hence there is a net increase of 10.65 billion

tonnes of CO2 per year [3]. CO2 is a greenhouse gas and contributes to global warming.

Figure 1.1 shows the percentage of CO2 emissions in different sectors, where 43.9% of

total emission are from electricity generation and heating. To cope with energy growth

and to control the emission of CO2 researchers are focusing on the development of

renewable energy sources and green energy technologies.
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Figure 1.1. CO2 emission in different sectors [4].

As the world focuses on the development of alternative energy sources and green

technologies due to global warming and the prediction that the fossil fuels are running out

soon, the development of energy storage technology is gaining popularity. Research is

being conducted for the design of cheap, efficient, and self-charging energy storage

devices through solar cells [5].

In electricity grid demand must be met by the power supply at any moment. Energy

storage can act as a balancing agent when the supply needs to be adjusted due to

predictable changes in the demand or unexpected changes from equipment overloads and

storms. The balancing act of energy storage increases the grid flexibility and reliability.

Further, energy storage can be used to smooth the electricity from intermittent renewable

energy sources like solar and wind. The energy storage device has a fast response which is

used to maintain the stability of the grid when unexpected load increase occurs on the grid.
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Energy storage devices play a vital role to ensure the stability of power supply in off-grid

applications such as camping, microgrids. Batteries, flywheels, fuel cells, supercapacitors

etc. are some of the energy storage devices. Battery modeling is the focus of this thesis.

Volta in 1800 discovered certain fluids, when used as a conductor, would generate

electricity, which paved a path to the invention of the first voltaic cell commonly known as

a battery. Ever since the concept of storing energy electrochemically began. At the end of

the nineteenth century, batteries were primary sources of electricity before electrical

generators and electrical grids were developed.

Initial batteries were non-rechargeable, primary cell, meaning they were designed

for one-time use. First rechargeable battery, secondary cell, based on lead-acid chemistry

was invented in 1859 by the French physician Gaston Planté. Lead-acid chemistry is still

widely in use. Lead-acid batteries are cheap, robust, can deliver very high currents and can

be stored indefinitely without the electrolyte. However, they are heavy, bulky, unsuitable

for fast charging, and are susceptible to sulphation under low electrolyte conditions.

As demand for smaller, lighter and deep cycle life rechargeable batteries have

increased, different battery chemistries have been developed. Nickel-cadmium (NiCd),

Nickel Metal Hydride (NiMH), Li-ion chemistries are commonly used [6]. NiCd batteries

are capable of deep cycling. Also, they are smaller and lighter than lead-acid batteries, but

they require periodic maintenance, shows memory effect that reduces usable capacity with

time and they contain cadmium which is not environmentally friendly. NiMH batteries are

replacing NiCd batteries. However, they have high self-discharge rate. Li-ion chemistries

provide one of the best tradeoffs in terms of power density, low weight, cell voltage and

low self-discharge [7]. As shown in figure 1.2, Li-ion is the best chemistry in terms of
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volumetric energy density among the existing chemistries. Furthermore, they are the

lightest and smallest among the existing batteries.
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Figure 1.2. Diagram comparing the rechargeable battery technologies as a function of
volumetric and specific energy densities [8].

Rechargeable Li-ion batteries (LIBs) were first commercialized by Sony in 1991

[9]. Since launch, LIBs have had an increasing market share due to increased usage of

electronic devices and the progress of electric and hybrid vehicles. Figure 1.3 shows the

demand for Li-ion batteries for two decades. It is expected that nearly 100 GW hours of

Li-ion batteries are required to meet the needs from consumer use and electric-powered

vehicles with the latter taking about 50% of Li-ion battery sale by 2018 [10].
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Figure 1.3. Demand for Li-ion batteries in two decades [11].

Li-ion batteries are dominant in portable electronic devices like cell phones, laptops,

and are becoming suitable energy storage devices for electric and hybrid vehicles as a

trend for replacing internal combustion engine vehicles with electric and hybrid vehicles

is increasing to prevent the generation carbon dioxide (CO2), a major greenhouse gas.

They are also used to store the energy generated by intermittent renewable energy sources

like solar and wind. The increasing demand for energy storage requires further

improvements in the existing Li-ion batteries and the development of next-generation

Li-ion batteries, especially to enhance safety and reduce the cost and capacity fading of

Li-ion batteries. Figure 1.4 shows the future requirements of Li-ion batteries. To meet the

future requirements of Li-ion batteries, researches are being conducted in different aspects
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of Li-ion batteries such as liquid electrolytes are being replaced with solid electrolytes

[12], different materials are being considered for anode active materials to overcome the

drawbacks of graphite [13], [14].
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Figure 1.4. The illustration to a demonstration that future Li-ion batteries should be light
and small without any compromise on energy and power [11].

1.2 Literature review

Li-ion batteries attracted much more worldwide attention after its

commercialization by Sony [15]. The global production of Li-ion batteries has rapidly

increased since past two decades. This has been achieved through the active research.

Mathematical modeling has played key roles in the design optimization and understanding
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the capacity fading mechanisms due to various side reactions.

According to the literature, Equivalent Circuit Models (ECMs) and Electrochemical

Models (EMs) are the models used for simulation of Li-ion battery. ECMs uses only

electrical components to model the performance of the battery. Generally, there are three

variations of ECMs model.

(a) Rint model where only a resistance and a voltage source are used to model the

battery

(b) RC model where capacitor dynamics have been added to Rint model [16]

(c) Thevenin model extension of the RC model.

ECMs are simpler, cheaper and faster, but they have a tendency to fail at various operating

conditions leading to inaccurate results [17]. The applications requiring accurate results

use EMs models.

In contrast to ECMs, EMs model describes the electrochemical phenomena taking

place in the battery through the means of different governing mathematical equations.

They are more accurate than ECMs model because of their ability to describe detailed

physical phenomena taking place inside the batteries. Pseudo two dimensional (P2D)

based on porous electrode theory is the most widely used EMs models [18].

P2D model was first developed by Newman and his co-workers (1993) [19]. This

model treats the electrode as a homogeneous electrode continuum [20]. It ignores the

microscopic structures in the electrode; however, change in effective properties of

electrodes was accounted by use of Bruggeman’s equation [21]. This model is further

developed and coupled with transport phenomena and electrochemical reaction
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engineering. Further, the model has been extended to describe various degradation

mechanisms and side reactions occurring within the cell. The full order battery model

takes a lot of time to provide the solutions for governing equations. Researchers have

reduced the order of the battery model using different approaches. Subramanian et al.

(2007) [22] reduced the model using a combination of perturbation techniques and

heuristic simplifications. They reported that the computational time for their real-time

simulation model for a single process to be around 100 ms, but the model required

preprocessing and prior knowledge of the behavior of the system under different

conditions, which makes their model less flexible. Other methods, including the

Chebyshev polynomial method, the residue grouping method, proper orthogonal

decomposition method, and Padé approximation, have also been used to derive

reduced-order models for Li-ion batteries [23].

As the demand for the higher energy density Li-ion battery increased, a lot of efforts

have been made to improve the electrode design. The straightforward design to increase

the energy density is to increase the electrode thickness. However, the increased electrode

thickness impairs electrolyte-phase mass transfer, thereby making the design unsuitable

for desired applications [19], [24], [25]. The electrode thickness depends on the nature of

the applications. The high-power applications need thinner electrodes whereas the high

energy applications require thicker electrodes [25]. The thickness constraints are serious

in Li-ion cells due to the low transport properties of non-aqueous electrolyte [25], [26].

Many studies have shown that the electrolyte limits the use of the battery in discharge

applications [27], [28]. To increase the energy density by increasing electrode thickness

electrolyte phase limitation should be overcome, which can be achieved through proper
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tuning of electrode’s porosity and thickness.

Mathematical models are coupled with optimization protocols to predict the optimal

porosity and thickness for maximizing the energy density for a given discharge time.

Tiedmann and Newman (1975) [24] first illustrated an approach to optimize porous

electrodes by using simplified reaction zone model. In this model, they obtained an

analytical solution by confining the Li-ion intercalation to a narrow zone in the positive

electrode and used solution to get the optimal design. Over the years, Newman and

co-workers removed the simplifications and used a generalized model to optimize

different battery systems [25], [29]. However, these methods did not make any changes in

the commercial batteries mainly due to the lack of manufacturing methods to fabricate

thick electrodes.

Subsequently, researchers focused on the variable porosity of electrode. The varying

porosity approach is thought to ensure greater access to electrolyte allowing the electrode

thickness to increase leading to an increase of the energy density without affecting power

capability. Ramadesigan et al. (2010) [30] observed 15-30% reduction of electrolyte

resistance in varying porosity model compared to constant porosity model. Furthermore,

Golman et al. (2014) [31] demonstrated improvement of discharge capacity by

approximately 30% for a half-cell configuration and by 60% for a full-cell by

implementing a varying electrode porosity model. Reduction in the liquid phase resistance

is attributed as a reason for increased capacity in the varying electrode porosity model. In

these studies, optimized varying porosity designs were compared with arbitrary base

designs. The optimization shows improvement in energy density with respect to base

design, but cannot guarantee that the sole reason for improvement of capacity is varying
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porosity.

Dai et al. (2016) [32] developed the battery model based on the macro

homogeneous approach and then developed an optimization algorithm to predict optimal

values of porosity and thickness to maximize the energy density for a given time of

discharge. In their study, they compared optimized constant porosity system with an

optimized varying porosity system to validate the advantage of varying porosity design.

However, they observed very little improvement using varying porosity design.

Recently, researchers have considered a modification in the design of current

collector to improve the performance of the battery. Yao et al. (2007) [33] used a

three-dimensional substrate as current collector prepared by foamed polyurethane and

nickel-chromium alloy and it exhibited approximately three times power than that using a

foil-type aluminum current collector. Furthermore, Tian et al. (2015) [34] used a 3D

carbon nano-network fabricated on scalable manufactured 3D porous anodized alumina

templates on 3D C/TiO2 nano-network electrodes and achieved a large areal capacity of

approximately 0.37 mAh cm-2. It also demonstrated a long cycle life over 1000 cycles

with a capacity retention of 91%. However, no mathematical governing equations have

been reported on porous current collectors in the literature. The dependence of solid

electrolyte interphase (SEI) growth and state of health (SOH) has not been well

understood in Li-ion battery.

1.3 Motivation

There is a need to adjust the existing governing equations to explain the performance

of porous current collector based Li-ion batteries and to compare the capacity fading of
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porous current collector based Li-ion batteries with other types of Li-ion batteries.

1.4 Objectives

The purpose of this thesis is to provide a mathematical explanation for improved

performance of porous current collector based Li-ion battery and perform the simulation

study to compare the capacity fading of porous and non-porous current collector based

batteries.

1.5 Contributions

The main contributions of this thesis are stated below:

(a) Generalized P2D model by adjusting the governing equations and boundary

conditions for the case of porous current collector based Li-ion batteries.

(b) Determined porosity of porous current collector by applying image processing

techniques for experimentally obtained scanning electron microscopy (SEM) image.

(c) Compared capacity fading in porous and non-porous current collectors based Li-ion

batteries.

1.6 Thesis outline

This thesis has been organized as follows: Chapter 2 provides the classifications of

batteries, lists important battery terminology, explains the operation of Li-ion battery and

explains the numerical method to solve the differential equations. Chapter 3 presents the

assumptions made for modeling, explains the changes in the governing equations due to

use of the porous current collector and describes the capacity fading in Li-ion battery.

Chapter 4 explains MATLAB simulation model, describes the method used to determine

the porosity and pores distribution of the porous current collector, presents the results for
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discharge performance and capacity fading. Lastly, Chapter 5 presents the summary,

conclusion, and future works related to this thesis.
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CHAPTER 2 THEORY

A battery is an electrochemical device that can be charged electrically to store

energy and can be discharged electrically when needed. The energy conversion takes

place by means of electrochemical oxidation-reduction reaction. This type of reactions

occurs due to the transfer of electrons from one type of materials to another through an

electric circuit. A battery consists of anode, cathode, and electrolyte as major components

which are defined briefly below.

(a) Anode: Anode is also known as a negative electrode which provides electrons to an

external circuit and is oxidized during the electrochemical reaction. Anode must be

an efficient reducing agent, should have good conductivity stability, high coulombic

output, low cost and should be easy to fabricate. Metals are mainly used as anode

materials.

(b) Cathode: Cathode is also known as a positive electrode which accepts electrons

from an external circuit and is reduced during the electrochemical reaction. Cathode

must be an efficient oxidizing agent, stable when in contact with the electrolyte and

have a useful working voltage. Metal oxides are common cathode materials.

(c) Electrolyte: Electrolyte is the ionic conductor which provides a medium for transfer

of charge as ions inside the battery between anode and cathode. Typically, the

electrolyte is a liquid like water or other solvents with dipped salts, acids or alkalis.

The electrolyte should have high ionic conductivity and low electronic conductivity.

They should be nonreactive with electrode materials and safe in handling, should

have low cost and their properties should not change with variations of temperature.
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In practical battery anode and cathode are isolated electronically to avoid internal

short-circuiting, but they are surrounded by an electrolyte. Anode and cathode electrodes

are separated mechanically by a thin permeable separator. Permeable separator allows

electrolyte to pass through which maintains desired ionic conductivity.

2.1 Battery classifications

Based on electrical rechargeability, batteries are classified as primary and secondary

batteries.

(a) Primary battery: Primary battery is not rechargeable meaning it is designed for

one-time use. The electrochemical reaction taking place inside the primary battery

is irreversible.

The primary battery has light weight which makes it suitable power source for

portable electronic and electric devices like flashlights, toys, memory backup. High

capacity primary batteries are useful where charging is impractical such as military

combat, rescue missions. The major advantages of the primary battery are a long

life, the high energy density at low and moderate discharge rate, little maintenance

and ease of use. Safe disposal is the main challenge of the primary batteries.

(b) Secondary battery: Secondary battery can be recharged to its original capacity by

applying the current in the opposite direction of the discharge current. The

electrochemical reaction taking place inside the battery is reversible.

Secondary batteries have high power density, high discharge rate, flat discharge

curves, and good low-temperature performance. Their energy densities and charge

retention are poor than that of primary batteries. Figure 2.1 compare specific energy
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between different types of primary and secondary batteries.
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Figure 2.1. Specific energy comparison of secondary and primary batteries [35].

Applications of secondary batteries fall under two categories. First, they are used as

energy storage devices, where they are electrically connected and charged by a

primary sources like electric grid and supplies energy based on load demand.

Hybrid electric vehicles, standby power supply, and aircraft systems are some of the

examples. Second, they are discharged like primary batteries and recharged

periodically instead of disposal. Electric vehicles, portable electronic devices,

power tools are some of the examples in which secondary batteries are discharged in

the similar fashion of primary batteries.
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2.2 Battery terminology

Battery manufacturer uses certain terminologies to describe, classify and compare

the batteries for different applications. These terminologies are important to characterize

the battery operating conditions and to understand the manufacturer specifications. The

following definitions for battery terminologies are taken from [36].

(a) C- and E- rates: A C-rate is a measure of the rate at which a battery is discharged

relative to its maximum capacity. A 1C rate means that the discharge current will

discharge the battery completely in 1 hour. For 1 Ah battery, the 1C rate is 1 amps

for 1 hours, the 2C rate is 2 amps for 30 minutes and the C/2 rate is 0.5 amps for 2

hours. Similarly, an E-rate describes the discharge power. A 1E rate is the discharge

power to discharge the battery completely in 1 hour.

(b) State of charge (SOC) (%): The present battery capacity as a percentage of

maximum capacity is termed as the state of charge of battery. SOC provides the

information on the change in battery capacity over the time.

(c) Depth of discharge (DOD) (%): The battery capacity that has been discharged

expressed as a percentage of maximum capacity. The battery capable of at least

80% depth of discharge is termed as deep cycle battery.

(d) Terminal voltage (V): The voltage between two terminals of the battery under the

loaded condition is called terminal voltage. Terminal voltage varies with SOC and

charge and discharge currents.

(e) Open-circuit Voltage (V): The voltage between terminals of the battery under no

load condition is called open-circuit voltage. It increases with state of charge.



17

(f) Internal resistance: The resistance of the battery that is different for charging and

discharging. Power loss in the internal resistance is the cause of temperature rise of

the battery. Internal resistance increases over the time of use which reduces the

battery efficiency and thermal stability.

(g) Nominal voltage (V): The reference or reported voltage of the battery.

(h) Cut-off voltage (V): The minimum allowable voltage that defines the empty state of

the battery is called cut-off voltage.

(i) Capacity or nominal capacity (Ah for a specific C-rate): Amp-hours available

when the battery is discharged at a certain discharge current (specified as a C-rate)

from 100 percent state-of-charge to the cut-off voltage. It is calculated by

integrating the current over the period of discharge. It decreases with increasing

C-rate.

(j) Energy or nominal energy (Wh (for a specific C-rate)): The total Watt-hours

available when the battery is discharged at a certain discharge current (specified as a

C-rate) from 100 percent state-of-charge to the cut-off voltage. It decreases with

increasing C-rate.

(k) Cycle Life: The number of discharge-charge cycles after that the battery fails to

meet the specific performance criteria is called cycle life. The actual operating life

of the battery is affected by the rate and depth of cycles and by other conditions

such as temperature and humidity. Discharging battery at higher rate reduces cycle

life of the battery.

(l) Specific energy (Wh/kg): The nominal energy of the battery per unit mass is called

specific energy. It determines the weight of the battery required to meet the given
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electric range.

(m) Specific power (W/kg): Specific power is the maximum power per unit mass. It

determines the weight of the battery required to meet the performance target.

(n) Energy density (Wh/L): Energy density also known as volumetric energy density

is the nominal energy of the battery per unit volume. It determines the size of the

battery required to meet the given electric range.

(o) Power density (W/L): Power density is the maximum power per unit volume. It

determines the size of the battery required to meet the performance target.

(p) Maximum continuous discharge current: The maximum current at which battery

can be discharged continuously. The limit is usually set by the manufacturer in

order to prevent the damage of battery by excessive discharge.

(q) Maximum 30-sec discharge pulse current: The maximum current at which the

battery can be discharged for pulses of up to 30 seconds. The limit is usually set by

the manufacturer to prevent the damage of battery by excessive discharge.

(r) Charge voltage: The voltage of the battery when it is charged to full capacity is

charge voltage. Generally, two-stage charging schemes are in practice. In the first

stage, the battery is charged with constant current until the voltage reaches to charge

voltage and in the second stage, voltage is maintained at charge voltage by reducing

the charging current.

(s) Float voltage: The voltage at which battery is maintained after it is charged to

100% SOC to compensate for loss due to self-discharging.
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2.3 Rechargeable battery chemistry

Rechargeable batteries play very important role in our day-to-day life. Lead-acid,

NiCd, NiMH, and Li-ion are commonly used chemicals in rechargeable batteries. They

are briefly explained below. Figure 2.2 summaries the classifications of the battery along

with battery chemistries for secondary batteries.

Battery

Primary Secondary

Lead Acid NiCd NiMH Li-ion

Figure 2.2. Classifications of battery with different chemistries of secondary batteries.

(a) Lead acid: Lead-acid is the oldest rechargeable battery system. Lead-acid is rugged

and cheap, but it has lower capacity and cycle count. Lead-acid is widely used in

wheelchairs, golf cars, personnel carriers, emergency lighting. Due to the toxicity of

lead, safe disposal is a major challenge.

(b) Nickel-cadmium (NiCd): For the applications which require long service life, high

discharge rates, and extreme temperatures operation NiCd batteries are very useful.

Ultra-fast charging with minimum stress is possible with this chemistry. NiCd are

widely used in power tools, medical devices, aviation. It is being replaced by other

chemistries as cadmium is not environmental friendly.

(c) Nickel-metal-hydride (NiMH): This chemistry act as a replacement of NiCd. It
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replaces toxic cadmium (Cd) with mild toxic metal. It has higher specific capacity.

Medical instruments, hybrid cars, and industrial applications are the applications

where NiMH is used.

(d) Li-ion: This battery chemistry is replacing other rechargeable battery chemistries. It

is most popular chemistry at present time. It has energy density almost twice that of

standard NiCd. Li-ion batteries are maintenance free, have no memory effect, and

low self-discharge. However, they are fragile and requires protection circuits for

safe operation.

2.4 Basics of Li-ion battery

A basic Li-ion cell consists of an anode, a cathode, an electrolyte and separator as

main components. Anode and cathode are contacted by an electrolyte containing Li-ions.

The electrolyte may be liquid, polymer, gel or ceramic. Separator usually micro porous

polymer membrane isolates electrodes from each other. Separator allows the flow of ions

between the two electrodes but prevents electrons flow inside the battery.

The commercial cells are assembled in the discharge state. Discharged anode

materials and cathode materials are stable in the atmosphere and safe to handle. During

charging, external electrical supply is connected to the two electrodes of the cell. The

electron released at cathode moves to anode externally. At the same time, Li-ions move in

the same direction of movement of electrons inside the battery through the electrolyte.

This phenomenon stores external electrical energy electrochemically in the form of

chemical energy in the anode and cathode materials with different chemical potentials.

During discharge, the electrons move from anode to cathode through the externally
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applied load to do the useful work and Li ions move from anode to cathode through the

electrolyte. Figure 2.3 shows major components of Li-ion cell and illustrates the charging

and discharging mechanism of Li-ion cell.

e- Charge

Discharge

Load

Discharge

Charge

Supply

Cathode Anode

Separator

Li
+

Li
+

e- 

Figure 2.3. The components of a typical Li-ion battery and the electrochemical processes
in charging and discharging. The typical cathode and anode materials are LiCoO2 and
graphite respectively [37].

The chemical reactions taking place inside the battery during charging and

discharging for battery chemistry shown in figure 2.3 are shown below.

At the anode:

LixC6 +xLi++xe−
discharge−−−−−⇀↽−−−−−
charge

LiC6 (2.1)
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At the cathode:

LiCoO2
discharge−−−−−⇀↽−−−−−
charge

Li(1−x)CoO2 +xLi++xe− (2.2)

Overall:

LixC6 +LiCoO2
discharge−−−−−⇀↽−−−−−
charge

LiC6 +Li(1−x)CoO2 (2.3)

Lithium battery doesn’t have fixed chemistry. A number of combinations of cathode

and anode materials have been evaluated since the commercialization [38]. Figure 2.4

shows different electrode materials used in Li-ion batteries. Based on the type of cathode

or anode material used lithium batteries are classified into different chemistries. The

following section provides a brief overview of six famous Li-ion battery chemistries. The

explanation is taken from [39].

(a) Lithium cobalt oxide (LiCoO2): This battery chemistry consists of cobalt oxide

cathode and a graphite carbon anode. It is suitable for portable electronic devices

like mobile phones, laptops, and a digital camera because of its high specific energy.

It has short cycle life, low thermal stability, and limited load capabilities. This

chemistry is not suitable for the applications requiring charging and discharging

above C-rating.

(b) Lithium manganese oxide (LiMn2O4): This chemistry uses manganese oxide as

the cathode material. The three-dimensional spinel structure of manganese oxide

improves lowers internal resistance and improves current handling capability by
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improving the ion flow on the electrode. It has high thermal stability and better

safety, but the cycle life is limited. It can be charged and discharged above C-rating.

(c) Lithium nickel manganese cobalt oxide (NMC): Cathode is formed by the

combination of nickel, manganese, and cobalt. Nickel has high specific energy and

poor stability whereas manganese lowers internal resistance through spinel structure

and has lower specific energy. The combination of nickel and manganese

compliments to each other. This chemistry is suitable for power tools, e-bikes, and

other electric power trains.

(d) Lithium iron phosphate (LiFePO4): Lithium iron phosphate as cathode material

was discovered by the University of Texas in 1996. It has good thermal stability,

high current rating and long cycle life. It has lower specific energy compared to

lithium cobalt oxide and other mixed metal oxide chemistries because of its lower

nominal voltage of 3.2V/cell. Cold temperatures degrade performance and elevated

temperatures reduce cycle life.

(e) Lithium nickel cobalt aluminum oxide (LiNiCoAlO2): This chemistry offers high

specific energy and specific power. It has a long life. It is cheaper and safer than the

lithium cobalt oxide based battery.

(f) Lithium titanate (Li4Ti5O12): Li-titanate replaces the graphite in the anode of a

typical Li-ion battery and the material forms into a spinel structure. The cathode can

be LiCoO2, LiFePO4 or NMC. It can be charged fast and can discharge at the rate

10 times the rated C-rating. It is safe, has long cycle life, excellent low temperature

discharge performance. However, it has low specific energy and is expensive.
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Figure 2.4. Different electrode materials for Li-ion batteries [40].

2.5 Capacity fading

The amount of charge that a battery can deliver at rated voltage decreases with the

time of use and this phenomenon is known as capacity fading or capacity loss. This

phenomenon takes place regardless either battery is ideal or in use [41]. There are two

types of capacity loss: reversible and irreversible. The reversible capacity loss is due to

self-discharging of battery and it can be recovered by charging the battery. The

irreversible loss is due to degradation of battery and this loss cannot be recovered.

The degradation of the battery occurs due to many complicated phenomena and side

reactions taking place simultaneously at various places of the battery [42]. The rate of

degradation depends on the rate of discharge, temperature, and cell materials
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combinations. Some of the side reactions taking place inside the battery are passive film

formation, electrolyte decomposition, gas evolution and active materials decomposition

[43], [44]. These unwanted reactions consume active material and electrolytes leading to

the formation of insoluble solid, some liquid and gaseous products. Electrolyte

decomposition leads to the formation of the passive layer at anode known as a

solid-electrolyte interface (SEI) [45]. SEI thickness increases over the charging cycle and

causes the voltage loss and increase the internal resistance of the battery and hence results

in an irreversible capacity loss.

The typical range of capacity loss in the Li-ion battery after 500 charging and

discharging cycle varies from 12.4% to 24.1%, resulting in an average capacity loss per

cycle in the range of 0.025–0.048% per cycle [41].

2.6 Current collectors

Typically, copper and aluminum are used as anode and cathode current collectors

respectively in the conventional Li-ion battery. Current collectors play important role in

the operation of the battery. The chemical and physical properties of current collectors can

affect the performance of the battery [46]. The role of current collectors is to transfer the

charge efficiently to active materials of the electrode. Researchers are modifying the

structure of current collectors to increase the charge transfer efficiency. In this work, the

porous current collector is considered an anode current collector. Use of porous current

collector is believed to increase specific surface area, electronic conductivity and reduce

the insignificant mass of the battery.
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2.7 Numerical method

First principle battery model consists of non-linear coupled partial differential

equations(PDEs). These partial differential equations can be solved analytically or by

numerical methods. Although analytical solutions are accurate, all PDEs cannot be solved

analytically. Numerical approximation methods are used to solve PDEs those cannot be

solved analytically. In numerical methods, partial differential equations are discretized

and represented by difference equations. Finite element, finite volume, finite difference

methods are some of the numerical methods to solve the partial differential equations. In

this work, finite difference method is used to solve the partial differential equations

involved in battery model.

2.7.1 Finite difference method (FDM)

The finite difference is discretization method to solve the differential equations in

which differential equations are approximated by difference equations. Finite difference

approximates the derivatives. This method is one of the simplest and oldest methods to

solve the differential equations by numerical approximations. The details and examples of

finite difference methods can be found in [47].

In the finite difference method, independent variable of PDE is defined by a finite

grid or mesh and at each grid points value of the dependent variable is approximated. The

approximation is done by using of Taylor’s theorem. The difference may be the forward

difference, backward difference or central difference depending on whether the data on

future, past or both used to approximate the derivatives. The following section shows the

finite difference approximation of first derivative du
dx and second derivative d2u

dx2 by forward,
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backward and central difference.

Forward difference:

du
dx
≈ u(x+h)−u(x)

∆x
d2u
dx2 ≈

u(x+2h)−2u(x+h)+u(x)
∆x2

(2.4)

Backward difference:

du
dx
≈ u(x)−u(x−h)

∆x
d2u
dx2 ≈

u(x)−2u(x−h)+u(x−2h)
∆x2

(2.5)

Central Difference:

du
dx
≈ u(x+h)−u(x−h)

2∆x
d2u
dx2 ≈

u(x+h)−2u(x)+u(x−h)
∆x2

(2.6)

For solving time-dependent differential equation, FDM may be an explicit or

implicit method. A finite difference scheme is said to be explicit if the solution at a future

time is computed using the solution of the current time and it is said to be implicit if a

solution is found by solving an equation involving future value and current value. Explicit

method is simple to solve and has the less computational burden, but need smaller time

steps for accuracy and stability. Implicit methods are computationally intensive but are

always stable and convergent.
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If Y (t) is the state at current time and Y (t +∆t) is the state in future time, Y (t +∆t)

by explicit method is computed using the equation,

Y (t +∆t) = F(Y (t)) (2.7)

In implicit method following equation is solved to find the Y (t +∆t)

F(Y (t),Y (t +∆t)) = 0 (2.8)
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CHAPTER 3 BATTERY MODELING

Equivalent circuit and electrochemical modeling are two commonly used battery

modeling approaches. In equivalent circuit battery model, electrochemical physics of

battery are modeled using electrical components. The advantage of equivalent circuit

model is that it is easier and simpler to implement; however, it is less accurate. In

electrochemical battery modeling, the battery physics are described by using non-linear

partial differential equations. The electrochemical battery model requires high

computational time, but they predict accurate results compare to equivalent circuit model.

In this work, electrochemical battery model is considered.

A pseudo-two-dimensional (P2D) model based on the porous electrode and

concentrated theory proposed by Newman and Tiedmann [48] and Doyle et al. (1993)

[19]. This model mathematically describes charge/discharge and species transport in the

solid and electrolyte phases across a simplified 1D spatial cell structure using porous

current collector. As an anode is limiting electrode [49] in the Li-ion battery, the porous

current collector is considered at limiting electrode side. Figure 3.1 shows the schematic

of the battery considered for modeling.
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Figure 3.1. Schematic of Li-ion battery.

3.1 Model assumptions

For simplifying the modeling problem certain assumptions were made. Electrode

particles are assumed to be spherical in shape. The pores on the current collector are

assumed to be uniform and the diameter of the pores is assumed to fit the spherical

electrode particles. The electrolyte can penetrate to the pores of current collector through

the pores of the electrode. The depth of the current collector’s pores is not considered in

governing mathematical equations. Non-porous part of the current collector at electrode

current collector interface is taken as a boundary for adjusting the governing equations.

Figure 3.2 graphically shows the assumptions made to adjust the battery model for the

case of the porous current collector.
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Figure 3.2. SEM image of porous copper and graphical illustration of model assumptions.
SEM image is taken from [50].

3.2 Battery model

The notable change observed by using porous current collector is the volume

fraction of the electrode material, which affects the effective electronic conductivity,

specific surface area, electrodes masses and other governing equations and boundary

conditions.

The volume fraction of electrode active material is (1− εk− ε f ,k), where εk and ε f ,k

are electrode porosity and filler material volume fraction. If εcc is the porosity of current

collector, the electrode active materials will be occupying the εcc portion of the current

collector. The volume fraction of the electrode material in the current collector is

εcc(1− εk− ε f ,k). Thus, net volume fraction with the use of porous current collector is
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(1− εk− ε f ,k)+ εcc(1− εk− ε f ,k), which is equal to (1− εk− ε f ,k)(1+ εcc).

The effective electronic conductivity σe f f and specific surface area ak of the

electrode depend on the volume fraction of electrode active materials. The effective

electronic conductivity is given by Bruggeman equation as,

σe f f ,k = σk(1− εk− ε f ,k) (3.1)

σe f f ,k = σk(1− εk− ε f ,k)(1+ εcc) (3.2)

Equation 3.1 and equation 3.2 are the expressions for the effective electronic conductivity

of electrode for with foil type and porous current collectors respectively. From these

equations, it can be inferred that the effective electronic conductivity is higher for the case

of porous current collectors. The specific electrode surface area is expressed as,

ak =
3

RP
(1− εk− ε f ,k) (3.3)

ak =
3

RP
(1− εk− ε f ,k)(1+ εcc) (3.4)

where RP is radius of spherical particle. Equation 3.3 and equation 3.4 are the expressions

for the specific surface area for non-porous and porous current collectors. From these

equations, the specific surface area of the electrode is higher for the case of the porous

current collector.

According to porous electrode theory, lithium exists in two disjoint states called

phases. Lithium is in solid phase in electrode material and in liquid phase state in

electrolyte.
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3.2.1 Transport in solid phase

According to Fick’s laws of diffusion, the solid phase Li+ concentration cs in a

single spherical active material particle can be described as,

∂cs(r, t)
∂ t

=
Ds,k

r2
∂

∂ t

[
r2 ∂cs(r, t)

∂ r

]
(3.5)

with boundary conditions

−Ds,k
∂cs,k

∂ r

∣∣∣∣
r=0

= 0 (3.6)

−Ds,k
∂cs,k

∂ r

∣∣∣∣
r=RP

= Jk(x, t) (3.7)

where r is the radial direction along which the ions intercalate within the electrode

particles, Ds is solid phase diffusion coefficeint, Jk is wall flux of Li+ on intercalation

particle of electrode, k = p for the positive electrode and k = n for the negative electrode.

Definitions of symbols are given in nomenclature section. In this model r is a

pseudo-second dimension. Two-term polynomial approximation method is used to reduce

the complexity and computational burden. This method is accurate for low to medium C

rates [51].

In two-term polynomial approximation, equation 3.5 is approximated by means of
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average cavg
s,k and surface concentration c∗s,k of the solid particles,

∂cavg
s,k (x, t)

∂ t
=−3

Jk(x, t)
RP

(3.8)

c∗s,k(x, t)− cavg
s,k (x, t) =−

RP

Ds,k

Jk(x, t)
5

(3.9)

Use of two-term polynomial converts the pseudo-two-dimensional problem into one

dimensional problem in x. This approximation is not recommended for high C-rates, short

time responses or pulse currents as prediction accuracy is predicted to be decreased [51].

For high currents, short-time responses or pulse currents Fick’s law and higher-order

polynomials are recommended.

3.2.2 Transport in electrolyte

The changes in the gradient diffusive flow of Li+ ions change the Li+ concentration

ce,k in electrolyte phase. This phenomenon can be explained by following equation,

εk
∂ce,k(x, t)

∂ t
=

∂

∂x

[
De f f ,k

∂ce,k(x, t)
∂x

]
+ak(1− t+)Jk(x, t) (3.10)

The effective diffusion coefficient De f f ,k is computed using the Bruggeman equation,

De f f ,k = Dε
bruggk
k (3.11)

Bruggman’s equation considers tortuous path followed by the ions in the porous media.

At the current collectors, the fluxes of ions are zero for all time. This fact is reflected

by the boundary conditions of equation 3.10.
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At current collectors:

−De f f ,p
∂ce,p

∂x

∣∣∣∣
x=0

=−De f f ,n(1− εcc)
∂ce,n

∂x

∣∣∣∣
x=L

= 0 (3.12)

In equation 3.12 for boundary condition at anode, the multiplication factor (1− εcc) is

used to reflect that only the non-porous part of the copper acts as the current collector.

Additional four boundaries exist at the electrode-separator interface. These

boundary conditions are based on the continuity of the flux and concentration of the

electrolyte at the electrode-separator interface,

−De f f ,p
∂ce,p

∂x

∣∣∣∣
x=L−p

=−De f f ,sep
∂ce,sep

∂x

∣∣∣∣
x=L+

p

−De f f ,sep
∂ce,sep

∂x

∣∣∣∣
x=(Lp+Lsep)−

=−De f f ,n
∂ce,n

∂x

∣∣∣∣
x=(Lp+Lsep)+

ce,p
∣∣
x=Lp− = ce,sep

∣∣
x=Lp+

ce,sep
∣∣
x=(Lp+Lsep)+

= ce,n
∣∣
x=(Lp+Lsep)+

(3.13)

3.2.3 Electrical potentials

Electrical potentials are divided into solid phase and liquid phase potentials.

3.2.3.1 Solid phase potential

The potential φs,k in the solid phase is explained by Ohm’s law,

σe f f ,k
∂ 2φs,k(x, t)

∂x2 = akFJk(x, t) (3.14)
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At the current collector electrode interface, the entire current is carried by the solid

phase. The boundary conditions at the current collectors are,

−σe f f ,p
∂φs,p

∂x

∣∣∣∣
x=0

=−σe f f ,n(1− εcc)
∂φs,n

∂x

∣∣∣∣
x=L

= I (3.15)

where I is current density defined as the ratio of applied current i and the surface area A of

the electrode that is I = i/A. At separator electrode interface the current is due to the

liquid phase. Thus, the solid phase electrode-separator interface current is zero and the

boundary conditions at electrode-separator interface are,

−σe f f ,p
∂φs,p

∂x

∣∣∣∣
x=Lp

=−σe f f ,n
∂φs,n

∂x

∣∣∣∣
x=Lp+Lsep

(3.16)

3.2.3.2 Liquid phase potential

The liquid phase potential φe,k is computed by the application of Kirchhoff’s law,

κe f f ,k
∂φe,k(x, t)

∂x
+2

κe f f ,k(x, t)RT
F

(1− t+)
∂ lnce,k

∂x
=−I (3.17)

where the ionic conductivity κk as a function of electrolyte concentration Ce can be

written as,

κk = 0.0158Ce,k exp
(

0.85C1.4
e,k

)
(3.18)

and the effective ionic conductivity is computed using Bruggeman’s equation as,

κe f f ,k = κkε
bruggk
k (3.19)
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At electrode, current collector interfaces the entire current is carried by solid phase and

the liquid phase current is zero. The boundary conditions at electrode current collectors

interface are,

−κe f f ,p
∂φe,p

∂x

∣∣∣∣
x=0

=−κe f f ,n(1− εcc)
∂φe,n

∂x

∣∣∣∣
x=L

= 0 (3.20)

At electrode-separator interface the liquid phase current is continuous. The boundary

conditions at the electrode separator interface are obtained by the continuity of φe,k,

−κe f f ,p
∂φe,p

∂x

∣∣∣∣
x=L−p

=−κe f f ,sep
∂φe,sep

∂x

∣∣∣∣
x=L+

p

(3.21)

−κe f f ,sep
∂φe,sep

∂x

∣∣∣∣
x=(Lp+Lsep)−

=−κe f f ,n
∂φe,n

∂x

∣∣∣∣
x=(Lp+Lsep)+

(3.22)

3.2.4 Butler-Volmer kinetics equations:

The molar flux Jk(x, t) is calculated using Butler-Volmer kinetics as,

Jk(x, t) = akJo

[
exp
(

αaF
RT

ηs,k(x, t)
)
− exp

(
αcF
RT

ηs,k(x, t)
)]

(3.23)

The overpotential η which is responsible for driving electrochemical reactions is

difference between the battery’s electromotive force (EMF) and its charge/discharge

voltage. The overpotential is calculated as,

ηs,k(x, t) = φs,k(x, t)−φs,k(x, t)−Uk(θk(x, t))−
Jtotal

ak
G f ilm (3.24)
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where Jtotal is total volumetric current density . The dimensionless concentration θk is

given by,

θk(x, t) =
c∗s,k(x, t)

cs,k,max
(3.25)

The constant Jo depends on the concentration cs,k of Li+ in electrode k and the

concentration in the electrolyte as in the following equations,

Jo = Kk(cs,k,max− c∗s,k)
αa(c∗s,k)

αacαc
e,k(x, t) (3.26)

3.2.5 Cell terminal potential

The cell potential Vcell(t) is given by,

Vcell(t) = φs,p(0, t)−φs,n(L, t) (3.27)

Equation 3.27 requires solving two sets of time dependent differential algebraic equations

(DAEs). The solution can be obtained numerically using the known initial conditions.

3.3 Reduced order Lithium-ion battery model

Full order battery model is of high order and complexity [52]–[54]. The full battery

model is very important because it can be characterized by experimental data and can be

used as a benchmark to obtain the reduced order models. Order reduction of battery model

provides the opportunity to implement the model into a real-time on-board electronic

control unit although they cannot predict current-voltage behavior accurately under
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different operating conditions due to approximations of some dynamics of batteries. The

main objective of order reduction is to achieve maximum reduction of computational cost

while ensuring accurate performance. According to the literature [55], Electrode

Averaged Model (EAM) [56] and State Values Model (SVM) [57] are widely used

reduced order model.

The EAM model depends on few parameters and it is very simple to set-up whereas

SVM model depends on a big number of parameters and is difficult to set up correctly. In

this work, EAM model is considered.

3.3.1 Electrode average model (EAM)

The EAM model neglects the solid concentration along the electrode and considers

the material diffusion inside a solid particle for each electrode. This approximation leads

to an average value of solid concentration that can be related to the definition of battery

state of charge and critical surface concentration [58].

The spatial dependence of the Butler-Volmer current is ignored and a constant value

JLi is considered which satisfies the following spatial integral,

∫ Lk

0
JLi(x)dx =

i
A
= J̄LiLk (3.28)

where average exchange current density JLi is calculated as,

J̄Li =
i

ALk
= akJo

[
exp
(

αaF
RT

η̄k

)
− exp

(
−αcF

RT
η̄k

)]
(3.29)
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η̄k can be calculated as,

η̄k =
RT
αaF

ln
(

ξk +
√

ξ 2
k +1

)
ξk =

J̄Li

2anJo

(3.30)

The terminal battery voltage can be expressed as a function of battery current and of

the solid phase concentration as,

V (t) =
RT
αaF

ln
ξn +

√
ξ 2

n +1

ξp +
√

ξ 2
p +1

+ φ̄e,p− φ̄e,n +Up(C̄se,p)−Un(C̄se,n)−R f ilmI (3.31)

where the difference of average electrolyte phase potential φ̄e,p− φ̄e,n between the

electrodes is calculated as,

φ̄e,p− φ̄e,n = φe(L)−φe(0) =
−i
2A

(
Ln

κ
e f f
n

+2
Lsep

κ
e f f
sep

+
Lp

κ
e f f
p

)
(3.32)

In electrode average model, battery terminal voltage depends on surface charge

concentration Cs,e through equilibrium potentials Up and Un. The equilibrium potentials

Up and Un depend on surface charge concentration through the state of charge SOC. The

state of charge SOC as a function of surface charge concentration is expressed as,

SOC =
θ −θmax

θmax−θmin
(3.33)

where θ can be calculated using equation 3.25, θmax is the ratio of initial surface charge

concentration Cs,e,init to the maximum solid phase lithium concentration Cs,max and the
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θmin can be calculated from θmax and battery capacity Q(Ah) as,

θmin = θmax−
Q
Ln

1
AFεs,kCs,max

(3.34)

3.4 Capacity fading model

When the Li-ions move from one electrode to another electrode various

side-reactions take place, some of which are electrolyte decomposition, passive film

formation, gas evolution and active material dissolution. These phenomena lead to

capacity fading of the battery which limits the life of the battery.
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Figure 3.3. (a) Schematic representation of anode before and after cycling [59] and (b)
schematic illustration of the electrochemical reactions occurring in the anode during cell
charging [60].
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Figure 3.3 (a) shows changes taking place on the anode due to cycling and (b) shows

different electrochemical reactions taking place during the charging of cell. Generally,

three electrochemical reactions can occur in the anode. The main reaction is lithium

intercalation reaction and both SEI growth and lithium plating are side reactions. The

formation of new SEI at anode surface due to the reaction of lithium with solvent

molecule leads to the growth of SEI. In this work gas evolution in anode due to cycling is

not considered.

Capacity fade can be split into three components which are a loss in capacity due to

increase in resistance at electrodes, loss of lithiation capacity and loss of active material in

the cell [49]. Ramadass et al. [49] quantify the capacity fade of battery by studying the

change in state of charge, film resistance, and diffusion coefficient. The state of charge of

the limiting electrode accounts for the capacity loss due to active materials loss, the solid

phase diffusion coefficient of the limiting electrode accounts for capacity loss due to rate

capability and film resistance accounts for the increase in the polarization and charge

transfer resistance with cycling.

3.4.1 Side reactions

Solid electrolyte interface and lithium plating are mainly considered side reactions

for capacity fading modeling of Li-ion batteries. During cycling layer forms between

anode and electrolyte. This layer is known as a solid-electrolyte interface (SEI). The

initial SEI layer acts as a protective layer against large voltage by blocking electron

transfer through it while allowing ions to pass. The SEI is a very complex layer composed

of inorganic components which are basically salt degradation products and organic
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products formed due to the complete or partial reduction of the solvent of the electrolyte

[61]. The SEI layer gradually thickens during repeated charge-discharge cycles due to

electron exposure to electrolyte or electrolyte diffusion to the anode surface [62]. The

continuous growth of the SEI thickness consumes more Li-ions, solvents, and salts. This

gradual growth increases the cell resistance and reduces cell capacity.

Deposition of lithium onto the surface of anode particles take place instead of

intercalation if the anode potential becomes negative with respect to Li/Li+ [63]. The

plated lithium can form new SEI by reacting with electrolyte or can remain isolated from

the electron-conductive matrix, causing loss of lithium inventory. The plated lithium can

also induce internal short circuit and result in hazardous consequences.

The surface film covering the anode particles is considered as a mixture of SEI and

lithium metal if lithium plating occurs if not, the surface film contains SEI only [60].

The rate of the surface film increase over a cycle is proportional to the current

density of SEI formation Jside and transfer current density of lithium deposition Jl pl ,

∂δ f ilm

∂ t
=−JsideMSEI

anρSEIF
−

Jl plMLi

anρLiF
(3.35)

where M and ρ are molecular weight and density.

The current density of SEI formation Jside is calculated using the cathodic Tafel

equation,

Jside =−anios exp(−αc f ηside) (3.36)
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ηside is overpotential for side reaction defined as,

ηside = φs−φe−Ure f ,side− Jtotal
G f ilm

an
(3.37)

where Ure f ,side is equilibrium potential of side reactions.

The total volumetric current density Jtotal is the sum of the intercalation current

density Jn, current density of SEI formation Jside and current density of lithium deposition

Jl pl .

Jtotal = Jn + Js + Jl pl (3.38)

where intercalation current density Jn is calculated using the Butler-Volmer equation 3.23

and the current density of lithium deposition is calculated as,

Jl pl =−anio,l pl exp
[
− αcF

RT

(
φs−φe−

Jtotal

an
G f ilm

)]
(3.39)

where io,l pl is the exchange current density of Li deposition. From equations 3.24 and

3.39 the expression for Lithium deposition can be simplified as,

Jl pl =−anio,l pl exp
[
− αcF

RT

(
ηn +Ure f ,n

)]
(3.40)

Assuming intercalation current density and the side-reaction current densities to be

uniform, total volumetric current density Jtotal can be expressed in term of applied current
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density I as,

Jtotal =−
I

Ln
(3.41)

From equations 3.38 and 3.41, the intercalation current density Jn can be expressed

as,

Jn =−
I

Ln
− Jside− Jl pl (3.42)

The SEI formation overpotential ηside can be expressed in terms of intercalation

overpotential ηn and equilibrium potentials Ure f ,n and Ure f ,side as,

ηside = ηn +Ure f ,n−Ure f ,side (3.43)

where intercalation overpotential ηn can be calculated as,

ηn =
2RT

F
asinh

(
Jn

2anJo

)
(3.44)

Using equaitons 3.43 and 3.44 without considering lithium plating, literature [64]

has developed the iterative equation to calculate the SEI formation current density Jside

assuming Jside remains constant over small-time interval ∆t. The iterative equation to

calculate the SEI formation current density Jside with lithium plating consideration is

expressed as,

Jside =−anio,s exp
[
−

F
(
Ure f ,n−Ure f ,side

)
2RT

]
× exp

[
−asinh

(−I− Jside− Jl pl

2anJo

)]
(3.45)

.
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For each cycle, the thickness increases over time according to

δ f ilm|N = δ f ilm|N−1 +δ f ilm(t) (3.46)

The film thickness keeps increasing over charge cycles and the overall resistance

G f ilm at any cycle is calculated as,

G f ilm = ΩSEI +
δ f ilm

κSEI
(3.47)

where ΩSEI is initial film resistance.

3.4.2 Effect of side reactions on degradation processes

Loss of anode active material, loss of electrolyte, loss of lithium, the growth of film

are the degradation processes caused by side reactions. Above section explains the growth

of the film.

The volume fractions of SEI εSEI , the volume of SEI in a unit volume of composite

anode, is expressed in term of current density of SEI formation as,

∆εSEI =
MSEI

nsideF

∫ t

0
Jsidedt (3.48)

where nside is the number of electrons involved in the side reaction.

Loss of active materials is simply described using a following empirical equation

[65]

∆εs,n =−kiso∆εSEI (3.49)
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where kiso is a dimensionless coefficient that describes how fast the active anode materials

are isolated from chemical reactions due to electrical isolation of the SEI.

As the volume fraction of the active materials decreases, the electrode specific

surface area ak available for intercalation and side reactions decreases as charging

continues. The reduction in the available active surface area is expressed empirically as

[66],

an = a0
n

[
1−
(

ε0
n − εn

ε0
n

)ζn
]

(3.50)

where ζn is an empirical factor that represents the morphology of the side reaction product

formed and it can be obtained through experiments.

Similarly, the solid phase diffusion coefficient can be expressed as,

Ds,n = D0
s,n

[
1−
(

ε0
n − εn

ε0
n

)ζn

(1− εδ )

]
(3.51)

where D0
s,n is the initial solid phase diffusion coefficient and εδ is the porosity of the

deposit.

Due to the irreversible parasitic side reactions, not all the cyclable lithium

intercalates back to the electrodes. The lithium concentration in the electrode in next

charge or discharge process is smaller in a given cycle than in the previous cycle.

Assuming total number of intercalation sites remain constant, the volume of the electrode

particles at any cycle can be related to the volume of the fresh particle as,

VpCN
s,init

εs,n
=

Vp,0Cs,max

εs,n,0
(3.52)
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where εs is the volume fraction of the electrode and the volume of the electrode particle is

calculated as,

Vp,0 =
4πR3

p

3

Vp =
4π(Rp +δ f ilm)

3

3

(3.53)

From equations 3.52 and 3.53, the lithium concentration at any cycle can be

expressed as,

CN
s,init =Cs,max

(
Rp

Rp +δ f ilm

)3
εs,n

εs,0
(3.54)

The electrode state of charge at the beginning of any charging cycle is

SOCN =
CN

s,init

Cs,max
(3.55)

As the layer grows inside the porosity of the negative electrode, the available

volume fraction of the electrolyte decreases. The electrolyte volume fraction in the

negative electrode as a function of the film thickness is,

εe,n(t) = 1− ε f ,n− εs,n

[
1+

3δ f ilm(t)
Rp

]
(3.56)

Change in the electrolyte volume fraction in the negative electrode will affect the

effective electrolyte conductivity (κe f f ,n) and effective diffusivity (De f f ,n) of Li-ions in

the negative electrode porosity,
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κe f f ,n = κn

[
1− ε f ,n− εs,n

(
1+

3δ f ilm(t)
Rp

)]bruggn

(3.57)

De f f ,n = Dn

[
1− ε f ,n− εs,n

(
1+

3δ f ilm(t)
Rp

)]bruggn

(3.58)

From equations 3.57 and 3.58 with the aging of battery the effective conductivity

and effective diffusivity tend to zero due to an increase of film thickness. Due to film

formation over the electrode surface, Li-ion diffuses in and out of the electrode active

material at a slower rate. The rate capability can be treated as a diffusion limited problem

[49] and hence change in the diffusion coefficient over the cycling period can be used to

compare the rate capability of porous and non-porous current collector based Li-ion

battery.

3.5 Illustration of finite difference method (FDM)

Finite difference method is used to solve the partial differential equation involved

because it is simpler and easier to implement. FDM converts differential equations into

algebraic difference equations. For illustration purpose, equation 3.8 is solved using FDM.

Using forward difference method,

cavg
s,k (i, j+1)− cavg

s,k (i, j)

∆t
=−3

Jk(i, j)
Rp

(3.59)
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Rearranging equation 3.59 the value of cavg
s,k (x, t) at a forward time can be expressed as,

cavg
s,k (i, j+1) = cavg

s,k (i, j)−3
Jk(i, j)

Rp
∆t (3.60)

Using equation 3.60 value at the forward time can be calculated. ∆t and ∆x are calculated

as,

∆t =
t
m

∆x =
x
n

t

x

i=1 i=2 i=n

j=1

j=2

j=m

...

...

Figure 3.4. Grid lines used for discretization of partial differential equations.

Figure 3.4 shows the division of time axis and position axis into grid lines. The
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value of time and position at any grid lines are calculated as,

t j = ( j−1)∆t, j = 1,2, ...,m (3.61)

xi = (i−1)∆x, i = 1,2, ...,n (3.62)

For convergence of solutions, the choice of ∆x and ∆t should be such that ∆t/∆x2 < 0.5.

In similar fashion, by using above explained process other differential equations can be

converted into algebraic difference equations.



52

CHAPTER 4 RESULTS AND DISCUSSION

A half-cell battery model was developed in MATLAB. Figure 4.1 shows the

half-cell model used for simulation studies. In this study, dimensions of coin cell casing

were not considered. To simplify and avoid the complex computation, electrode averaged

model developed by [56] was used with slight modifications. In [56] constant electrolyte

concentration was assumed, but here average electrolyte concentration was considered.

Finite difference method was used to solve the partial differential equations involved in

the electrochemical model of the battery. Lithium titanate was considered as anode active

material. The performance of porous current collector based half-cell was compared with

foil type current collector based Li-ion half-cell. In the simulation, 3 V was taken as

charge cut-off voltage and 1 V was taken as a discharge cut-off voltage. The comparison

was done for discharge performance and capacity fading. The temperature effect on the

battery performance was not considered. The porosity of the current collector was

determined by image processing the experimentally obtained SEM image of porous

copper foil.
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Figure 4.1. Half-cell model used for simulation.

4.1 Current collector porosity and distribution

Pores on the copper foil were created in the lab by the method of anodization [50]

and characterized by SEM imaging. The watershed segmentation algorithm [67] was used

to determine the porosity, average pore diameter and distribution of the pores by image

processing in MATLAB. The image transformation applied on the grayscale image is a

watershed in the study of image processing. The watershed transformation treats the

image like a topographic map [68]. For calculating porosity, the original SEM image was

converted to binary image format. Morphological analysis known as the ma jority was

applied to retain the major structures. Finally, the watershed algorithm was applied to

detect the pores formed on the copper foil.

Table 4.1 summarizes the value of the parameter obtained after applying the

watershed algorithm. The calculated porosity is 0.598∼ 0.6. Figure 4.2 shows the original

SEM image, segmented image and pore’s distribution. The distribution of pores from
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experimental data looks random. Data obtained from image processing were tested

against uniform distribution and normal distribution using Kolmogorov-Smirnov test [69].

The p-values obtained at 95% level of significance for uniform distribution test and

normal distribution test were 1.2053×10−4 and 0.0226. The results were against the null

hypothesis for both the test. It means the data show random distribution. However, for

simplicity, the current collector pores distribution was assumed uniform.
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Figure 4.2. (a) Original SEM image, (b) segmented image and (c) pore distribution.

Table 4.1. Summary of results obtained from image processing.

Parameter value
Porosity 0.598
Average Pore Radius(pixel) 72.93
Standard Deviation 10.58
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4.2 Model validation

Change in volume fraction of active material is one of the notable changes with the

use of porous current collector. For the model validation, the volume fraction of electrode

active material was calculated using the proposed model. The result was compared with

the electrode active material computed using an earlier model reported [70]. Model in [70]

calculates the volume fraction of electrode’s active materials using the relation,

εk =
4
3

π(Rp)
3Kk

AkLk
(4.1)

where Kk is the number of spherical particles in kth electrode calculated as,

Kk =
3
4

Mk

πR3
pρk

(4.2)

In table 4.2, both the models give the same volume fraction of anode active material with

the porous and non-porous current collectors. This validates the proposed equations that

were adjusted for the volume fraction of active materials. Here only the volume fraction

of anode active material was compared because copper as anode current collector was

made porous.

Table 4.2. Anode active material volume fraction for the porous and non-porous current
collectors based Li-ion battery.

Proposed Model Model in [70]
Porous Current Collector 0.77184 0.77184
Non-porous Current Collector 0.4824 0.4824

For validating the increase in effective conductivity of electrode using porous
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current collector, a half-cell was prepared using lithium titanate as anode material.

Electrochemical impedance spectroscopy (EIS) measurements were performed. Transport

resistances of Li-ion batteries with porous and non-porous current collectors were

compared. Figure 4.3 shows the EIS plots of lithium titanate based Li-ion half-cells. The

transport resistance is ∼ 200 Ω for non-porous current collector based cells and ∼ 150 Ω

for porous current collector based cells. Several researchers working on the modified

current collector have obtained the similar result [33]. They ascribed the higher electrode

specific area to be the reason for smaller transfer resistance in porous current collector

cells. The model proposed here predicts higher electrode specific area for porous current

collector cells as expressed in equations 3.3 and 3.4. The use of porous current collector

increases the transport conductivity of the anode electrode. The increase in effective

electrode conductivity was also predicted by the proposed model.
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Figure 4.3. EIS plots for lithium titanate based half-cells for porous and non-porous current
collector.
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4.3 Discharge performance

Discharge performance comparison was done using the adjusted equations in the

electrode averaged model (EAM). The explanation of EAM is given in chapter 3

section 3.3. The electrode equilibrium potential Ure f ,n was determined to fit the

experimental data. As seen in figure 4.4, the discharge curve can be divided into three

portions with two turning points. The first portion is the region before first turning point.

The shape of this portion is mainly determined by the internal resistance of the battery.

The second portion is regarded as the voltage of the discharge curve. It is the stable

discharge period of a battery. The third portion after second turning point indicates the

battery is reaching the end of discharge.
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Figure 4.4. A discharge curve of a battery obtained plotting experimental data.
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The electrode equilibrium potential was determined separately fitting these three

portions of discharge curve using the method explained in the literature [71]. The fitted

expression for Ure f ,n as a function of SOC is

Ure f ,n = 1.073−0.5685exp(−72.1839SOC)−3.40782exp(−25546.8235SOC)

+8.427×10−12 exp(25.88SOC)

(4.3)

For discharge performance, the variation of energy with cell voltage was studied.

The energy density of the cell was calculated by the trapezoidal approximation:

Ecell =
1

McellVn

td∫
0

Vcell(t)Idt ≈ I
n

∑
k=0

Vk+1 +Vk

2
(tk+1− tk) (4.4)

where I (I = QnMn) denotes the cell current, k is the time step number, td is a time of

discharge and n is the number of time steps needed to reach the cutoff voltage and Vn is

nominal voltage. The cell mass, in turn, was calculated as:

Mcell = Mp +Msep +Mn +Mcc

Mp = ρpLp(1− εp− ε f p)

Msep = ρs(Lpεp +Lsep +Lnεn)+ρ f (Lpε f p +Lnε f n)

Mn = ρnLn(1− εn− ε f n)+ρnεcc(1− εn− ε f n)Lcc

Mcc = ρccnLcc(1− εcc)+ρccpLcc

(4.5)

In equation 4.5, Mp, Msep, Mn and Mcc are the mass of the positive active materials,



59

negative active materials, electrolyte and current collectors respectively. The mass of each

component is a function of its thickness and porosity that make up its composition. The

mass equations were adjusted for the porous current collector case at the anode side.

Figure 4.5 (a) and (b) show the simulation results and experimental results for

specific capacity and voltage and Figure 4.5 (c) and (d) show the simulation results for

dimensionless surface charge concentration and state of charge at the 0.1 C discharge rate.

The voltage plateau and the final discharge capacity predicted by the model agree with

experimental data. The specific capacity of porous current collector obtained is higher

than 175 mAh/g that is the theoretical capacity for lithium titanate based Li-ion battery.

This is because porous current collector reaches the end of discharge at a slower rate due

to the slower reduction of surface charge concentration. The slower rate of discharge for

the porous current collector is due to the improved transport properties and electrode

specific surface area. In addition, the porous current collector reduces the insignificant

mass that is the mass of copper.
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Figure 4.5. (a) Simulation discharge performance, (b) experimental discharge performance,
(c) dimensionless surface charge concentration and (d) state of charge results for the 0.1 C
discharge rate.

4.3.1 Discharging at different C-rates

The battery was discharged at different C-rates and the obtained discharge capacities

were compared with experimental capacities taken from [50]. Figure 4.6 shows the radar

plot to compare the discharge capacities at different C-rates for a porous current collector

based Li-ion battery. The accuracy of the model is decreasing for increasing C-rates.

Table 4.4 shows the relative error in capacity obtained from the simulation at different

C-rates. The reason for increasing error at higher currents is terminal voltage reaches the

cutoff voltage earlier than the calculated time for the given C-rates.
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Figure 4.6. Radar plot to compare the accuracy of the model with respect to experimental
data at different C-rates.

Table 4.3. Error analysis at different C-rates of discharge.

Rate Experimental [50] Simulation Error
0.1C 235 238 1.27%
0.5C 152 146 3.95%
1C 130 106 18.67%
2C 100 65 35%

4.3.2 Effect of cycling on capacity

To study the effect of cycling on the capacity of the battery, the simulation was

performed at the 1C rate for 150 cycles. Figure 4.7 shows the discharge performance of

non-porous current collector based Li-ion battery at 1st and 150th cycles. In the figure,

with the increasing cycle number, there is a decrease in discharge capacity and initial
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discharge voltage. The reason for the drop of initial voltage is the increase of the high

frequency resistance that is dc resistance [72]. The loss in capacity is known as capacity

fading. The reasons for capacity fade in Li-ion batteries are explored in next sections.
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Figure 4.7. Effect of cycling on discharge performance.

4.4 Capacity fade

The irreversible loss in capacity of the battery occurs due to storage and cycling.

This loss in capacity is called capacity fade. Side reactions taking place inside the battery

are the cause for the degradation of battery performance. Solid electrolyte interphase layer

growth and the lithium plating are the two major side reactions occurring inside the

battery. In this work, capacity fade due to lithium plating was not considered. Capacity
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fading simulation was performed using the model explained in the literature [64] with

slight modifications. In literature [64], they vary the state of charge (SOC) of the battery

between 0% and 100% in the steps of 2% and computes the lithiation state θn of anode

according to

θn = θn,min + soc
(
θn,max−θn,min

)
(4.6)

where θmax and θmin are the stoichiometric limits of anode lithiation. However, in this

work, the surface charge concentration was computed using the Wang and Srinivasan [73]

empirical formula to account for the diffusion inside solid spherical particles. The

empirical relation is

C∗s,k(t) =Cavg
s,k (t)+ JLi −RP

5anFDs

[
1− exp

(
− 20

3

√
Dst

RP

)]
(4.7)

The average concentration Cavg
s,k (t) was calculated using the equation 3.8 and the state of

charge of the battery was computed according to

SOC =
θ −θmin

θmax−θmin
(4.8)

Total capacity fade can be divide into the rate capability loss, the capacity loss due

to loss of active materials and loss due to increase in the polarization and charge transfer

resistance with cycling. State of charge of the limiting electrode accounts for loss due to

active materials loss, solid phase diffusion coefficient account for capacity loss due to rate

capability and film resistance account for the increase of polarization and charge transfer

resistance with cycling [49]. In this work, variations of state of charge and solid phase
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diffusion coefficient of the anode and the rate of growth of film resistance with cycling are

compared.

4.4.1 Capacity fade model validation

The growth of the film follows parabolic growth law [74], which means that the rate

of increase in the thickness of the passivating layer is inversely proportional to the

thickness of the layer. To validate the model, the film thickness data obtained are fitted to

test if the data show parabolic growth rate.
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Figure 4.8. Curve fitting of simulation data.

Figure 4.8 shows the original data and the fitted data. The fitted data model is

δ̂ f ilm = 0.1807
√

N−0.4659 (4.9)
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and the goodness of fit parameters are,

Table 4.4. Goodness of fit.

Sum of square error (SSE): 0.1966
R-square: 0.9592

Adjusted R-square: 0.9561
Root mean square error (RMSE): 0.123

Equation 4.9 and goodness of fit parameters suggest the growth of film predicted by

simulation model follows the parabolic growth rate. Many researchers studying the failure

of Li-ion battery have identified the square root fitting of film thickness against cycle

number and have demonstrated this model fit experimental data very well [41], [49], [75],

[76].

4.4.2 Comparison of film growth

In this work, lithium plating is not considered. So, the surface film contains SEI

only. Figure 4.9 compares the SEI thickness and film resistance growth with cycling. The

increase of the SEI thickness and resistance over each charging cycle is higher for the

non-porous current collector than for porous current collector based Li-ion cells. This is

because the porous current collector has higher specific electrode surface area and better

transport properties due to which the intercalation and side reactions occur at a slower rate

in porous current collector cells. The slower rate of side reactions leads to the slow

formation of SEI layer on the surface of electrode particles of porous current collector

cells.
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Figure 4.9. Variation of the film resistance and SEI thickness with cycling.

According to the literature [49], film resistance account for the capacity fade due to

an increase of polarization and charge transfer resistance. Hence, the capacity fading due

to an increase of polarization and charge transfer resistance is less for porous current

collector cells.

4.4.3 Comparison of electrode state of charge and solid phase diffusion coefficient

The variations of electrode state of charge and solid phase diffusion coefficient due

to cycling were calculated using the equations 3.55 and 3.51. The empirical parameter ζn

that represents the morphology of side reaction product was assumed to be 1 and porosity

of deposit εδ was assumed to be 0. Initial diffusion coefficient was taken to be

2×10−16m2s-1 for both type of cells. Figure 4.10 compares the variation of electrode
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state of charge and diffusion coefficient. The decay of electrode state of charge and

diffusion coefficient is faster for non-porous current collector cells. The decay of electrode

initial state of charge depends on the loss of surface concentration from solid particles

which in turns depends upon the growth of the film. As seen in the previous section, the

film thickens faster in the case of non-porous current collector cells. The decay of

diffusion coefficient depends on the relative change in the volume fractions of solid

particles. As seen in equation 3.49, the reduction in volume fraction of solid particles

depends upon the volume fraction of SEI formed, which in turn depends upon the rate of

side reactions. Side reactions occur at a faster rate in non-porous current collector cells

due to smaller specific electrode area compared to porous current collector cells.
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Figure 4.10. (a) Electrode state of charge and (b) diffusion coefficient.
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According to the literature [49], electrode state of charge and solid phase diffusion

coefficient account for the capacity fade due to loss of active materials and loss of rate

capability. Hence, the capacity fade due to loss of active materials and loss of rate

capability is higher in non-porous current collector cells.

4.5 State of health (SOH)

SOH indicates how much of the useful lifetime of the battery has been consumed

and how much remains before it must be replaced. Any parameter that changes

significantly with age such as cell impedance can be used to calculate the SOH of the

battery [77]. In this work, SOH was calculated by comparing the cycled capacity of the

battery with an initial capacity. SOH was calculated as

SOH =
Qi

Qmax
(4.10)

Qi is the capacity at the ith discharge cycle and Qmax is the discharge capacity of the fresh

cell. The capacity obtained from the simulation for discharge performance was taken as

Qmax and Qi was calculated according to

Qi = Qmax−Qloss (4.11)

where the loss in capacity Qloss was calculated as,

Qloss =Cs,max−CN
s,init (4.12)
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CN
s,init was calculated using the equation 3.54. Equation 4.12 gives the value in molm−3.

The value of loss can be expressed in AH as

Qloss(AH) =
Qloss(molm−3)ALn

Fεsn
(4.13)

For SOH calculation, the battery was completely discharged at the 0.1 C rate. The

limit of SOH to predict the end of useful life was set as 80% of initial capacity [78].

Figure 4.11 shows the variation of SOH with cycling for each type of cell. The non-porous

based Li-ion cell reaches the end of useful life quicker than the porous based Li-ion cells.

The porous current collector cells take approximately 100 more cycles to reach the end of

useful life than the non-porous current collector cells. The reason is that the SEI growth

rate is slower in the porous current collector based cells due to which loss of irreversible

lithium surface charge concentration is less in the porous current collector cells. Lesser

irreversible lithium surface charge concentration loss leads to a lesser irreversible capacity

loss in porous current collector cells. Previous work [79] has shown a reduced irreversible

capacity loss by using foam-type three-dimensional current collector experimentally.



70

0 100 200 300 400 500

0.80

0.85

0.90

0.95

1.00
SO

H

Cycle Number (N)

 Porous
 Non-porous

End of useful life

240 280 320 360
0.80

0.84

0.88

Figure 4.11. SOH vs cycle number of non-porous and porous current collector.

From above analysis, it can be concluded that the use of the porous current collector

improves the discharge performance and capacity fading in Li-ion batteries.
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Table 4.5. Battery parameters used in the simulation study.

Unit Negative Electrode Separator
Geometry and volume fractions: [80]

Electrode thickness(Lk) µm 100 25
Current Collector thickness (Lcc) µm 10
Particle radius (Rs,k) µm 2
Porosity (εk) 0.485 0.724
Current collector porosity (εcc) 0.6
Volume fraction of fillers (ε f ,k) 0.0326
Kinetic trasport properties:
Charge transfer coefficients (αk) 0.5
Electronic conductivity (σk) [81] Sm−1 100
Ionic conductivity(κS) Sm−1 Equation3.18 Equation3.18
Solid phase diffusion coefficient (DS) m2s-1 2×10−16

Electrolyte phase diffusion coefficient (De) [81] m2s-1 7.5×10−10 7.5×10−10

Transference number (t+) [81] 0.363
Bruggeman’s coefficient(brugg) 1.5 1.5
Li+ concentrations: [80]

Maximum solid phase concentration (Cs,max) molm-3 30555
Initial solid phase concentration (Cs,init) molm-3 26128
Initial concentration in electrolyte(Cint

e ) molm-3 1000 1000
Side reaction parameters:
Initial SEI resistance (ΩSEI) [19] Ωcm2 100
Exchange current density(ios) [19] Am2 1.5×10−8

Molecular Weight of SEI layer (MSEI)[82] kgmol−1 7.3×104

Density of SEI layer (ρSEI) [82] kgm−3 2.1×103

Conductivity of SEI(κSEI) Sm−1 3.79×10−6

Side reaction reference voltage (Ure f ,side) V 0.2
Isolation rate of active anode material due to SEI (kiso) [65] 27.3
Other parameters:
Faraday’s constant (F) Cmol−1 96487
Density of active materials (ρn) kgm−3 3430
Density of electrolyte (ρs) [18] kgm−3 1100
Density of Copper kgm−3 8940
Theoretical Specific Capacity(Qn) mAhg−1 175
Temperature (T ) K 300 300
Universal gas constant (R) Jmol−1K−1 8.314 8.314
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CHAPTER 5 CONCLUSIONS

5.1 Summary

The energy consumption has increased due to population growth and improvement

in a living standard. As of now, fossil fuels are the main source of energy. However, fossil

fuels are not environmentally friendly as they emit carbon dioxide, which is major

greenhouse gas when burnt. Fossil fuels are forecasted to deplete completely if the current

trend of use persists. Researchers are focusing on renewable energy as they don’t pose

environmental threats. However, renewable energy is intermittent in nature. A suitable

medium is required to store the energy produced from renewable energy sources.

Batteries, supercapacitors, flywheels, fuel cells are some of the storage devices. The

battery is the focus of this thesis.

Batteries are mainly classified as rechargeable and non-rechargeable batteries.

Among different rechargeable batteries chemistry, Li-ion batteries are most popular

because of their higher energy density and long life. The demand for high capacity and the

durable Li-ion battery is increasing in electronic gadgets, electric vehicles and renewable

energy storage system. The future Li-ion battery should be smaller in size with higher

energy and power density.

Existing literature suggests the energy density of Li-ion battery can be increased

either by finding the new electrode materials or modifying the design of the battery.

Design modification is considered in this thesis. Increasing the electrode thickness is the

straightforward method to increase the energy density of the Li-ion battery. However,

increased thickness impairs the electrolyte-phase mass transfer which makes Li-ion
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battery unsuitable for different applications [19], [24], [25]. Different researchers tried

varying electrode porosity model to increase the energy density of the battery; however,

they observed very little improvement in the energy density compared to constant

electrode porosity [32]. Recently, researchers [33], [34] are focusing on the modifications

of the current collector. They observed that use of porous current collector increases the

energy density and capacity retention of Li-ion battery.

In this thesis, existing battery model equations were adjusted for the case of porous

current collector based batteries. A simulation study was performed to compare the

capacity fading of porous current collector based Li-ion battery with foil type current

collector based battery. Half-cell model was developed in MATLAB. The porosity of the

current collector was determined by applying the watershed algorithm on the

experimentally obtained SEM image of porous copper.

5.2 Conclusion

The P2D battery model equations were adjusted for the case of porous current

collector based Li-ion battery. Adjusted equations were used in electrode averaged model

(EAM) to compare the discharge performance. The image processing of SEM

characterization image of porous copper showed the random distribution of pores on the

current collector; however, for simplicity and to avoid computational burden uniform

distribution was assumed. Simulation and EIS measurement showed higher transport

properties of porous current collector based Li-ion battery. Simulation results showed the

rate of the SEI thickness growth was slower in porous current collector than in the

non-porous current collector battery. Capacity fade due to an increase of polarization and
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transfer resistance, due to loss of active materials and loss of rate capability was less in

porous current collector cells. Further, porous current collector cell took approximately

100 more cycles to reach the end of useful life compared to non-porous current collector

cell. Thus, with the use of porous current collector energy density and life cycle of the

battery can be increased without the need for significant modifications in battery structure.

5.3 Future Work

In this work, pores on the current collector were assumed to be uniform, depth of

the pores on the current collector was not considered. Capacity fading was assumed to be

caused solely due to the SEI growth during the charging cycle, the effect of the gas

evolution and lithium plating were neglected. The accuracy of the model at high C-rates

was poor, that can be improved by using advanced battery model for simulation. In future,

the actual distribution of pores of current collector and depth of the pores can be

considered and the effect of the gas evolution and the lithium plating can be modeled for

more accurate comparison of the capacity fading. A thermal model was not considered

here, the temperature rise can be compared. At present time battery explosion due to

temperature rise is a serious problem, if the use of the porous current collector improves

the thermal performance of battery it can be one of the solutions to reduce the battery

explosion due to temperature rise.
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