
ABSTRACT

BALAGOPAL, BHARAT. A Four-Dimensional First Principle Based Battery Degradation
Model for State of Health (SOH) and State of Function (SOF) Estimation. (Under the direction
of Mo-Yuen Chow).

The usage of energy storage devices has been rapidly increasing over the past decade. This

increase in usage can be attributed to the development of better technology that has higher

energy and power density with smaller sizes. However, with the improvement in technology,

there are also complications that arise in terms of identifying the operating status of these

devices and their maintenance schedules. Energy storage vendors provide battery management

systems with their batteries, but there is a significant gap between the information that these

battery management systems provide vs. the requirement of the end user, especially in large

scale energy storage devices. Most battery management systems (BMSs) provide users with

the State of Charge (SOC) and some provide information regarding the State of Health (SOH).

While this information is important to the end user, they are more interested in understanding

how to use their batteries so that they can get the highest return on their investment while not

compromising on the application that they are using the batteries for. This information is often

missing from the BMSs provided by vendors. The SOF is highly dependent on a number of

factors, the most important of those factors is the utilization pattern. Since different utilization

patterns impact the degradation of the battery differently, a 4-Dimensional First Principle Based

Degradation Model (4DM), 3D with time, was developed to study the impact different operating

conditions have on the degradation of the battery and its components. This model would provide

key insights to better utilization and when tied with the Equivalent Circuit Model (ECM), can

provide real-time information on appropriate battery utilization for improved SOF. The novelty

of this thesis is its ability to bridge the gap between Material Science, Electrochemical and

Electrical Engineering by discussing aspects of materials, their electrochemical properties and



the impact these electrochemical properties have on the electrical response/behavior of batteries.
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CHAPTER

1

INTRODUCTION

With the world moving towards green energy, a lot of focus has been on utilizing the energy from

the renewable energy resources such as wind, geothermal, hydro and solar energy. Signi�cant

research has been targeted towards integrating these renewable energy resources at the grid

level. However, the major drawback with renewable energy resources is that it is not possible to

fully control the amount or duration of energy generation. In order to avoid this intermittency

issue, energy storage devices need to be used to act as energy reservoirs, i.e., to provide for the

periods where there is high demand and low generation or store excess energy when there is

high generation and low demand. This led to the development of ef�cient energy storage devices

such as batteries. There have been signi�cant advancements in the development of higher energy

density and higher power density batteries to store the excess energy generated by renewable
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energy resources [1].

With the advancement in battery/energy storage technology, it is crucial to ensure the safe and

ef�cient usage of the battery. This led to the development of smart battery management systems

(BMS). Battery management systems play an important role in improving the performance of

the battery and ensuring that it operates in its optimal operating condition. Some of the important

functions of the BMS include state of charge (SOC) estimation, state of health (SOH) estimation

and state of function (SOF) estimation [2].

The SOC of the battery can be clearly de�ned as the percentage of charge left in the battery

with respect to the nominal capacity of the battery. There have been a number of techniques

developed to estimate the SOC of the battery based on the terminal voltage, the current drawn

and the temperature of operation. Being a well-de�ned concept, the SOC estimation have been

the focus of researchers for the past decade [3]. Even though the SOH is well de�ned, the factors

that affect it are not comprehensively researched. The SOF of the battery is not a clearly de�ned

concept and requires further research.

1.1 Factors that Affect the Health of the Battery

There are a number of factors that affect the health of a battery. The state of health of a battery

represents the health of the battery at that time instant. The most signi�cant factors are the

temperature of operation, charge and discharge cycling, depth of discharge, overcharging, charge

or discharge rates, and calendar aging [4].

1.1.1 Temperature of Operation

The temperature of operation plays a signi�cant role in the degradation of the health of the

battery. If the operating temperature is higher than the maximum operating temperature as

de�ned by the manufacturer, then the health of the battery degrades exponentially. Similarly, if
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the temperature is below the minimum operating temperature, the health of the battery decreases.

This is often associated with the decrease in the capacity of the battery [5].

1.1.2 Charge/Discharge Cycling

Charging and discharging are important processes in the ef�cient use of the battery. However,

they affect the performance of the battery, too. During the discharging process, the lithium ion

moves from the cathode into the electrolyte and the lithium ion from the electrolyte moves into

the anode and releases an electron. This process is reversed during charging. As this process

takes place, it leads to breaking or wearing down of the electrode and results in capacity loss [6].

1.1.3 Depth of Discharge

The depth of discharge of the battery plays an important role in the aging of the battery. The

battery undergoes irreversible chemical damage if it undergoes deep discharge, i.e., if the

battery is discharged below the cut-off voltage. This could also result in hazardous results where

the battery goes into thermal runaway [7]. Partial charging and discharging will also cause a

decrease in the health of the battery. However, this effect has not been studied in detail.

1.1.4 Overcharging

Overcharging results in the breaking down of the electrolyte because the potential across the

electrodes is beyond the maximum limit of the fully charged battery. This results in loss of

capacity and increase in the internal resistance of the battery [8].
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1.1.5 Charge/Discharge Rate

The charge or discharge rate plays an important role in the aging of the battery. If the current used

to charge is very high, then the battery reaches its maximum voltage fast. However, this would

result in the formation of irreversible chemicals in the electrolyte. High charging currents also

affect the electrodes. It results in cracking of the electrode because it is not able to accommodate

the ions moving at such high speeds. All these effects combined cause a decrease in the capacity

and a signi�cant increase in the internal resistance of the battery [9].

1.1.6 Calendar Aging

Calendar aging is de�ned as the decrease in the ability of the battery to provide the power when

new. This usually happens as the battery is used over time because of the decrease in the potency

of the chemicals that are used to develop the battery. It also involves the forming of a layer

over the electrode and prevents the electrode from reacting with the electrolyte immediately to

produce current. Thus, some potential is required to overcome and breakdown the layer before

the battery can be used, which results in the decrease in the battery capacity. Another factor

that is similar to calendar aging is the concept of self-discharge. If a battery is stored for a long

period, e.g., 6 months to 1 year, without usage, the chemical inside the battery tends to react

with each other slowly to form some irreversible chemical. It generally affects the capacity of

the battery and also increases the internal resistance of the battery. However, the effect of these

kinds of aging is not signi�cant when compared to the previously mentioned factors [10].

1.2 SOH Estimation Techniques

Currently used SOH estimation techniques can be broadly divided into two categories, viz. (1)

capacity estimation, and (2) internal resistance estimation. The capacity estimation techniques

4



use different methods to estimate the capacity degradation and de�ne the aging of the battery.

The internal resistance estimation techniques compare the ratio of the internal resistance of the

battery when it is new and its current internal resistance to determine the aging of the battery. The

combination of capacity and internal resistance estimation techniques uses algorithms to estimate

the capacity and internal resistance of the battery and then use inference-based algorithms to

determine the aging of the battery based on the two parameters that were individually estimated.

Equation (1.1) describes the estimation of the SOH of the battery using the capacity degra-

dation technique.Qcurrent is the current capacity in Ah,Qnominal is the nominal capacity of

the battery in Ah. Equation (1.2) describes the estimation of the SOH of the battery using the

internal resistance technique. Here,REOL is the internal resistance of the battery when it has

reached its end-of-life (usually equal to twice the internal resistance of the battery when it is

new [11]),Rcurrent is the current internal resistance of the battery andRnominal is the nominal

internal resistance of the battery.

SOH=
Qcurrent

Qnominal
� 100; (1.1)

SOH=
REOL � Rcurrent

REOL � Rnominal
� 100; (1.2)

1.2.1 Capacity Estimation Techniques

The capacity estimation techniques can be divided broadly into a number of categories based on

the technique used to estimate it. Some of the commonly observed categories are model-based

observers, inference-based techniques, constant current constant voltage (CCCV) approach,

geometric approach, pulsed discharge approach and curve �tting approach.

Model based observers are commonly used techniques to estimate the capacity of the battery.

Of these techniques, two major techniques are (1) the electrochemical model, and (2) the
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Equivalent RC circuit model. The electrochemical model [12] models the behavior of the battery

based on the chemical reactions that take place inside the battery. These chemical reactions,

modeled as partial differential equations (PDEs), take into account the concentration of lithium

ions in the electrode and in the electrolyte to estimate the capacity degradation of the battery.

In order to reduce computation, these PDEs are reduced into differentiation equations. This

increases the speed of estimation of the parameters and solving of the equations to produce the

capacity of the battery [13]. A electrochemical model of the battery is depicted in Fig. 1.1 and

will be described in details in Chapter 2 section II of the thesis.

Figure 1.1: Electrochemical model of the battery.

Another commonly used model to represent the behavior of the battery is the RC circuit

model, as depicted in Fig. 1.2. Using multiple RCs increases the accuracy of the model but also

increases the computation required to solve the model. Very often either a single RC or two

RC pairs are used to represent the dynamics of the battery [8]. Using the RC model, observers

like Kalman Filter and Sliding Mode Observer are used to estimate the capacity of the battery.
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Figure 1.2: A RC Equivalent Circuit of a battery.

Kalman Filter is a popular technique because it is a well-structured process attempt to minimize

the estimation error. It is often used on a linear system. Since the battery is a nonlinear system,

more than one Kalman Filter has been used to estimate the capacity of the battery . Extended

Kalman Filter (EKF) [14], Dual Extended Kalman Filter (DEKF) [15], Unscented Kalman Filter

(UKF) are some examples of extending the Kalman Filter techniques for capacity estimation.

The block diagram of the setup is depicted in Fig. 1.3.

Unlike the Kalman Filter, the Sliding Mode Observer (SMO) is designed for non-linear

systems. The SMO uses the RC model of the battery to estimate the SOC. Then, it uses the rate

of change in the SOC to estimate the capacity degradation of the battery [16].

Another technique that is used is the co-estimation algorithm that estimates the capacity of

the battery based on an adaptive observer that determines the SOC of the battery using the open

circuit voltage. This technique reduces the error in the estimation of the capacity by updating

the parameters in the RC equivalent circuit model [3].

Inference based techniques commonly refer to techniques that use a rule base to make deci-

sions. Fuzzy logic often uses the current, the terminal voltage, the temperature and sometimes

the SOC and number of cycles of the battery to estimate the capacity of the battery. In [17], fuzzy

logic was used to estimate the SOH of the battery with current drawn and the temperature of

operation as inputs to the battery. They identify two coef�cients that affect the internal resistance
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Figure 1.3: Block Diagram of Kalman Filter used for Capacity Estimation.

and the capacity of the battery and then combine them to produce an estimate of the SOH

of the battery. Neural networks also uses the terminal voltage, the current, the SOC and the

temperature as inputs to its neurons [14]. The weights of the neurons are updated using training

data that are obtained by training the neural networks with known capacity degradation data

for the input set. The probabilistic neural network (PNN) is an extension of the arti�cial neural

network (ANN). It generates an output of the event with the highest probability of occurring.

For capacity estimation, the battery is charged and then discharged and the voltage and time

characteristics are obtained as depicted in Fig. 1.4 [18] where,Dt is the time taken for the battery

to reach the upper cut-off voltage during the constant current charge mode,DV1 is the voltage

drop from the maximum cut-off voltage of the battery when a discharge current is applied and

V2 is the rise in the terminal voltage during the rest period due to relaxation,Vb is the terminal

voltage of the battery andIb is the applied current. The drop and rise in the terminal voltage

(DV1;V2) are also referred to as the over potentials of the battery.

This charging/discharging experiment is performed multiple times and the voltage, time and

capacity information is used to train the network. Based on experimental data, it was observed

that the capacity of the battery linearly decreased with the voltage parameters (DV) and increased

with the time factor (Dt).

The constant current constant voltage (CCCV) approach is a standard and accurate method

to estimate the capacity of the battery. The CCCV process involves charging the battery at a

8



Figure 1.4: Charge Discharge Curves for PNN.

constant current (between 0.1C to 1C). When the battery reaches the upper cut-off voltage, the

voltage is held constant and the current is allowed to decrease until 0.01C. The capacity of the

battery is estimated as the sum of the total current sent into the battery. Since the current drops

all the way to 0.01C, it is possible to get a reasonably accurate estimate of the battery's capacity.

The geometric approach for capacity estimation [19] is an extension of the CCCV approach.

In this technique, four features are considered: the area under the CV curve, the time duration of

the CV curve, the maximum radius of curvature of the CV stage and the slope of the voltage

drop at the beginning of the discharge curve. Experimental data is used to develop the battery

degradation curve. Using the concept of Laplacian Eigenmaps and k nearest neighborhood, the

capacity of the battery is estimated.

The pulsed discharge approach estimates the capacity degradation of the battery based on

the voltage response of the battery when a current pulse is drawn from the battery. It is a 3-stage

approach that uses the drop in the terminal voltage to establish a linear relationship between the

capacity and the voltage drop due to a load. Fig. 1.5 [20] depicts the 3 modes used to estimate the

over potentials of the battery. The battery undergoes two modes of operation - pulse discharge

and relaxation. Initially, the battery is allowed to rest for one minute (mode 1) to ensure that
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Figure 1.5: Pulsed Discharge Technique.

the internal electrochemical reactions have reached equilibrium and the battery has reached its

open circuit voltage (OCV). On completion of mode 1, the battery is subjected to a known pulse

current for a very short duration of 10s and the difference in the terminal voltage before the start

of the current pulse and at the end of the current pulse is denoted asDV1 as shown in Fig. 1.5.

The battery is then subjected to a rest duration of 10s and the terminal voltage at the end of the

rest period is assigned asVMAX. Another current pulse is applied to the battery for a duration

of 10s, mode 3, and the battery's voltage at the end of the current pulse is denoted asVMIN .

The difference betweenVMAX andVMIN is assignedDV2. UsingVMAX andDV2, the capacity is

determined, and the SOH is determined using equation (1.1).

The curve �tting approach is an approach that uses experimental data obtained from repeated

charging and discharging of the battery and �ts a curve to this data. The capacity, the number

of cycles and the terminal voltage curves are recorded for each experiment. Commonly used

techniques involve genetic algorithm, discharge curve analysis, exponential curve �tting for

capacity loss and the Moving Window Grey model [21].

The genetic algorithm (GA) technique used to reduce the error in the estimated terminal

voltage when compared to the measured terminal voltage in a 2 RC model. If the measurement
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error is less than the set threshold value, the capacitanceCdi f f , as seen in Fig. 1.2, is used to

estimate the degradation factor [22].

The discharge curve analysis is based on technique similar to CCCV. It is used for capacity

estimation of batteries in a pack. This method uses the voltage capacity rate curve (VCRC) i.e. the

rate of change of voltage with respect to change in capacity plotted against the discharge/charge

capacity of the battery to identify scaling and offset parameters to match the VCRC of an aged

battery to that of a new battery to determine the capacity degradation. To determine the optimum

scaling and offset parameters, a genetic algorithm (GA) based approach is adopted to minimize

the error in the VCRC of the new battery and the aged battery. On determining the scaling and

offset parameters, the capacity of the aged can be determined by multiplying the scaling factor

with the capacity of the new battery [23]. This method is often used when CCCV data is not

available.

The exponential curve �tting for capacity loss technique involves the �tting of an exponential

curve to determine the capacity of the battery as it degrades. Usually, the temperature and number

of cycles are the main parameters in the equation [24].

The Moving Window Grey Model predicts the capacity of the battery based on the terminal

voltage of the battery. It uses a time series forecasting model and historical information to

predict the capacity of the battery [21].

1.2.2 Internal Resistance Estimation Techniques

The internal resistance of the battery can be calculated based on the drop in the terminal voltage.

As the battery ages, the internal resistance of the battery is said to increase. As a result, different

techniques have been established to identify the change in the internal resistance of the battery

based on its usage and therefore predict the SOH of the battery.

Electrochemical impedance spectroscopy (EIS) and model-based observers are two main
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techniques used to measure the internal resistance of the battery. EIS involves sending current

pulses of very small magnitude and varying frequency to estimate the internal impedance of the

battery. The value of the impedance of the battery when the frequency is 0Hz gives the internal

resistance of the battery [25]. The model-based observer techniques involve the electrochemical

model or the RC equivalent circuit model of the battery. In the electrochemical model of the

battery, the degradation of the electrode, the decrease in the concentration of lithium ions and

increase in the solid electrolyte interface layer thickness are indicative of the increase in the

internal resistance of the battery. As for the RC equivalent model, it is possible to estimate the

value of the internal resistance of the battery using observers like Kalman Filter and SMO as

discussed in the Capacity Estimation Techniques section.

1.2.3 Limitations of the Current SOH Estimation Techniques

Currently used SOH estimation techniques de�ne the end of life of batteries as 20% capacity

degradation or doubling of internal resistance. However, there is no theoretical evidence to

support these claims. Also, the capacity and the internal resistance of the battery are not the only

indices that can be used to determine the SOH of the battery as discussed in Section II.

For capacity and internal resistance estimation, the electrochemical models are too complex

to estimate the capacity in real time. If the ODEs are used instead of PDEs, then a lot of

information about the battery's behavior is lost [13]. The RC model of the battery is a good

representation; however, accuracy is often compromised over the speed of estimation, and as

a result there is error in estimation of the capacity and internal resistance. Fuzzy logic and

Neural Networks are not adaptive to changing environmental conditions. It is not possible to

train a neural network with all the possible combinations of operating conditions that the battery

can undergo. This explanation holds true for Fuzzy Logic based methods too because it is not

possible to cover all the possible operations of the battery using membership functions and rules.
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However, a combination of fuzzy logic and neural networks can be used. But this would require

extensive training of the network and detailed domain knowledge to set up correct fuzzy rules

and membership functions, which are time consuming, knowledge intensive, and tedious. The

CCCV, geometric and pulse discharge approach are all time consuming to perform. The curve

�tting approach is very restrictive to a particular battery at a particular operating point. As a

result, it cannot be generalized. The traditional EIS technique is an expensive technique and

requires a lot of computation to estimate the internal impedance of the battery. It also requires

the battery to be at rest before it is tested. Therefore, it is time consuming and cannot be used in

real time. There are modern techniques that use microcontrollers to inject send sinusoidal current

signals to the battery to obtain its frequency response. This frequency response is then analyzed

and the parameters of the RC equivalent circuit model are identi�ed. While this technique

is comparatively inexpensive, it still requires that the battery be injected with sinusoidal AC

signals that are superimposed on the current signals applied to the battery [26],[27], [28]. This

superimposition could potentially lead to incorrect estimation due to the shifting of the DC

impedance depending on the amplitude of the current being applied to the battery.

1.3 State of Function Estimation

The State of Function (SOF) of the battery is de�ned as the ability of the battery to support

a particular application in its current state [7]. This concept is mainly used to identify if the

battery can be used to power the application in its current SOC and SOH.

Often the SOF of the battery is de�ned on a digital scale i.e. the battery can either support

the application or it cannot.
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1.3.1 Factors that Affect the SOF of the Battery

Some of the factors that affect the SOF of the battery are the SOH, the SOC, the State of Power

(SOP), temperature and terminal voltage of the battery. The SOP of the battery is a concept

developed based on the amount of power that a battery could provide to support an application.

In [29], the possible outcomes of the SOF based on the SOC and the SOH of the battery are

described in Table 1.1. The results in this table are established assuming that the temperature

is constant. However, when the temperature changes, the rate of change of SOC and the rate

of change of the SOH are different. Thus, it can be inferred that the SOF of the battery is

directly related to the SOC, the SOH and the temperature of operation of the battery. Unlike

the permanent effect of temperature on the SOH of the battery, the effect of temperature on the

SOF of the battery is not permanent. Therefore, if the battery is in a temperature outside the

operating range de�ned by the manufacturer, the SOF of the battery maybe 0.

Table 1.1: Possible SOF Values for Different SOCs and SOHs

SOC/SOH SOH is low SOH is high
SOC is low SOF = 0 SOF = 0/1
SOC is high SOF = 0/1 SOF = 1

Even though there is a clear de�nition of the parameters that affect the SOF of the battery,

there are no reliable models that can be used to identify the sensitivity of the SOF of the battery

to its SOC, SOH and operating temperature.
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1.4 SOF Estimation Techniques

1.4.1 Power Demand Based Techniques

Power demand-based techniques uses the power demand of the application to determine the

SOF of the battery. Based on the state of charge of the battery, it is possible to obtain the open

circuit voltage of the battery from the VOC-SOC curve. Using the maximum change in the

voltage and the capacity of the battery at that time instant, the instantaneous power that can be

delivered can be calculated. Based on the amount of power that it can provide, it is possible to

determine if the SOF of the battery is 1 or 0.

1.4.2 Terminal Voltage Based Techniques

This technique is similar to the power demand-based technique. It uses the terminal voltage of

the battery to estimate the SOF of the battery. Based on historical information it is possible to

identify the amount of voltage that dropped during the previous use of the battery for the same

application. Based on the SOH of the battery, the current terminal voltage and the cutoff voltage

of the battery, it is possible to determine if the battery can be used to power the application. The

SOH of the battery is a very important factor in this estimation technique because it determines

the rate of decay of the battery's terminal voltage.

1.4.3 Limitations of the Current SOF Estimation Techniques

There does not exist a clear mathematical relationship between the SOC, the SOH, the tem-

perature and the SOF of a battery [29], [30]. This is because the SOF of a battery is very

application dependent. An example would be the use of a battery to power a radar system and a

backup system. The radar system requires really high current to be drawn from the battery in

10s where as the backup system draws a comparatively smaller current from the battery over
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10 minutes. The battery that is used for the backup system cannot be used to power the radar

system because it cannot deliver the required amount of power for the application. Therefore,

the state of function of the battery for the radar application is 0. However, it may still be able to

support the backup system for which the state of function of the battery is 1. Similarly, when the

battery is subjected to extreme ranges of temperature, the battery's state of function is affected.

Consider the battery used in an electric vehicle with the average driving range of 100 miles for a

full discharge. If the driver wishes to make a round trip of 90 miles then the SOF is 1. However,

if the temperature drops below the range of the nominal operating conditions of the battery, then

the capacity of the battery is affected. This reduces the driving range to 80 miles. Then the SOF

of the battery is 0 because it cannot support the application. Therefore, it is crucial to develop a

clear relationship between the SOF, the SOH, the SOC and the temperature of operation.

1.5 Outline and Contributions of this thesis

Currently, the determination of SOH of the battery is based on just two indices. These indices

may not represent the battery entirety. Therefore, more indices are needed to be identi�ed and

a comprehensive relationship must be established between the SOH of the battery and these

indices. Also, the effect of partial charging and discharging have not been considered on the

SOH of the battery.

The SOF of a battery is a very application speci�c concept. Therefore, there is a lack of

generic and reliable models that relate the SOC, the SOH, the operating temperature and the

SOF of the battery.

Interpreting the SOH from a �rst principle perspective provides key insights into the impact

of different operating conditions on the degradation of a battery. It also provides information

about the kind of degradation that is most likely to affect a battery and would lead to the concept

of State of Function (SOF) of the battery [4]. Determining and predicting the health of the battery

16



is crucial in understanding on how to best utilize the battery to meet the user's need. Without

prior knowledge of the SOH, it is possible to over or underutilize the battery which can lead to

disastrous consequences (e.g. thermal runaway) or high costs due to frequent replacements.

The contribution and innovation of this thesis is the bridging of the gap between material

science, electrochemical and electrical engineering. The 4DM provides a platform for to design

existing or new batteries using different materials, modeling their electrochemical reactions to

generate voltage pro�les and use the voltage and current pro�les to develop relationships between

material degradation, electrochemical reactions and voltage pro�les. This thesis explores the

the Lithium Nickel Manganese Cobalt Oxide battery's materials, electrochemical reactions and

electrical pro�les to study the sensitivity of the voltage and capacity of the assembled battery to

different kinds of degradation phenomena occurring to the materials of the battery. Research and

simulations have also been done to explore the impact that calendar aging has on the degradation

of the battery components.

The contributions of the 4DM are that it can save signi�cant time and resources and can

simulate the working of batteries of different sizes, shapes and chemistries without requiring

manufacturing. Real batteries' performance varies because of manufacturing variations and

differential aging. Battery testing can take years under �xed operating conditions to obtain

meaningful results. Accelerated aging cannot give a clear idea of the impact of the operating

condition because the battery is subjected to multiple operating conditions to age the battery

faster. But the 4DM can simulate exact operating conditions and perform experiments repeatedly

with minimum variation for better analysis and obtaining statistically signi�cant/meaningful

conclusion on the impact of operating conditions on the degradation of the battery. Because of

the ability of the 4DM, it is possible to improve repeatability of experiments. The 4DM can

speed up the time required to perform long drawn experiments and provide results in the matter

of few hours instead of years.

The state-of-the-art modeling is pseudo 3D and not true 3D and is not capable of simulating
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the behavior of the model over long periods of time. When compared with the state-of-the-art,

4DM is based on physics of operation and uses a layer-based modeling approach for high

resolution degradation modeling to highlight the progressive effects of degradation phenomena.

The 4DM can help simulate these effects because the components are modeled in layers to

provide the required resolution for the simulation of these phenomena.

The 4DM is designed to integrate the effect of temperature and other operating conditions

in the components of the battery. This feature would re�ect the impact that operating condi-

tions have on the different components of the battery and therefore the performance of the

battery. Therefore, the 4DM is capable of simulating the effect of operating conditions such as

temperature, C-rate, calendar aging, etc. on the components of the battery.

Performing real experiments to study and analyze the impact of partial charging and dis-

charging can be very time and resource consuming. It is also not possible to study the impact

the partial charging and discharging have on different components of the battery. As a result,

it may not be possible to obtain statistically signi�cant information to prove the hypotheses

on the effect of partial charging and discharging. With the 4DM, it is possible to simulate

different operating conditions, depths of discharge. The 4DM, being a simulator, has the ability

to provide repeatability and reproducibility of results and can therefore provide statistically

signi�cant information to draw conclusions on the effect of partial charging and discharging on

the performance and degradation of the battery and its components.

In real batteries, the observed degradation is a combination of multiple phenomena, thereby

making it dif�cult to diagnose the main contributor. Using the 4DM, it is possible to study

individual and combined impacts of different degradation phenomena. Using this knowledge, it

is possible to determine the sensitivity of the battery's performance to degradation of its different

physical components. This approach would provide a more wholistic de�nition of the SOH

instead of just the decrease in capacity and increase in internal resistance. With the improved

understanding of the SOH, degradation and utilization pattern, it is possible to more accurately
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determine the Remaining Useful Life (RUL) and the State of Function (SOF) of the battery.
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CHAPTER

2

BATTERY CHEMISTRIES AND PHYSICS

- BASED MODELING METHODS

A battery is made up of several components namely, the electrodes, the electrolyte, the separator

and the current collectors, as shown in Fig. 2.1. The electrodes of the battery host the materials

that undergo temporary chemical reactions to produce ions and electrons. Batteries consist of

two electrodes - the anode and the cathode. The anode of the battery is generally referred to as

the negative electrode. The cathode of the battery is considered to be the positive electrode and

the main source of ions.

The electrolyte of the battery is a conductive interface that allows the �ow of ions or electrons,
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Figure 2.1: Components of the battery.

depending on the kind of battery. There are three major properties of electrolytes that must be

considered when selecting an appropriate electrolyte - polarization potential, ionic conductivity

and electronic conductivity. The polarization potential determines the maximum potential drop

the electrolyte can handle before beginning to break down. The ionic conductivity determines

the ability of the electrolyte to conduct ions while the electronic conductivity determines the

ability to conduct electrons.

The separator in a battery plays the role of electrically isolating the anode and the cathode to

prevent an internal short of the battery. The separator is made of a porous material that is doused

in the electrolyte to enable movement of ions from one electrode to another while ensuring

electrical isolation.

The current collectors are thin metal plates that have very high conductivity. They serve

as an interface between the electrodes and the terminals of the battery and serve the purpose

of transferring electrical energy (in the form of electrons) into or out of the electrode material.

During discharging, the anode of the battery undergoes oxidation resulting in the loss of electrons.

The electrons �ow through the external/load circuit while the lithium ions �ow from the anode

to the cathode through the electrolyte. The cathode undergoes reduction by accepting electrons

and the lithium ion and thereby completing the circuit. The process is depicted in Fig. 2.2 and
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explained using the equations (2.1) and (2.2): At the cathode: (Gain of Electrons - Reduction)

Li(1� x)CoO2 + xLi+ + xe� *) LiCoO2: (2.1)

At the anode: (Loss of Electrons - Oxidation)

CnLix *) Cn + xLi+ + xe� : (2.2)

During charging, the electrons �ow in the opposite direction resulting in an oxidation reaction

at the cathode and reduction reaction at the anode.

Figure 2.2: Movement of ions and electrons during battery discharge. Popular Battery
Chemistries.
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2.1 Popular Battery Chemistries

There are a number of different battery chemistries that are being developed every day. The

popular ones are: Lead Acid (PbA/VRLA, etc.), Nickel Cadmium (NiCd, NiCad, etc.), Nickel

Metal Hydride (NiMH) and Lithium Ion. This subsection will discuss the working, advantage

and disadvantages of these battery chemistries.

2.1.1 Lead Acid

The Lead Acid battery uses Lead alloys (Pb) for electrodes and Sulfuric acid (H2SO4) for the

electrolyte. Lead-alloys are preferred over pure Lead because Lead, by itself, is a very soft metal

and would not be able to mechanically support itself as an electrode structure. Often elements

such as Antimony, Calcium, Tin and Selenium are used to create alloys to provide mechanical

stability. The major reactive electrode materials are a Lead alloy and Lead (II) Oxide alloy

(PbO2). The Lead alloy is the negative electrode and the Lead Oxide alloy is used at the positive

electrode. A separator is used to electrically isolate the positive and the negative electrode.

During battery discharge, the Lead and Lead Oxide alloys react with the Sulfuric acid to form

Lead Sulfate (PbSO4) and water (H2 O). The reactions at the positive and negative electrode are

given in equations (2.3) and (2.4): At the positive electrode: (Gain of Electrons - Reduction)

PbO2 + HSO�
4 + 3H+ + 2e� ! PbSO4 + 2H2O: (2.3)

At the negative electrode: (Loss of Electrons - Oxidation)

Pb+ HSO�
4 ! PbSO4 + H+ + 2e� : (2.4)
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These reactions cause a cell potential of 2.05V. In a typical lead acid battery, 6 cells are put

together in series to obtain a total voltage of 12V. The speci�c gravity of the Sulfuric acid is

often used as a gauge to determine the SOC of the Lead Acid battery. This can be inferred based

on the chemical reactions where the Sulfuric acid is consumed during discharge.

The advantages of Lead Acid batteries are: low cost, high reliability and tolerance to abuse

(overcharging), low internal impedance, can generate high C-rates. It is available in a wide range

of sizes and capacities based on the application requirement and is easily recyclable.

The disadvantages are: very heavy and bulky, the ef�ciency ranges between 70 -90%, can

overheat during charging, cannot be fast charged, typical life is between 300 to 500 cycles.

2.1.2 Nickel Cadmium

The Nickel Cadmium (NiCd) battery uses a Nickel (III) Oxy-Hydroxide (NiO(OH)) as the

positive electrode and Cadmium (Cd) as the negative electrode. The electrolyte in a NiCd battery

is an alkaline solution of Potassium Hydroxide (KOH). During discharge, the Cadmium in the

negative electrode reacts with the hydroxide ions (OH� ) in the electrolyte to form Cadmium

Hydroxide (Cd(OH)2), while the Nickel Oxide Hydroxide (NiO(OH)) reacts with the water

in the electrolyte to form Nickel Hydroxide (Ni(OH)2) and hydroxide ions. The Potassium

Hydroxide in the electrolyte helps ionize the water and generate the hydroxide ions for the

reaction to take place. The chemical reactions at the electrodes are given in equation (2.5) and

(2.6):

At the positive electrode: (Gain of Electrons - Reduction)

NiO(OH)+ H2O+ e� ! Ni(OH)2 + OH� : (2.5)
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At the negative electrode: (Loss of Electrons - Oxidation)

Cd+ 2OH� ! Cd(OH)2 + 2e� : (2.6)

These reactions cause a cell potential of 1.20V per cell. Often NiCd cells are connected in

series to make batteries of higher voltage ranges. Unlike the Lead Acid battery, the Potassium

Hydroxide electrolyte does not get consumed during the chemical reaction and therefore, cannot

be used as an indicator of the SOC of the cell. Therefore, a voltage-based estimation is required

to determine the SOC of the NiCd cell.

The advantages of Nickel Cadmium batteries are that they are rugged and can have very high

cycle count if they are maintained properly. They have high tolerance to abuse and fast charging

and can be stored at fully discharged state. They can be easily stored for long durations and can

perform well under low temperatures. Being low cost, it is often used in many applications and

can easily be created for different sizes.

One of the key disadvantages of the NiCd batteries is their memory effect. They need to be

regularly discharged all the way to 0% to ensure that the entire capacity is rejuvenated. The

other disadvantages of NiCd batteries are that they have a very low energy density compared to

the newer technologies in the market. Cadmium is a very toxic metal and recycling it can be

very problematic. NiCd batteries have very high self-discharge rate and very low voltage levels.

2.1.3 Nickel Metal Hydride

The Nickel Metal Hydride batteries are similar to the NiCd batteries, but they use a metal hydride

(MH) in as the negative electrode instead of Cadmium and NiO(OH) as the positive electrode.

The metal hydrides are usually alloys of metals such as Vanadium, Titanium, Zirconium, Nickel,

Chromium, Cobalt and Iron. During discharge, the Metal Hydride at the negative electrode

reacts with the hydroxide ions in the electrolyte to form the Metal and water. At the positive
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electrode, the NiO(OH) reacts with water to form Ni(OH)2 and generate a hydroxide ion. The

chemical reactions are given in equations (2.7) and (2.8): At the positive electrode: (Gain of

Electrons - Reduction)

NiO(OH)+ H2O+ e� ! Ni(OH)2 + OH� : (2.7)

At the negative electrode: (Loss of Electrons - Oxidation)

MH +( OH)� ! M + H2O+ e� : (2.8)

The reaction generates a voltage of 1.20V/cell. As a result, the NiCd and NiMH cells can be

used interchangeably because of their voltage limits. Similar to the NiCd, the KOH electrolyte

is not consumed during the reaction and therefore requires a voltage based SOC estimation to

determine the charge level of the cell.

The NiMH cells has all the advantages of the NiCd cells and some more. Even though NiMH

is very similar to the NiCd cell, it has a 30-40% higher capacity than the standard NiCd cell.

Unlike the NiCd cell, the NiMH is less toxic and less prone to the memory effect. These cells

can handle a wide range of temperatures and can be easily recycled for the Nickel content.

The NiMH cells are very sensitive to over-charge and over-discharge because they tend

to release hydrogen ions that can potentially destabilize the cell. They generate heat when

subjected to high C-rates of charging and discharging and can lead to dangerous situations

because of the involvement of hydrogen. The NiMH cells have high self-discharge rates and an

overall Coulombic ef�ciency of only 65%.
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2.1.4 Lithium Ion

Lithium is the smallest and most reactive metal in the periodic table thereby making it a suitable

candidate for usable in energy storage systems. The small size ensures the high reaction rates

and low activation energy which results in very high theoretical capacity i.e. 3860mA/g. In

lithium ion batteries, graphite is often used as anode material and a lithium metal oxide is used

as the cathode material. Lithium ion batteries voltages varies from 2V to 4.25V depending on

the cathode material used for the battery.

Lithium batteries have two major kinds of operation - deposition-based and intercalation

based. In deposition-based lithium batteries, the lithium ions are deposited on the surface of

electrodes. A major limitation of this type of batteries is that it can lead to dendrite formation.

Dendrites, a thin long wire-like structures, are formed due to the improper deposition of lithium

ions as a result of inappropriate utilization of batteries. These dendrites could grow and result in

piercing of the separator and cause internal shorting of the battery. Thus, lithium metal-based

batteries are not often used. The intercalation method involves lithium ions moving into the

electrode material and �lling in the lattice space/ structure to form temporary chemical bonds

with the electrode material. This method of operation is safer compared to lithium deposition

and is therefore adopted in most lithium ion-based batteries. There are different physics-based

models developed to represent the working of lithium ion batteries, based on intercalation, as

discussed in the following subsection.

2.2 Current Physics Based Models

Current physics based models of the battery are 1D [31], pseudo 2D [32] and pseudo 3D models

[33]. This section brie�y describes the design, operation, advantages and disadvantages of these

models.
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2.2.1 1D Model

In the 1D model, the battery is modeled as a line. The anode, the cathode and the separator are

modeled as line segments shown in Fig. 2.3.

Figure 2.3: 1D Model of a battery.

In this model, the current collectors are modeled as points on either end. During charging or

discharging, lithium ion �ows to the anode or cathode respectively through the separator. The

separator is assumed to be ideal. The model approximates the partial differential equations to

piece-wise linear equations and solves for the change in the concentration of the lithium ions

during the charging or discharging. This assumption thereby provides only steady state results

and is incapable of capturing transient changes in concentration. These transient concentrations

re�ect the rate of relaxation especially during operations of pulse charging or discharging. The

relaxation rate is used to determine the degradation that the electrolyte has undergone.

Conservation of Li in a single spherical particle of active material as per Fick's Laws of

Diffusion:

cs(r = 0) � cs(r) = ( Ir 2)=(2aFDsdRs); (2.9)

wherecs represents the concentration of the lithium ions in the solid electrode in mol/m3, Ds is

the solid phase diffusion coef�cient in m2/s, r is the distance from the center of the spherical

particle used to represent the electrode to a point on the radiusRs in m, I is the super�cial

current density in A/m2, a is the speci�c interfacial area in m2/m3, d is the thickness of the
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electrode and F is Faraday's constant (96,487 C/mol).

Open Circuit Potential at the cathode as a function of concentration for LMO:

f s+ = 4:19829+ 0:0565661tanh[� 14:5546y+ 8:60942]

� 0:0275479

"
1

(0:998432� y)0:492465� 1:90111

#

� 0:157123

e� 0:04738y8
+ 0:810239e� 40(y� 0:133875);

(2.10)

where,y is the amount of lithium inserted into the LMO electrode (LiyMn2O4). Open Circuit

Potential at the anode as a function of concentration for graphite:

f s� = � 0:16+ 1:32e� 3:0x + 10:0e� 2000:0x; (2.11)

wherex is the amount of lithium present into the graphite electrode (LixC6).

The change in potential is calculated using Ohm's Law, the conductivity of the materials

and the current applied to the battery [31].

The advantage of this technique is that it requires very little computation and can produce

results in the order of 10s of seconds. The disadvantage of this model is that it cannot simulate

the degradation of the different parameters of the battery. For example, the degradation of the

anode results in a difference in the distribution of current i.e. the current density. These effects

cannot be observed using the 1D model of the battery.

2.2.2 Pseudo 2D (P2D) Model

The pseudo 2D model represents the battery's electrodes as circles and uses the 1D cross section

of the battery to simulate the �ow ions during the charging or the discharging of the battery.

This is shown in Fig. 2.4. The model is called pseudo because the second dimension is along
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the radius of the electrode and not truly a second dimension. This model works similar to

the 1D model but also includes the effect of diffusion in the electrolyte and solid (electrode)

phases as well as the Butler Volmer kinetics for modeling the electrode kinetics. The model is

developed using partial differential equations that relate the concentration of lithium ions and

the potential in the electrode and electrolyte with the current �ow as time varies along the radius

of the particle and the length of the cell. There are two main concepts that are used to model

the electrochemical reactions using partial differential equations - conservation of mass and

conservation of charge. The conservation of mass and charge are applied to the solid electrode

and liquid electrolyte.

Figure 2.4: P2D Model of a battery.

Conservation of Li in a single spherical particle of active material as per Fick's Laws of

Diffusion:
¶cs

¶t
=

Ds

r
¶
¶r

�
r2¶cs

¶r

�
; (2.12)
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¶cs

¶r

�
�
�
�
r= 0

= Ds
¶cs

¶r

�
�
�
�
r= Rs

= �
jLi

asF
; (2.13)

wherecs represents the concentration of the lithium ions in the solid electrode in mol/m3, Ds is

the solid phase diffusion coef�cient in m2/s, r is the distance from the center of the spherical

particle used to represent the electrode to a point on the radiusRs in m,jLi is the volumetric rate

of electrochemical reaction at the surface of the particle in A,as is the spherical surface area of

the electrode interphase in m2 and F is Faraday's constant (96,487 C/mol).

Conservation of Li in the electrolyte as per Fick's Laws of Diffusion:

¶(eece)
¶t

=
¶
¶x

�
De f f

e
¶ce

¶x

�
+

�
1� t0

+

F

�
jLi ; (2.14)

¶ce

¶x

�
�
�
�
x= 0

=
¶ce

¶x

�
�
�
�
x= L

= 0; (2.15)

wherece represents the concentration of the lithium ions in the electrolyte in mol/m3, ee is the

electrolyte phase volume fraction,De f f
e is the effective diffusion coef�cient in the electrolyte

phase in m2/s calculated using the reference diffusion coef�cient of the electrolyte and the

volume fraction of the polymer solvent in the electrolyte (De f f
e = Dee

p
e ) to account for the

tortuous path taken by the Li ions while moving through the electrolyte,x is the position of the

particle in m at any time instantt, t0
+ is the transference number of Li ions with respect to the

velocity of the solvent andL is the length of the battery in m.

Conservation of charge in the electrode as per Ohm's Law:

¶
¶x

�
s e f f ¶ f s

¶x

�
� jLi = 0; (2.16)

� s e f f
�

¶ f s

¶x

�
�
�
�
x= 0

= s e f f
+

¶ f s

¶x

�
�
�
�
x= L

=
I
A

; (2.17)

¶ f s

¶x

�
�
�
�
x= d�

=
¶f s

¶x

�
�
�
�
x= d� + dsep

= 0; (2.18)
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wheres e f f represents the conductivity of the solid electrode material in S/m,f s is the potential

on the surface of the electrode in V,I is the current applied in A,A is the surface area of the

electrode in m2, d� is the thickness of the negative electrode in m anddsep is the thickness of

the separator in m.

Conservation of charge in the electrolyte as per Fick's Laws of Diffusion:

¶
¶x

�
k e f f ¶ f e

¶x
+ k e f f

D
¶lnce

¶x

�
+ jLi = 0; (2.19)

¶ f e

¶x

�
�
�
�
x= 0

=
¶f e

¶x

�
�
�
�
x= L

= 0; (2.20)

k e f f
D =

2RTk e f f

F
(t0

+ � 1)
�

1+
¶ln f�
¶lnce

�
; (2.21)

where,k e f f represents the effective ionic conductivity of the electrolyte in S/m,f e is the

electrolyte phase potential in V,cs;e is the concentration of lithium ions at the solid - electrolyte

interface in mol/m3, k e f f
D is the effective diffusional conductivity in S/m,R is the universal

gas constant in J/mol K,T is the temperature of operation of the battery in K andf� is the

electrolyte activity coef�cient that is unitless.

The partial differential equations described above are used to model the changes in concen-

tration and potential across the different phases of the battery. These variables are coupled to

using the Butler-Volmer electrochemical expression given in equation (2.22).

jLi = asi0

�
e

aaF
RT h � e� acF

RT h
�

; (2.22)

wherei0 is the exchange current density in A/m2, aa is the anodic coef�cient,ac is the cathodic

coef�cient andh is the overpotential of the cell given byh = f s � f e � U. U is the thermody-

namic equilibrium potential and is calculated as a function of the solid phase concentration of

lithium ions.
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The exchange current density is calculated using the concentration of the solid and electrolyte

phase with the formula in equation (2.23).

i0 = k(ce)aa(cs;max� cs;e)aa(cs;e)ac; (2.23)

wherek is the kinetic rate coef�cient and is unitless.

The terminal voltage of the battery is calculated using the difference between the surface

potentials at either electrodes and the potential drop due to the surface impedance of the

electrodes:

Vt = f s+ � f s� �
Rf

A
I; (2.24)

whereVt is the terminal voltage of the battery in V,f s+ is the potential on the surface of the

positive electrode/cathode in V,f s� is the potential on the surface of the negative electrode/

anode in V,Rf is the contact resistance between the current collector and the electrode surface

in Ohms.

Using these set of coupled partial differential equations and linear equations, it is possible

to model the behavior of the lithium ion battery in a pseudo-2D perspective. The advantage of

this model over the 1D model is that it can estimate the electrolyte concentration, electrolyte

potential, electrode potential and electrode concentration in the electrode and the electrolyte

potential and concentration in the separator. One of the disadvantages of this model is that it

cannot show the distribution of the current density on the surface of the electrode.

2.2.3 Pseudo 3D Model

The Pseudo 3D model is similar to the P2D model. It models the current �ow between the

electrodes like the 1D model and uses this current information to identify the temperature

distribution along the surface of the electrodes. The conservation of charge is used to model the
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current �ow on the surface of the electrode and the solution current.

Conservation of charge in the electrode and electrolyte:

I � i2 = � s Ñf s; (2.25)

with i2 = I at the boundary of the anode separator interface,i2 = 0 at the boundary of the cathode

separator interface, wherei2 is the current in the solution phase in A.

This approach models the electrode surface as a network of resistors to develop a current

�ow pattern on the surface of the electrode as well as generate a temperature distribution based

on the heat generated by the resistors [34].

Fig. 10 shows the schematic of the pseudo 3D model. The advantage of this model is that

it can simulate the growth of SEI and can highlight the temperature distribution along the

surface of the electrode. However, this model still does not address the current distribution in

the electrolyte.
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Figure 2.5: Pseudo 3D Model of a battery.
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CHAPTER

3

FIRST PRINCIPLE BASED

FOUR-DIMENSIONAL DEGRADATION

MODEL (4DM)

3.1 Capabilities of 4DM

The 4DM, because of the design, is capable of simulating:

• different battery chemistries,

• batteries of different capacities,
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• progressive component degradation,

• different operating conditions - C-rates, temperatures, depth of discharge, partial charging

and discharging effects,

• component degradation over time

This thesis has developed a 4DM computer simulation model for battery dynamics studies

under different degradation and operating conditions. The 4DM provides a platform to study

the sensitivity of the battery's rate of change of voltage and capacity with respect to the

degradation of different physical and electrochemical components. This feature/capability of

the 4DM enables users to better understand the impact of different operating conditions on the

degradation of their battery and determine appropriate use cases for their batteries to prolong

the remaining useful life.

The 4DM has an intuitive user-interface that assists the user to perform different tests on

the model under different operating conditions. The user interface is designed to be simple, yet

intuitive and capable of providing the user with suf�cient options to understand the working

of the 4DM with access to the core back-end tool with all the features. Fig. 3.1 shows the

user interface developed using COMSOL [35] that provides the user the ability to change the

battery capacity, discharging or charging current and operating temperature in the Cell Parameter

de�nition tab. The Simulation Parameters de�nition tab gives the user the option to select the

simulation start time, end time and time step as well as the option to simulate the operation of

the battery over calendar years.

3.2 Design of the Four-Dimensional Degradation Model (4DM)

The 4DM is a 3D degradation model of the battery represented against time. It provides the

ability to model the battery in 4 dimensions -x;y;zaxes and at any time instantt.
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Figure 3.1: The Graphical User Interface developed for the 4DM operation.

3.2.1 Software Selection - COMSOL

The First Principle-Based 4D Degradation Model (4DM) is a four-dimensional model of a

lithium ion battery developed using COMSOL Multiphysics, a general-purpose multiphysics

software used for modeling engineering applications [5]. COMSOL is chosen as the software

for the development of the 4DM because it provides a platform for component design, material

manipulation and application speci�c simulation options. COMSOL also has the ability to assist

in Graphical User Interface (GUI) development. It is capable of performing Computer Aided

Drafting (CAD) for component design in 1D, 2D and 3D. COMSOL also has a very wide

range of materials in its database that include properties speci�c to the application that is being

designed. It can assist with selecting appropriate simulation environments and methods that

are most suited for the application under consideration. COMSOL can also interact and can be

controlled from Matlab and therefore presents itself as the ideal tool for the development of the

4DM. Other software such as Solidworks, AutoCAD and SimMechanics and Virtual Reality

Toolkit in Matlab were considered but they did not meet the �exibility provided by COMSOL.

Fig. 3.2 describes the steps taken to select the appropriate software tool for the development of

the 4DM.
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Figure 3.2: Software selection logic �ow for 4DM.
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3.2.2 Design Parameters of the 4DM

The 4DM is designed based on the physics of operation of the battery, i.e., the actual components

such as anode, cathode, electrolyte, separator and current collector, are used to construct the

model. This particular approach is used to bridge the gap between material science, electro-

chemical and electrical engineering. From an electrical engineering perspective, the key aspects

that are used to qualify the battery are the voltage limits and the capacity of the battery. The

electrical aspects of the battery are determined by the electrochemical reactions that take place

inside the battery - which are determined based on the materials selected to make the battery.

Equation (3.1) describes the relationship between the capacity and the physical parameters of

the battery.

Q = desAFcs;max(q100� q0); (3.1)

whereQ is the capacity of the battery in Ah,d is the thickness of the electrode material in m,es

is the volume fraction of the electrode material,A is the surface area of the electrode material,

F is Faraday's constant (96,487C/mol),cs;max is the maximum concentration of Lithium ions

in the electrode material in mol/m3, q100 is the stoichiometry (relative concentration/quantity

expressed as a ratio between 0-1) of the electrode at 100% SOC andq0 is the stoichiometry of

the electrode at 0% SOC.

Evidently, the capacity of the battery depends on the volume of electrode material present

as well as the volume fraction of the electrode, i.e., the ratio of the total volume of active

material present to total volume of the electrode. Another aspect of the capacity is the maximum

concentration of lithium ions in the electrode surface as well as the stoichiometric coef�cients

q100 andq0. These parameters determine the maximum lithium ions that the electrode can

possibly hold.q100 is usually lesser than 1 andq0 is greater than 0 because at any point of

time, there has to be some lithium ions at either electrodes. Complete deionization can lead

to failure of the battery due to the collapse of the lattice structure of the electrode as well as
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increase the resistance to the �ow of ions due to the concentration gradient. These limits are

highly dependent on the electrode material selected to make the battery.

The terminal voltage of the battery is determined by the voltage generated due to the

intercalation of lithium ions into the electrode material. Thus, the concentration of lithium ions

on either electrode determines the potential on the surface of the electrode. The formula to

calculate the terminal voltage of the battery is given in equation (3.2).

Vt = f s+ � f s� �
Rf

A
I; (3.2)

whereVt is the terminal voltage in V,f s+ is the surface potential on the cathode in V,f s� is

the surface potential on the anode in V andRf is the contact resistance between the current

collectors and the electrodes inW/m2.

Cathode

The cathode material in lithium ion batteries is often a lithium metal oxide compound. The

cathode determines the voltage range of the battery. TABLE 3.1 highlights the different cathode

materials that are used in Lithium Ion Batteries and their speci�cations. Fig. 3.3 represent the

voltage pro�le that different cathode materials have under different concentration of lithium

ions. Lithium Iron Phosphate (LFP) and Lithium Titanate (LTO) have the �attest voltage pro�les

of the materials considered. Having a �at voltage pro�le is a very important because an ideal

battery is able to generate current at a constant voltage. However, for estimation and analysis

purposes, battery chemistries such as Lithium Nickel Cobalt Aluminum (NCA) or Lithium

Nickel Manganese Cobalt (NMC) are preferred because of their roughly linear change in voltage

levels for change in concentration of lithium ions.
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Figure 3.3: Voltage vs SOC of different cathode materials.

Table 3.1: Cathode Materials and their speci�cations

LCO LMO NMC
Voltage(V) 4.3-2.4V 4.25-3.6V 4.25-3.5V

Speci�c Energy (Wh/kg) 150-200 100-150 150-220
Cycles 500-1000 300-700 1000-2000

Thermal Stability 150� C 250� C 210� C
C-rate <=1C <=10C <=2C

LFP NCA LTO
Voltage(V) 3.5-3.2V 4.3-3.2V 2.2-1.2V

Speci�c Energy (Wh/kg) 90-120 200-260 50-80
Cycles 1000-2000 400-500 3000-7000

Thermal Stability 270� C 150� C 170� C
C-rate <=1C <=1C <=10C

Legend: LCO - Lithium Cobalt Oxide, LMO - Lithium Manganese Oxide, NMC - Lithium
Nickel Manganese Cobalt Oxide, LFP - Lithium Iron Phosphate, NCA - Lithium Nickel Cobalt
Aluminum Oxide, LTO - Lithium Titanate Oxide
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Anode

The anode material for Lithium ion batteries are usually selected based on their ability to form

temporary bonds with the lithium ions, i.e., very high ionic conductivity. Another key aspect

that is required of a suitable anode material is its intercalation expansion capability without

cracking or deformation. Based on these properties there are two major types of anode materials

- lithium metal-based and graphite-based anodes.

Lithium Metal Anode

Lithium metal forms a very good anode material for lithium ion batteries because of its high

speci�c capacity (3860mAh/g), low density (0.59g/cm3) and lowest negative electrochemical

potential with hydrogen (-3.040V). However, using Lithium as an anode material results in

very high dendrite formation and low Coulombic ef�ciency. Dendrite formation can lead to

internal shorting of the battery and result in catastrophic failure and thermal runaway. As a

result, Lithium metal is not considered for anode materials [36].

Graphite Anode

Graphite as an anode material consists of parallel sheets called graphene layers or sheets.

Graphite is often considered the best anode material for lithium ion batteries because of its

low cost, non-toxicity, high volumetric capacity, �at voltage pro�le and lowest average voltage

(150mV vs Li/Li+ ) [37]. The ability of graphite to form thin, light-weight sheets makes it an

ideal candidate for the anode. It also has the ability to expand without cracking to accommodate

intercalating Lithium ions during charging and discharging reactions. Fig. 3.4 shows the potential

drop at the graphite electrode depending on the concentration of lithium ions that are intercalated

into it. As the concentration of the lithium ions increase, the battery is getting charged, and the

voltage on the anode decreases. This causes the net voltage of the battery to increase as shown

in equation (3.2). When the battery begins to discharge, lithium ions �ow out of the graphite

electrode and cause the potential of the graphite electrode to increase. It can be observed that
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Figure 3.4: Graphite voltage (y-axis) vs SOC (x-axis).

the concentration of lithium ions in the anode should never go to zero because this would result

in deep discharge of the battery and cause irreversible damage to the anode and prevent it from

accepting any more lithium ions.

Electrolyte

The electrolyte of Lithium ion batteries must have very high ionic conductivity and very low

electronic conductivity. The low electronic conductivity is to ensure very low self-discharge

as well as potential side reactions that may occur due to the availability of free electrons and

ions. The high ionic conductivity determines the C-rate at which the battery can be charged

and discharged without undergoing signi�cant degradation. The di-electric coef�cient of the

electrolyte needs to be considered to determine the maximum and minimum voltage drop

across the electrolyte - which could contribute to the internal resistance of the battery. The most

common electrolyte used in Lithium ion batteries is the Lithium Hexa Fluro Phosphate (LiPF6)

dissolved in a 1:2 solution of Ethylene Carbonate (EC) and DiMethyl Carbonate (DMC). The

EC has a very high dielectric coef�cient and therefore allows easy dissociation of LiPF6 and

smooth �ow of lithium ions and provides very low resistance [38].
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Table 3.2: Physical Parameter of 4DM of a Li-Ion battery under study.

Parameter Variable Name Dimension
Height of battery H 111mm
Width of battery W 105mm

Thickness of electrode delectrode 1.45mm
Thickness of electrolyte delectrolyte 6mm

Current Collectors

Current collectors are metals that have very high electronic conductivity and are used to collect

the current �owing through the external circuit and pass it along to the electrode material with

minimal loss. In Lithium ion batteries, the current collector at the anode is usually Copper and

the current collector at the cathode is usually Aluminum. Copper and Aluminum are selected

because of their low cost and high conductivity. Aluminum is selected as the current collector

for the cathode because of its high oxidation potential (5V vs Li/Li+ ) i.e. the voltage required

to convert metallic Aluminum to Aluminum ions. Copper, on the other hand, is used at the

anode because it has a high reduction potential (3V vs Li/Li+ ) meaning that the voltage at the

anode needs to reach at least 3V to convert the metallic Copper to Copper ions. Based on the

current materials being used for cathode and anode, it can be seen that the maximum voltage

that the cathode experiences is 4.3V and the maximum voltage that the anode experiences is

2.8V. Therefore, unless the battery is overcharged or over-discharged, Aluminum and Copper

can be safely used as current collectors [39].

3.2.3 Single Layer Single Electrode Model

Based on the discussion in the previous section, a battery was designed using a NMC cathode,

a Graphite anode, a LiPF6 in 1:2 solution of EC:DMC and Copper and Aluminum current

collectors. The table below describes the physical dimensions of the battery.
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Figure 3.5: Simulation logic �ow for 4DM.
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Table 3.3: Electrochemical Parameters of 4DM of a Li-Ion battery under study.

Parameter Variable Name Dimension
Total concentration cre f 31507mol/m3

of Lithium ions
Maximum concentration csmax;neg 26390mol/m3

of Lithium ions in the
negative electrode

Initial concentration cs0;neg 22055mol/m3

of Lithium ions in
the negative electrode
Initial concentration cs0;pos 3991mol/m3

of Lithium ions in
the positive electrode
Initial concentration cl0 1000mol/m3

of Lithium ions in
the electrolyte

Anode conductivity ss;a 100S/m
Cathode conductivity ss;c 3.8S/m

Temperature of operation T 293.15K
Volume Fraction of anode es;a 0.384

Capacity Q = AFes;adelectrodecsmax;neg 4.6Ah
Current Collector Contact Resistance Rf 0.0001Wm2

Initial SEI thickness SEI0 100nm
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Figure 3.6: Model Builder View for Geometry generation.

Using the parameters described above, a single layer single electrode model was created.

The single layer single electrode model was developed as a proof of concept to test the validity

of the parameters discussed above.

To develop this model, a 3D model wizard is selected. Using the wizard, a Lithium Ion

Battery Physics model is selected to determine the appropriate components that could be used

to build the model. On selecting the Lithium Ion Battery Physics model, a Time Dependent

Study with Initialization is selected to simulate the time dependent behavior of the battery

under different operating conditions that can be included in the initialization aspect of the

study. On selecting the study, the model builder is initialized in the Geometry builder mode as

shown in Fig. 3.6. In the Geometry section, work planes are created to design the 2-D model

of the electrodes. In the work plane, a plane geometry is created where the 2-D version of the

electrode is generated using the physical parameters listed in TABLE 3.2. An extrude operation

is performed on the work plane that is the thickness of the electrode to represent the electrode

of the battery in 3D. Similar work planes are created for the other electrode and the electrolyte

to generate the 3D model of the battery as shown in Fig. 3.7. Fig. 3.8 presents the �owchart that

explains the geometry design of the single layer single electrode model.

On creating the 3D model of the battery, the electrochemical components of the battery need
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Figure 3.7: Single Layer Single Electrode Model.
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Figure 3.8: Geometry design logic �ow for 4DM.
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to be assigned to the model. The porous electrode domain is used to represent the electrode and

the electrolyte in the pores of the electrode. Since, in Lithium Ion Batteries, both electrodes are

in contact with the electrolyte, the porous electrode domain is selected. This porous electrode

domain takes into account the charge balance in the electrode phase and the electrolyte in

the pores of the electrode. In the porous electrode domain, there are two attributes that are

available to de�ne the electrode kinetics and species transport. The electrode kinetics are de�ned

by the porous electrode reaction attribute and provides the ability to de�ne and model the

electrode kinetics during the charge transfer reactions i.e. charging or discharging. The species

transport properties are used to de�ne the models used to represent the movement of lithium ions

during the charging and discharging of the battery. Since lithium ion batteries use intercalation

of lithium ions instead of deposition, the intercalation properties and the species transport

properties are setup in the Particle Intercalation attribute. Simple Butler-Volmer reaction kinetics

were used to represent the current �ow as de�ned in Equation (2.22). This porous electrode

domain is assigned to the negative electrode or the anode by selecting the domain on the 3D

geometry as well as initializing the material associated with the domain. The temperature of

operation is set to 293.15K (20� C) and the electrolyte and electrode materials are set to LiPF6

and Graphite as discussed in the previous section. Similarly, a porous electrode is de�ned for

the cathode. For this model, the default material properties and simple Butler-Volmer reaction

kinetics were used to check the feasibility of the approach. Fig. 3.9 and Fig. 3.10 show the �ow

chart that describe the procedure to select the appropriate components for the model and the

initialization of the electrodes.The porous electrode settings window for the anode is shown in

Fig. 3.11.

Once the electrodes have been de�ned, a reference ground boundary needs to be declared for

potential drop measurement. The surface of the anode is used as the reference ground and the

potential is measured across the surface of the cathode with reference to the surface of the anode.

This de�nition is purely for measurement purposes and will not affect the potential generated by
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Figure 3.9: Lithium Ion Battery component selection logic �ow for 4DM.
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Figure 3.10: Lithium Ion Battery electrode initialization logic �ow for 4DM.
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Figure 3.11: Porous electrode settings for the anode.

the anode due to lithium ion intercalation. The cathode surface is used to declare the electrode

current, i.e., the applied current on the terminals of the battery. The cathode is selected because

the anode is declared as the reference ground and applying a current on the anode would result

in "shorting" of the current source and ground.

A current pulse of 1C (4.6A) was used to pulse discharge the battery for a period of 600s

and then the battery was allowed to rest for another 600s for 3600s as shown in Fig. 3.12. This

pulse discharge experiment was conducted to determine if the model was able to replicate the

discharge and relaxation curve of a real lithium ion battery. A variable was initialized in the

Global De�nitions section to de�ne the current that needs to be applied on the battery.

Fig. 3.13 shows the voltage response of the model developed in COMSOL when compared

with the voltage obtained from performing a pulse discharge experiment on a real battery. The

model parameters such as electrolyte concentration, anode concentration, initial SEI thickness

were modi�ed to determine the right parameter combination that ensured that the COMSOL

model results closely represented the results obtained from the experimental data. From Fig.
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Figure 3.12: Pulse Discharge Current of 1C (4.6A) used to discharge the battery model.

3.13, it can be observed that the COMSOL model provides almost the same results as the real

battery and therefore can be used as a good representative of the battery for future simulations.

The R2 value of the experimental data and the COMSOL result was obtained to be 0.99. The R2

�t is shown in Fig.3.14.

Figure 3.13: Terminal Voltage (V) vs Time (s) to compare performance of COMSOL model
and experimental data.
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Figure 3.14: R2 �t of Terminal Voltage from COMSOL and Experiment.

3.2.4 Single Layer Multi-Electrode Model

Using the single layer single electrode model, the single layer multi-electrode model was

developed. In this model, the anode and the cathode were split into two parts as shown in Fig.

3.15. This model is developed by dividing the anode and the cathode electrodes in the Geometry

section. Once the geometric design of the model is completed, another porous electrode domain

is declared to represent the second anode with the same properties as the single layer single

electrode model. The cathodes are all modeled as one cathode domain. The terminal voltage of

the battery is determined by the difference in the voltage at the cathode domain and the average

voltage drop across the anode domain. The average voltage on the surface of the anode material

is used so as to represent the overall characteristics of the cell. Since no degradation phenomena

are simulated, the voltages at both anode domains are the same and therefore the average voltage

is equal to the individual voltage at each anode domain. Similar experiments were performed

where the number of electrode materials were increased. Fig. 3.16 shows the �nal single layer

multi electrode model that was developed.
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Figure 3.15: Single Layer Two Electrode Model.

Figure 3.16: Single Layer Multi Electrode Model.
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Figure 3.17: The 4DM with multiple layers and multiple electrode materials.

3.2.5 Multi-Layer Multi-Electrode Model

The single layer multi-electrode model is expanded to a multi-layer, multi-electrode model to pro-

vide higher resolution for degradation modeling. The purpose of this multi-layer multi-electrode

model is to simulate differential degradation that the battery undergoes and to understand the

relationship between partial component degradation and battery performance. This would help

understand the effect of partial charging and discharging and provide insights into optimal

battery utilization for improved remaining useful life. Fig. 3.18 shows the steps involved in

updating the single layer single electrode 4DM into a multi electrode multi layer version of the

4DM. Fig. 3.17 shows the 4DM with multiple layers and electrode materials.
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Figure 3.18: Model update logic �ow for 4DM.
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CHAPTER

4

DEGRADATION PHENOMENA &

SENSITIVITY ANALYSIS

4.1 Battery Aging

The aging process of the battery begins as soon as it is assembled and continues until it reaches

its end of life. There are two types of aging that the battery undergoes - calendar aging and

operational aging. Calendar aging happens regardless of whether the battery is being used or if

it is sitting idle. Operational aging happens when the battery is subjected to some external force

in the form of charging or discharging currents, varying temperature or other physical forces.
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However, the impacts of these aging phenomena in the literature so far have been typically

represented using only two indices - capacity and internal resistance of the battery. This results

in a many to one mapping, making it hard to determine the cause of the degradation. Fig. 4.1

shows the components that different operating conditions have an impact on. The impact that

partial charging/discharging has on the components of the battery is still not clearly researched

and studied because of the variability associated with experiment design, the requirement of

resources and the manufacturing differences associated with battery development.

4.2 Three Major Classes of Degradation

There are three major classes of degradation phenomena in a battery viz. (1) loss of active

material, (2) loss of lithium inventory, and (3) side reactions. The following section will discuss

the different kinds of degradation phenomena in each of these classes.

4.2.1 Loss of active material

The loss of active material refers to the degradation of active electrode material that can react

with lithium ions to generate electrons. Some of the common degradation phenomena under

the loss of active material class are micro-cracking, exfoliation, structural changes and binder

degradation. Micro-cracking refers to the small cracks that happen to the electrode when they

expand due to exposure to high temperatures. Another cause of micro-cracking is the use of

high charging and discharging currents. Exposure to high charging and discharging currents can

lead to irregular expansion of the electrode to accept the fast-moving lithium ions and can result

in cracking. Exfoliation refers to the loss of the graphite electrode due to its reaction either with

the SEI or the electrolyte to form irreversible chemical compounds and therefore, reducing the

available graphite to react with the lithium ions during the charging/discharging reactions to

generate current.
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Figure 4.1: Impact of operating conditions on battery components.
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Figure 4.2: Representation of structural changes that can happen to the anode of the battery.

Structural changes refer to the changes in the macrostructure as well as the microstructure of

the electrode. When exposed to charging and discharging, the battery's anode is more susceptible

to changes in its structure because of its need to expand to accommodate the intercalating lithium

ions. When designed the battery's anode is similar to Fig. 2.1. However, as the battery begins

to be used, the structure of the anode starts changing either due to wear and tear or as a result

of cracking. This would result in a structure similar to Fig. 4.2 and exposing a larger area of

the electrode material to the electrolyte and provide a path with increased resistance to the

intercalating lithium ions.

Binder degradation is similar to the structural changes but the loss of the binding material

that holds the electrode in position. This degradation can result in the movement of the electrode

material and thus result in lesser electrode material available to react with the lithium ions to

generate current.

4.2.2 Loss of Lithium inventory

The loss of lithium inventory means the loss of lithium ions that are capable of reacting

with either electrodes to produce/accept energy. Phenomena such as lithium plating and gas

evolution are some of the common situations that result in the loss of lithium inventory. Lithium
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plating happens when the lithium ion is unable to intercalate into the electrode and instead

gets deposited on the surface of the electrode and forms an irreversible chemical compound

with the electrode material. When the battery is exposed to high charging/discharging rates, the

electrolyte experiences a sudden change in potential across it. This sudden change in potential

can force the electrolyte to react with the lithium ions that are trying to move from one electrode

to another to form a permanent chemical compound.

4.2.3 Side Reactions

Side reactions are phenomena that occur that cause unplanned/unintentional degradation of the

components of the battery. Examples of side reactions are growth of Solid Electrolyte Interface

(SEI), breaking down of SEI, loss of contact between electrode materials and current collectors

and corrosion of current collectors. The Solid Electrolyte Interface (SEI) is a passivating

layer that is designed by the manufacturer during the creation of the battery to isolate the

electrode from the electrolyte. However, if the battery is exposed to high temperatures or high

charging/discharging rates, the electrochemical reactions inside the battery change and result in

loss of lithium inventory. It is possible that due to high C-rate operation of the battery that the

lithium ions react with the SEI and cause it to break down. This reaction exposes the anode to

the electrolyte and results in the formation of passive chemical compounds. Similarly, if the

electrode material under goes mechanical stress due to the operation of the battery and gets

detached from the current collector, there is an increase in the resistance to the �ow of electrons

from the electrode to the current collector. Overcharging and over discharging of the battery

can cause the current collectors to react with the electrode and the electrolyte and corrode. This

corrosion would lead to the formation of a passivation layer between the electrode and the

current collector and increase the resistance to the �ow of electrons.
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4.3 Sensitivity Analysis

Sensitivity analysis refers to the study of the relationship between the uncertainty in the output

system and the uncertainty in the input to the system. One of the advantages of the 4DM is

its capability to simulate the performance of the battery under the variation of one or many

individual parameters used to model the battery. The following subsections will discuss the

parameters of the 4DM model, the role they play in the performance of the battery and the

sensitivity of the battery's performance, in terms of voltage and capacity response, to the

degradation of that particular parameter. The battery was discharged from 100% SOC at a

C-rate of 0.4C for a time period of 4500s or until the cut-off voltage (3.5V) is reached. These

parameters were set up to remain the same across all the experiments to provide a platform to

draw conclusions between the sensitivities to the degradation of different components of the

battery. The values of these components are degraded by 10% steps to determine the sensitivity

of the battery.

4.3.1 Anode concentration degradation

Anode concentration degradation refers to the decrease in the concentration of lithium ions that

can intercalate into the anode. The intercalation of lithium ions into the anode will allow the

completion of the electrochemical reaction and the formation of a temporary bond between the

anode and the lithium ions. The formation of the temporary bond results in an increase in the

terminal voltage, the �ow of current and the storage of charge.

As shown from equations (2.16), (2.13), (2.22), (2.23) and (3.2), the concentration of lithium

ions determines the voltage on the surface of electrodes and the capacity of the battery. The

sensitivity of the battery's voltage and capacity to anode concentration is tested by varying the

csmax;neg1 from csmax;neg to 0.1csmax;neg. Fig. 4.3 shows the voltage response of the battery when

the concentration of the anode is decreased. It can be observed from this �gure that the battery's
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Figure 4.3: Terminal Voltage vs Time for Anode Concentration Degradation.

capacity is decreasing because the terminal voltage is reaching the cut-off voltage faster. It

is apparent from Fig. 3.4 that as the concentration of lithium ions in graphite decreases, the

potential drop increases because the loss of lithium ions reduces the ability of the battery to

undergo electrochemical reactions.

Using equation (2.16), (2.22) and (2.23) we can determine the relationship between the

terminal voltage drop and the change incsmax;neg. Substituting (2.23) in (2.22) and (2.22) in

(2.16), we get,

¶
¶x

�
s e f f

�
¶ f s�

¶x

�
= ask(ce)aa(csmax;neg� cs;e)aa(cs;e)ac

�
e

aaF
RT h � e� acF

RT h
�

; (4.1)

By integrating on both sides, we get,

s e f f
�

¶ f s�

¶x
=

Z L

0
ask(ce)aa(csmax;neg� cs;e)aa(cs;e)ac

�
e

aaF
RT h � e� acF

RT h
�

¶x; (4.2)

From equation (2.17) and integrating equation (4.2), we get

s e f f
� f s� (x = Rs� ) =

I
A

�
I
A

+ :::

:::askRs� (ce)aa(csmax;neg� cs;e(x = Rs� ))aa(cs;e(x = Rs� ))ac

�
e

aaF
RT h � e� acF

RT h
�

;
(4.3)
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On solving, we get,

f s� (x = Rs� ) =
askRs�

s e f f
�

(ce)aa:::

:::(csmax;neg� cs;e(x = Rs� ))aa(cs;e(x = Rs� ))ac

�
e

aaF
RT h � e� acF

RT h
�

;

(4.4)

Similarly, the equation forf s+ is obtained as shown in equation (4.5)

f s+ (x = Rs+ ) =
askRs+

s e f f
+

(ce)ac(csmax;pos� cs;e(x = Rs+ ))ac:::

:::(cs;e(x = Rs+ ))aa

�
e

acF
RT h � e� aaF

RT h
�

;

(4.5)

To determine the sensitivity of the terminal voltage (Vt) to the change in anode concentration

(csmax;neg), equation (4.4) is substituted in equation (3.2) and differentiated with respect to

csmax;neg.

Vt = f s+ �
askRs�

s e f f
�

(ce)aa(csmax;neg� cs;e(x = Rs� ))aa:::

:::(cs;e(x = Rs� ))ac

�
e

aaF
RT h � e� acF

RT h
�

�
Rf

A
I;

(4.6)

dVt

dcsmax;neg
=

df s+

dcsmax;neg
�

df s�

dcsmax;neg
�

Rf

A
dI

dcsmax;neg
: (4.7)

dVt

dcsmax;neg
= �

askRs� aa

s e f f
�

(ce)aa(csmax;neg� cs;e(x = Rs� ))aa� 1:::

:::(cs;e(x = Rs� ))ac

�
e

aaF
RT h � e� acF

RT h
�

:

(4.8)

From equation (4.8) , it can be observed that the change in terminal voltage is inversely

proportional tocsmax;neg. Therefore, when there is a decrease in the anode concentration there is

a polynomial decrease in the terminal voltage.

Let csmax;neg be denoted byx, cs;e(x = Rs� ) be denoted byb,
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Figure 4.4: Relation of change of terminal voltage to anode concentration vs anode concentra-
tion.

askRs� aa

s e f f
�

(ce)aa

�
e

aaF
RT h � e� acF

RT h
�

be denoted bymand 1� aa bek. Then we get,

dVt

dx
= �

m
(x� b)k : (4.9)

Using Taylor series expansion, we get,

dVt

dx
= � m

�
1

(� b)k �
k(x� b)

1!(� b)k+ 1 +
k(k� 1)(x� b)2

2!(� b)k+ 2 + :::
�

: (4.10)

Using the curve �tting toolbox in Matlab, a 2nd order polynomial was selected to represent

the relationship between the change inVt with respect to change incsmax;neg from 0.1csmax;neg

to csmax;neg and the relationship is described in equation (4.11). The R2 �t for this 2nd order

polynomial was 0.9985. Therefore, a second order polynomial can be used to represent the

sensitivity of the terminal voltage to the change in the anode concentration as shown in equation

(4.11) and Fig. 4.4.

Models of higher order would result in very small increase in R2 value with unnecessary
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increase in complexity and could also result in over �tting.

dVt

dcsmax;neg
= � 1:086+ 2:429csmax;neg� 1:37csmax;neg

2: (4.11)

Similarly, the relationship between the capacity degradation and the concentration of the

anode is given in equation (4.12).

Q = desAFcs;max(q100� q0): (4.12)

Since the electrode under consideration is the anode, the formula can be written as

Q = desAFcsmax;neg(q100� q0): (4.13)

By differentiating the capacity with respect to the anode concentration, we can determine

the relationship between the change of capacity to change in anode concentration to be,

dQ
dcsmax;neg

= desAF(q100� q0): (4.14)

Equation (4.14) shows that the relationship between the change in the capacity of the battery

and the change in the anode concentration is a linear relationship. The sensitivity of the capacity

to the change incsmax;neg for the 4DM is shown in equation (4.15). The R2 �t for this curve was

0.9727.

Q = 6:47csmax;neg� 1:47: (4.15)

The data obtained from the 4DM and the linear �t of the data obtained from the 4DM are

shown in Fig. 4.5.
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Figure 4.5: Capacity degradation due to anode concentration degradation.

4.3.2 Anode conductivity /volume fraction degradation

Anode conductivity/volume fraction degradation is a method that has been adopted in this thesis

to simulate the loss of active material. Since the 4DM cannot reconstruct/modify the structure

of the battery at run time, the degradation of the anode is simulated using the decrease in anode

conductivity/volume fraction. The volume fraction is the ratio of the volume of active material

present to the total volume of the electrode. The conductivity of the anode determines the

resistance it offers to the reaction with lithium ions and electrons to accept or release charge.

The effective anode conductivity can be represented as

s e f f
� = es;� � s � ; (4.16)

wherees;� is the volume fraction of the anode ands � is the conductivity of the anode material

in S/m ands e f f
� is the effective anode conductivity based on the volume of material available in

S/m.

Therefore, a decrease in the anode conductivity due to decrease in the volume fraction
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represents the loss of active material available for the lithium ions to bond with and generate

electrons.

Using equations (4.4) and (4.6), we can determine the sensitivity of the terminal voltage to

the change in anode conductivity.

Vt = f s+ �
askRs�

es;� � s �
(ce)aa(csmax;neg� cs;e(x = Rs� ))aa:::

:::(cs;e(x = Rs� ))ac

�
e

aaF
RT h � e� acF

RT h
�

�
Rf

A
I;

(4.17)

dVt

des;�
=

df s+

des;�
�

df s�

des;�
�

Rf

A
dI

des;�
; (4.18)

dVt

des;�
= �

askRs�

e2
s;� � s �

(ce)aa(csmax;neg� cs;e(x = Rs� ))aa:::

:::(cs;e(x = Rs� ))ac

�
e

aaF
RT h � e� acF

RT h
�

;
(4.19)

dVt

des;�
= f

�
1

e2
s;�

�
; (4.20)

From equation (4.20), it can be observed that the rate of change of terminal voltage with respect

to the change in the volume fraction is inversely proportional to the square of the volume

fraction.

For ease of representation, let the numerator of equation (4.19) be represented by constant

k.Therefore, equation (4.19) can be rewritten as,

dVt

des;�
=

k
e2

s;�
; (4.21)

On analyzing the data obtained from the 4DM using the curve �tting toolbox in Matlab, the
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Figure 4.6: Terminal Voltage vs time for Anode Volume Fraction Degradation.

relationship obtained is shown in equation (4.22). The R2 �t for the curve was 0.9952.

dVt

des;�
=

� 0:003015
e2

s;�
; (4.22)

Similarly, the capacity degradation due to anode conductivity degradation can be determined

using equation (4.23).

Q = desAFcs;max(q100� q0): (4.23)

From equation (4.23), it can be determined that the capacity of the battery has a direct

relationship to the volume fraction of the electrode.

4.3.3 Electrolyte salt diffusion coef�cient degradation

The salt diffusion coef�cient of the electrolyte de�nes the maximum rate of diffusion that is

possible in the electrolyte. The diffusion coef�cient's relationship with the temperature and
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Figure 4.7: Change of terminal voltage to anode volume fraction vs anode volume fraction.

electromotive force (EMF) applied is given by the Stokes-Einstein equation.

D = mkBT: (4.24)

where,D is the diffusion coef�cient,mis the mobility of the particle (m= vd
V ), vd is the drift

velocity in m/s,V is the EMF applied in V,kB is the Boltzmann constant in J/K andT is the

temperature in Kelvin.

Using equation (2.14),

¶(eece)
¶t

=
¶
¶x

�
De f f

e
¶ce

¶x

�
+

�
1� t0

+

F

�
jLi ; (4.25)

and givenDe f f
e = Dee

p
e , then equation (4.25) can be written as

¶(eece)
¶t

=
�

De f f
e

¶2ce

¶x2

�
+

�
1� t0

+

F

�
jLi ; (4.26)
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For a constantjLi , if ep
e decreases then¶(eece)

¶t will decrease. Integrating (56) we get,

eece =
Z  �

De f f
e

¶2ce

¶x2

�
+

�
1� t0

+

F

�
jLi

!

¶t; (4.27)

eece = Deep
e

Z ¶2ce

¶x2 ¶t +
Z �

1� t0
+

F

�
jLi¶t; (4.28)

eece = Deep
e

¶2ce

¶x2 t +
Z �

1� t0
+

F

�
jLi¶t; (4.29)

Integrating on both sides with respect to x we get,

ZZ
eece¶x¶x = Deep

e cet +
ZZZ �

1� t0
+

F

�
jLi¶t¶x¶x; (4.30)

eecex2 = Deep
e cet +

ZZZ �
1� t0

+

F

�
jLi¶t¶x¶x; (4.31)

eecex2 � Deep
e cet =

ZZZ �
1� t0

+

F

�
jLi¶t¶x¶x; (4.32)

ce

�
eex2 � Deep

e t
�

=
ZZZ �

1� t0
+

F

�
jLi¶t¶x¶x; (4.33)

ce =
1

�
eex2 � Dee

p
e t

�
ZZZ �

1� t0
+

F

�
jLi¶t¶x¶x; (4.34)

Therefore, whenep
e decreases then(eex2 � Dee

p
e t) increases andce decreases. From (4.34)

and (2.19), for constantjLi, the decrease ince will cause an increase in thef e to balance the

equation.
¶
¶x

�
k e f f ¶ f e

¶x
+ k e f f

D
¶lnce

¶x

�
+ jLi = 0; (4.35)

�
k e f f ¶

2f e

¶x2 + k e f f
D

¶2lnce

¶x2

�
+ jLi = 0; (4.36)
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k e f f ¶
2f e

¶x2 = � k e f f
D

¶2lnce

¶x2 � jLi ; (4.37)

Integrating (4.37) we get,

f e = �
k e f f

D
k e f f lnce �

jLix2

k e f f ; (4.38)

Df e = �
k e f f

D
k e f f lnce1 +

k e f f
D

k e f f lnce2; (4.39)

Df e =
k e f f

D
k e f f ln

ce2

ce1

; (4.40)

The overpotential of the battery can be written as,

h = f s � f e � U; (4.41)

Sinceh is constant and the equilibrium potential (U) at any de�ned concentration is also

constant, the only parameter that can vary to compensate for the change inf e is f s.

Dh = Df s � Df e � DU; (4.42)

0 = Df s � Df e; (4.43)

Df s = Df e; (4.44)

Therefore, whenf e decreases, thenf s will increase to keeph constant. With an increase

in f s, Vt will either increase or decrease depending on whether the battery is discharging or

charging respectively.

Vt = f s+ � f s� �
Rf

A
I; (4.45)

DVt = Df s+ � Df s� ; (4.46)
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From equation (4.44) and (4.46),

DVt = f (Df e); (4.47)

Thus, from equations (4.40) and (4.47) we get,

DVt = f
�

k e f f
D

k e f f ln
ce2

ce1

�
; (4.48)

4.3.4 Electrolyte transference number degradation

The electrolyte transference number de�nes the ratio of current carried by ions in an electrolyte

to the total current �owing through the electrolyte. Since in any electrolyte there are positive

and negative ions, the transference number is usually between 0 and 1. In lithium ion batteries,

the electrolyte ion transference number is around 0.3-0.4.

Using equation (2.19) and (2.21) we get,

¶
¶x

�
k e f f ¶ f e

¶x
+ k e f f

D
¶lnce

¶x

�
+ jLi = 0; (4.49)

k e f f
D =

2RTk e f f

F
(t0

+ � 1)
�

1+
¶ln f�
¶lnce

�
; (4.50)

For a constant current being drawn or sent into the battery,jLi is a constant which would

makei0 a constant and thus,as,ac,aa andh also constants. Assuming that¶ln f�
¶lnce

=0 we get,

k e f f
D =

2RTk e f f

F
(t0

+ � 1); (4.51)
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Differentiatingk e f f
D with respect tot0

+ we get,

¶ke f f
D

¶t0
+

=
2RTk e f f

F
; (4.52)

Therefore, with an increase int0
+ , there is an increase ink e

D f f . If k e
D f f increases then

using equation (4.49), the only way to keep the equation equal to 0 for a constantjLi is that

¶
¶x

�
k e f f ¶ f e

¶x

�
must decrease. Butk e f f is a constant for any material. Therefore,¶2f e

¶x2 must

decrease. Thus, equation (4.49) can be written as

�
k e f f ¶

2f e

¶x2 +
¶ke f f

D
¶x

¶lnce

¶x
+ k e f f

D
¶2lnce

¶x2

�
+ jLi = 0; (4.53)

�
k e f f ¶

2f e

¶x2 +
2RTk e f f

F
(t0

+ � 1)
¶2lnce

¶x2

�
+ jLi = 0; (4.54)

¶2f e

¶x2 =

�
� 2RTk e f f

F (t0
+ � 1) ¶2lnce

¶x2

�
� jLi

k e f f ; (4.55)

On integrating we get,

f e(x) = �
2RT
F

(t0
+ � 1)lnce(x) �

jLix2

k e f f ; (4.56)

Therefore, from equations (4.47) and (4.56), it can be concluded that the change in the

terminal voltage is directly proportional to the change in the electrolyte potential.

Df e(x) = �
2RT
F

(Dt0
+ )lnce(x); (4.57)

From equations (4.47) and (4.57), there is a direct relationship between the change in the

transference number and the changed in the terminal voltage. However, the relationship also has
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Figure 4.8: Terminal Voltage vs Time for Change in Transference Number.

a negative slope.

DVt = f
�

�
2RT
F

(Dt0
+ )lnce(x)

�
; (4.58)

From equation (4.33), we know thatce is a function oft0
+ . Therefore, equation (4.58) can be

rewritten as,

DVt = f (Dt0
+ ); (4.59)

Using the curve �tting toolbox in Matlab, the smallest order of the polynomial that �t the

function was a second order polynomial with an R2 �t of 0.9982.

DVt = � 0:003808Dt0
+

2
+ 0:02002Dt0

+ � 0:02652: (4.60)

The transference number does not have a direct relationship with the capacity of the battery.

However, with a decrease in the transference number, there is an increase in the resistance to the

�ow of lithium ions across the electrolyte. This increase in the resistance causes an increased

potential drop across the electrolyte and resulting in the battery reaching its cut-off voltage

sooner.
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Figure 4.9: Change of terminal voltage to transference number vs transference number.

4.3.5 Activity coef�cient of anode degradation

The activity coef�cient of the anode determines the ease of intercalation of the lithium ion into

the anode. When the electrochemical reaction takes place, the solvated Lithium ion from the

electrolyte accepts the electron from the electrode and form the Lithium molecule.

Using equation (4.4) we know that,

f s� (x = Rs� ) =
askRs�

s e f f
�

(ce)aa(csmax;neg� cs;e(x = Rs� ))aa:::

:::(cs;e(x = Rs� ))ac

�
e

aaF
RT h � e� acF

RT h
�

;

(4.61)

By grouping the constant terms, we can reduce (4.61) to,

f s� = k1(ce)aa(k2)aa

�
eaak3 � k4

�
; (4.62)

where,k1 =
(askRs� (cs;e(x= Rs� ))ac)

(e
� f f ) ,k2 = csmax;neg� cs;e(x = Rs� ), k3 = F

RTh andk4 = e� acF
RT h .
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Therefore,

Df s� = k1(ce)aa1(k2)aa1

�
eaa1k3 � k4

�
� k1(ce)aa2(k2)aa2

�
eaa2k3 � k4

�
; (4.63)

Df s� = k1(ce)aa1(k2)aa1eaa1k3:::

:::

( �
� eDaak3(ce)Daa(k2)Daa + 1

�
� k4

�
1+ ( ce)Daa(k2)Daa

� )

;
(4.64)

Df s� = AeDaak3 + B; (4.65)

Similarly, the solution forDf s+ can be derived as,

Df s+ = CeDaak4 + D; (4.66)

Thus,

DVt = CeDaak4 + D � AeDaak3 + B; (4.67)

DVt = CeDaak4 � AeDaak3 + E; (4.68)

Using the curve �tting toolbox in Matlab, the smallest order of the polynomial that �t the

function was an exponential function with an R2 �t of 0.999.

DVt = � 0:01097e� 9:038Daa � 0:004593e� 3:537Daa; (4.69)

Similar to the transference number, the activity coef�cient increases the resistance to the �ow of

ions, resulting in a faster decrease in the terminal voltage. While there is no direct relationship

between the capacity and the activity coef�cient, the battery reaching its cutoff voltage earlier is

a potential explanation as to why some of the capacity of the battery is unable to be used.
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Figure 4.10: Terminal Voltage vs Time for Change in Activity Coef�cient of Negative Elec-
trode.

4.3.6 Activity coef�cient of cathode degradation

The cathode activity coef�cient is similar to that of the anode. However, the activation energy

required to cross from the cathode to the electrolyte is often very close to the activation energy

of the formation of the Lithium compound at the cathode. This is obtained using the Avrami-

Johnson-Mehl-Eroofev equation [40]. Therefore, the resultant change in the terminal voltage to

the change in the activity coef�cient of the cathode isn't as signi�cant as that of the anode.

From equation (4.68), a similar conclusion can be drawn for the cathode's activity coef�cient.

DVt = CeDack4 � AeDack3 + E; (4.70)

Using the curve �tting toolbox in Matlab, the smallest order of the polynomial that �t the

function was an exponential function with an R2 �t of 0.999.

DVt = � 0:00027317e� 7:594Dac � 0:00116e� 4:303Dac; (4.71)
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Figure 4.11: Change of terminal voltage to anode activity coef�cient vs anode activity coef�-
cient.

From equation (4.69) and (4.71) and Fig. 4.11 and Fig. 4.13, it can be observed that the change

in the terminal voltage for the change in the cathodic activity coef�cient is almost a whole

order of magnitude lesser than the change in terminal voltage for a change in anodic activity

coef�cient.

Figure 4.12: Terminal Voltage vs Time for Change in Activity Coef�cient of Positive Electrode.
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Figure 4.13: Change of terminal voltage to cathode activity coef�cient vs cathode activity
coef�cient.

4.4 Chapter Conclusion

Based on the sensitivity analysis, it can be observed that the capacity of the battery is affected

by the decrease in the concentration of lithium ions in the anode and the decrease in the volume

fraction or conductivity of the anode. The terminal voltage response of the battery is most

sensitive to the change in the anode concentration closely followed by the conductivity/volume

fraction of the anode. The voltage is more sensitive to the change in the transference number of

the electrolyte than the activity coef�cient of the anode or the cathode. TABLE 4.1 summarizes

the change in the terminal voltage for a 10% change in the parameters. The capacity of the

battery is highly sensitive to the change in anode concentration followed by the change in the

volume fraction of the anode. The capacity is not signi�cantly affected by the transference

number and the activity coef�cients.
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Table 4.1: Change in Terminal Voltage (V) for a 10% change in parameter.

Parameter Anode Anode Electrolyte Anode Cathode
ratio Concentration Conductivity Transference Activity Activity

Number Coef�cient Coef�cient
1 0 0 0 0 0

0.9 -0.01 -0.004 -0.012 -0.00019 -2.442E-05
0.8 -0.07 -0.005 -0.013 -0.00028 -3.773E-05
0.7 -0.13 -0.006 -0.014 -0.00041 -5.840E-05
0.6 -0.21 -0.008 -0.016 -0.00060 -9.061E-05
0.5 -0.32 -0.012 -0.018 -0.00090 -14.105E-05
0.4 -0.46 -0.019 -0.019 -0.00141 -22.058E-05
0.3 -0.64 -0.034 -0.021 -0.00232 -34.702E-05
0.2 -0.87 -0.075 -0.023 -0.00406 -55.039E-05
0.1 -1.15 -0.302 -0.025 -0.00767 -88.219E-05
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CHAPTER

5

CALENDAR AGING AND ITS IMPACT

ON DEGRADATION

5.1 Calendar Aging

Calendar aging is phenomenon that occurs to every component of the battery as soon as it is

assembled. The impact of calendar aging on the components of the battery is less aggressive

and very slow in comparison to the immediate impacts of cycling aging. Unlike cycling aging

that causes stress on the different components of the battery, calendar aging is the result of side

reactions that happen at the electrode-electrolyte interface due to concentration and potential
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differences. Storing batteries at high SOCs can result in a high concentration gradient across the

electrolyte. This concentration gradient can result in the movement of ions and the occurrence

of side reactions that lead to loss of active material, loss of lithium inventory and side reactions

i.e. growth of the solid electrolyte interface (SEI). Similarly, operating at high temperatures

can also force side reactions to happen and result in the increase in the SEI and formation of

unreactive compounds. Calendar aging is modeled as a stress acting on the battery that results

in the degradation of the battery [41]. In this thesis, the stress induced by calendar aging is

modeled using Equation (5.1).

Sc(t) = kt � t; (5.1)

whereSc(t) is the stress induced on the battery due to calendar aging at time stept, kt is the

calendar aging coef�cient in s� 1, t is the calendar age of the battery in s [41]. This thesis

discusses the effect of calendar aging on the lithium inventory, active material and the side

reactions.

5.2 Simulation of Calendar Aging on the three classes of degra-

dation phenomena in 4DM

5.2.1 Loss of active material

The anode of the lithium ion batteries often undergoes signi�cant degradation compared to the

cathode. The main reason attributed to this increased rate of degradation is the expansion of

the anode to allow the intercalating lithium ion. If the SEI is not able to properly �lter out the

solvent that surrounds the lithium ion, then the anode structure needs to expand more than it is

capable of and therefore cracks. This cracking leads to exposure of fresh anode material to the

electrolyte and results in formation of more SEI. When the anode is exposed to the electrolyte, it

86



forms nonreactive chemical compounds. This results in a decrease in the amount of intercalation

locations at the anode and therefore decreases the number of electrons that can be generated

[42]. Thus, there is a decrease in the capacity of the battery. The loss of active material refers to

loss of anode material that can react with the lithium ions to generate current [43]. In this thesis,

the loss of active material is simulated using the conductivity of the anode material (ss;neg). The

conductivity of the anode determines the ability to store lithium ions and generate electrons. As

the conductivity begins to decrease, the resistivity increases and results in an increase in the

resistance to the �ow of ions and electrons. This increase in resistance leads to a faster drop

in the terminal voltage of the battery and a drop in the capacity of the battery. The effect of

calendar aging on loss of active material is simulated by the decreasing anode conductivity. The

change in the anode conductivity is shown in equation (5.2).

Dss;neg(t) = ss;neg(0) � ss;neg(t); (5.2)

whereDss;neg is the conductivity of anode (in S/m) lost at timet in s,ss;neg(t) is the conductivity

of the anode (in S/m) at timet in s,ss;neg(0) is the conductivity of the anode (in S/m) when the

battery is new.

Conductivity degradation due to calendar aging can be implemented in the 4DM using the

electrode conductivity in the porous electrode [44]. The design of the 4DM allows modi�cation

of the conductivity for either a single, a select few or all the anode components in the 4DM.

This ability provides the �exibility in modeling continuous degradation effects and effects of

partial charging and discharging. Calendar aging is implemented in the conductivity degradation

using the formula in equation (5.3).

ss;neg(t) = ss;neg(0) � (1� Sc(t)) ; (5.3)
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where,ss;neg(t) is the conductivity of the anode component (in S/m) at timet, ss;neg(0) is the

conductivity of the anode component (in S/m) when the battery is new.

5.2.2 Loss of Lithium inventory

In lithium ion batteries, the lithium ions are the major charge carriers. When lithium ions move

from anode to cathode, it transfers positive charge from the anode to the cathode through the

electrolyte. At the same time, electrons �ow from anode to cathode through the external circuit

and meet the lithium ions at the cathode to balance the conservation of charge and mass.

Lithium inventory refers to the total concentration of lithium ions that are used in the battery

to generate the rated capacity of the battery. Loss of lithium inventory means there is a reduction

in the number of active lithium ions that participate in the chemical reactions to generate

current [5]. This results in the loss of capacity of the battery because there is lesser current

that can be generated by the battery when it begins to lose lithium ions. Since the cathode is

made of lithium rich material, the concentration of lithium will always be high. Therefore, it

is appropriate to determine the loss of lithium inventory (Dcsmax;neg) at the anode during the

charging process because the lithium ions move from the cathode to the anode and the actual

reacting concentration of lithium ions can be determined at the anode rather than at the cathode.

Concentration degradation due to calendar aging can be implemented in the 4DM using the

maximum lithium ion concentration in the anode. The maximum lithium ion concentration in

the anode (csmax;neg(t)) determines the maximum amount of lithium ions that can intercalate into

the anode to generate current. When the anode loses the ability to accept more lithium ions and

therefore loses the ability to generate electrons from these ions, the value ofcsmax;neg(t) decreases.

This reduces the capacity of the battery. The stress due to calendar aging is implemented using

the equation (5.4).

csmax;neg(t) = csmax;neg(0) � (1� Sc(t)) ; (5.4)

88



where,csmax;neg(t) is the maximum concentration (in mol/m3) of the anode at timet, csmax;neg(0)

is the maximum concentration (in mol/m3) of the anode when the battery is new [45].

The loss of concentration of lithium ions (Dcsmax;neg(t)) is given by the formula in equation

(5.5). Thus, the effect of calendar aging is included in the concentration of lithium ions in the

anode to highlight the loss of lithium inventory.

Dcsmax;neg(t) = csmax;neg(0) � csmax;neg(t); (5.5)

where,Dcsmax;neg(t) is the concentration of lithium ions (in mol/m3) lost at timet, csmax;neg(t)

is the maximum concentration (in mol/m3) of the anode at timet, csmax;neg(0) is the maximum

concentration (in mol/m3) of the anode when the battery is new.

When there is a decrease in the number of lithium ions due to degradation there is a decrease

in the charge carriers. Consequently, there is a decrease in the electron generating ability and

therefore a decrease in the capacity of the battery. The capacity of the battery can be written in

terms of the concentration of lithium ions at the anode using equation (3.1).

Since the stress induced due to calendar aging is a linear function in time [41], the degradation

of concentration is also linear. Another explanation of the concept is that the concentration

degradation does not undergo exponential decay because there is no external force acting on the

battery to cause this cascading effect.

5.2.3 Side reactions

Side reactions refer to the reaction of lithium ions with the electrolyte, the electrode and

the manufacture designed Solid Electrolyte Interface (SEI) that are ideally not supposed to

happen. These side reactions happen because of concentration or potential gradients across

the electrolyte or exposure to harsh operating conditions. Concentration gradient refers to a

signi�cant difference in the concentration of lithium ions across the two ends of the electrolyte.
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This gradient, over time, can cause self-discharge or a leakage current to reduce the difference

of concentration across the electrolyte resulting in the movement of lithium ions from the highly

concentrated electrode into the electrolyte. When the lithium ions move into the electrolyte, they

react with the electrolyte to form irreversible chemical compounds. This leads to loss of lithium

ions. Likewise, the high potential gradient across the electrolyte forces the slow movement

of lithium ions across the electrolyte to neutralize the potential gradient. Since there is no

external �ow of current, the reaction is completed in the electrolyte, leading to the formation

of nonreactive chemical compounds [46]. When the battery is exposed to harsh operating

conditions like extreme temperatures and very high C-rates for charging and discharging, the

chemical reactions that take place inside the battery to facilitate the generation of current and

formation of temporary bonds are affected [4]. Often, very high temperatures exacerbate the

chemical reactions causing formation of compounds that have permanent bonds. Operating a

lithium ion battery at very high C-rates can lead to deposition of lithium ions on the surface of

electrodes instead of intercalation. These depositions can lead to formation of dendrites (very

thin long structures) that can potentially penetrate the separator and internally short circuit the

battery. While dendrite formation is a signi�cant concern in lithium metal batteries, it has been

found to happen in lithium ion batteries as well [47].

The Solid Electrolyte Interface (SEI) is a thin �lm of non-reactive chemical material that is

deposited on the surface of the anode to prevent overexposure of the anode to the electrolyte of

the battery. This SEI is designed by the manufacturer and is usually in the order of nanometers.

The SEI also acts as a �lter and removes the electrolyte that surrounds the lithium ion as it

traverses from the cathode to the anode during the charging reaction. This prevents the over-

expansion and cracking of the anode. However, the SEI also provides resistance to the free �ow

of lithium ions into and out of the anode.

Often the effect of the SEI is represented as a �lm resistance (Rf ilm) and the thickness of the

�lm ( sf ilm) determines the resistance. The growth rate of �lm (Dsf ilm) is given by equation (5.6)
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and the �lm resistance growth rate (DRf ilm) is given by equation (5.7). In this thesis, the SEI

growth is implemented by increasing the growth rate of the �lm resistance when calendar aging

is considered. Fig. 5.1 shows the operation of the SEI in the lithium ion battery. It is seen that as

the lithium ions move from cathode to anode, they form a temporary bond with the electrolyte.

This bond assists in the movement of lithium ions across the electrolyte. When the lithium ions

reach the anode, they will need to intercalate into the anode to bond with the carbon/graphite

structure (that expands to accept the ions) to complete the reaction. However, when the lithium

ions have a bond with the electrolyte, they are too big to intercalate into the expanded graphite

electrode and can result in the cracking of the electrode. The SEI acts like a barrier and removes

the electrolyte bonds with the lithium ion thereby reducing its size. This action performed by the

SEI ensures that the lithium ion is able to intercalate into the expanded graphite anode without

cracking the anode.

Figure 5.1: Battery operation in charging mode with SEI.

Dsf ilm(t) = sf ilm(t) � sf ilm(0); (5.6)
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where,Dsf ilm(t) is the change in the thickness of the �lm (in m) at the anode at timet, sf ilm(t)

is the thickness of the �lm (in m) at the anode at timet, sf ilm(0) is the thickness of the �lm (in

m) at the anode when the battery is new.

DRf ilm(t) = Rf ilm(t) � Rf ilm(0); (5.7)

where,DRf ilm(t) is the change in the �lm resistance (inWm2/s) at the anode at timet, Rf ilm(t)

is the �lm resistance (inWm2/s) at the anode at timet, Rf ilm(0) is the �lm resistance (inWm2/s)

at the anode when the battery is new.

As the battery begins to age, the initial SEI acts like a seed and begins to react with the

lithium ions and the electrolyte to increase the growth of SEI [48]. This growth is further

accelerated when the battery is subjected to extreme operating conditions. As the SEI grows, it

consumes more lithium ions, wears out the electrode and electrolyte and results in generation of

highly �ammable gases. Since these gases have no escape valve, the pressure increases inside the

battery resulting in bulging and further cracking and exposure of the electrode to the electrolyte

and faster SEI growth until the battery fails. Equation (5.8) describes the chemical reaction that

leads to the formation of SEI and release of ethylene (a highly �ammable gas).

(2(CH2)2CO3)
| {z }
Ethylene Carbonate

+ 2e� + 2Li+ ! ((CH2OCO2Li)2)
| {z }

SEI

+( CH2 = CH2)
| {z }

(Ethylene gas)

: (5.8)

The growth of SEI is simulated using the surface resistance growth rate or using the �lm

resistance growth rate. The surface resistance growth rate uses a mathematical formula to

determine the growth rate. The de�nition used in the partial differential equation model for the

surface resistance is given in equation (5.9).

Rf ilm =
� jside� MSEI � Sc(t)

r SEI � F � SEI
; (5.9)
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where,Rf ilm is the surface �lm resistance growth rate of the SEI inWm2/s,jside is the reduction

reaction exchange current density in A/m2, MSEI is the molecular weight of the SEI in kg/mol,

Sc(t) is the stress acting on the battery due to calendar aging,r SEI is the density of the SEI in

kg/m3, F is Faraday's constant in C/mol andsSEI is the electric conductivity of the SEI in S/m.

The �lm resistance growth rate considers the initial thickness of the �lm, the growth rate

and the conductivity of the �lm to calculate the resistance that is offered by the �lm [49]. The

formula used to de�ne the �lm resistance growth is given in equation (5.10).

Rf ilm =
(s0 + Ds)

s f ilm
; (5.10)

where,Rf ilm is the surface �lm resistance growth rate of the SEI inWm2/s,s0 is the reference

�lm thickness in m,Ds is the �lm thickness change in m,s f ilm is the conductivity of the �lm in

S/m.

The �lm thickness change is written as a function of time to implement the effect of calendar

aging. The thickness change is given by the formula in equation (5.11).

Ds= Sc(t) � ks; (5.11)

where,ks is the �lm thickness growth rate coef�cient in m/s. When current is applied/drawn

from the battery, there is a potential drop across the �lm resistance. This potential drop is part

of the overpotential mentioned in equation (4.41). Since there is a faster drop and rise in the

terminal voltage during discharging and charging, the usable capacity of the battery is decreased

because the battery reaches the lower and upper cut-off voltages faster.

In this thesis, the surface resistance formula is used to depict the growth of SEI as the

battery undergoes calendar aging. Unlike the decaying degradation of the concentration and the

conductivity of the battery, the surface resistance growth is an increasing degradation effect.
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The next section discusses the results obtained from implementing calendar aging in the

concentration degradation, conductivity degradation and SEI growth in the 4DM.

5.3 Results of Calendar Aging Simulation in 4DM

Calendar aging was simulated in the 4DM using the stress equation described in equation (5.1)

in anode concentration degradation, anode conductivity degradation and SEI growth. The battery

is discharged at the interval of 1 year to determine the degradation that occurred during this time

period. The 4DM was discharged till it reached its cutoff voltage or 3600s whichever is �rst.

As the battery begins to age, the different components of the battery begin to wear out.

The anode of the battery is one of the components that undergoes severe degradation. This

is attributed to the continuous lithiation and delithiation of the lithium ions at the anode, the

deposition of lithium ions on the anode and growth of SEI.

5.3.1 Impact of Calendar Aging on Anode Conductivity

This section discusses the effect of anode degradation from the loss of anode material because of

continuous lithiation and delithiation. In this case, the impact is seen in the ability of the anode

material to hold charge. As discussed in [50], the ability of anode to hold charge is re�ected in

its conductivity. As a result, the conductivity of the anode is subjected to calendar aging.

Fig. 5.2 shows the impact of calendar aging on the conductivity of the anode. It is observed

that with increase in the calendar aging there is a decrease in the conductivity of the anode. The

impact of anode conductivity degradation is observed on the terminal voltage of the battery

when subjected to a pulse current discharge. Fig. 5.3 shows the terminal voltage response of the

battery when the anode conductivity degrades due to calendar aging. It can be observed that

with increase in calendar aging, there is a faster drop in the terminal voltage of the battery for

the same pulse current discharge.
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Figure 5.2: Anode Conductivity Degradation due to Calendar Ageing.

Figure 5.3: Terminal Voltage (Vt) vs Time (s) with pulse discharge for Anode Conductivity
Degradation due to calendar aging.
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Figure 5.4: Terminal Voltage vs Time (s) for Concentration Degradation due to calendar aging.

5.3.2 Impact of Calendar Aging on Concentration of Lithium Ions

The concentration of lithium ions in the solid electrode material determines the amount of

charge, i.e., the number of electrons that can be released when current is being drawn or number

of electrons accepted during charging. With a decrease in the concentration of lithium ions, there

is a decrease in the number of electrons and therefore a decrease in the capacity of the battery.

The decrease in the battery's capacity can be observed by a faster decrease in the terminal

voltage of the battery for the same amount of charge drawn from the battery. This is observed in

Fig. 5.4. The decrease in the concentration of lithium ions and its impact on battery capacity is

shown in Fig. 5.5.

5.3.3 Impact of Calendar Aging on SEI Growth and Battery Capacity

As the battery begins to age, the capacity of the battery begins to decrease, and the internal

resistance begins to increase. However, these two parameters are often affected by multiple

degradation phenomena. It is very dif�cult to isolate the impact of one particular phenomenon.
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Figure 5.5: Effect of Calendar Ageing on Concentration Degradation and its impact on Battery
Capacity.

By using the 4DM, it is possible to study the impact of calendar aging on the SEI growth and

the impact the SEI growth has on the degradation of the capacity and internal resistance of the

battery.

In this section, the �lm resistance that re�ects the growth of SEI is increased as a factor

of the calendar aging [51]. With increase in the �lm resistance on the surface of the electrode

material, there is an increase in the amount of energy required to move ions from one electrode

to the other. As a result, there is a decrease in the capacity of the battery, i.e., the net current that

the battery can provide to support a particular application. Fig. 5.6 re�ects the increase in the

�lm resistance as a factor of calendar aging.

Fig. 5.7 shows the decrease in the capacity of the battery as a function of calendar aging when

simulated using 4DM. The decrease in the capacity is attributed to the growth of the SEI on the

surface of the electrode of the battery. This is in accordance with results from other researchers

[33], [52]. It can also be observed from that there is a faster drop in the terminal voltage of the

battery for the same current being drawn from it as the battery ages when simulated using 4DM.
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Figure 5.6: Film resistance growth vs time for calendar aging.

This shows that there is an increase in the internal resistance of the battery as well.

When there is growth of SEI, there is a decrease in the active electrode material that is

available to absorb lithium ions to produce electrons/current. There is a decrease in the thickness

of the electrode as well as a decrease in the surface area available for the electrode to perform

the required electrochemical reactions to release or accept ions.

5.3.4 Impact of Anode Conductivity Degradation, Concentration of Lithium

Ion Degradation and SEI Growth on Equivalent Circuit Model Pa-

rameters

Fig. 5.9 shows the 1RC Equivalent Circuit Model (ECM) that is used to represent the behavior

of the battery while in use [53]. The terminal voltage of the battery can be written as a function

of the open circuit voltage and the voltage drop across the internal resistance R0 and the voltage
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Figure 5.7: Capacity degradation due to SEI growth over a period of 3 years.

Figure 5.8: Terminal Voltage response due to calendar aging and SEI growth.
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drop across the RC pair as shown in (5.12).

Vt = VOC+ VR0 + VRC; (5.12)

where,Vt is the terminal voltage of the battery in V,VOC is the open circuit voltage of the battery

in V, VR0 is the voltage drop across the internal resistanceR0 in V, VRC is the voltage drop across

the RC pair in V.

When written in the state-space format, the 1RC Equivalent Circuit Model (ECM) of the

battery is, 0
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where,b1 is the slope of theVOC � SOCcurve andQR is the capacity of the battery in Ah.

Figure 5.9: RC Equivalent Circuit Model of the battery.

The state space model is then converted into a transfer function with the terminal voltage

as the output and the load current as the input. The coef�cients of this transfer function are

estimated using a linear regression-based parameter identi�cation algorithm. Since internal

resistance is one of the major indicators to represent the SOH of the battery, the parameter
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identi�cation algorithm developed in [54] is used to estimateR0. The capacity degradation of

the battery is directly available from the 4DM. The other parameters of the model likeR1 andC1

can also be estimated and they provide some insight into the age of the battery. From Fig. 5.10,

it can be observed that there is a steady increase in the internal resistance of the battery as it

undergoes calendar ageing. This is consistent with the expected change in the internal resistance

when the battery ages.

Figure 5.10: Effect on Calendar Ageing on Anode Conductivity Degradation and its impact on
Internal Resistance (R0) of ECM.

Fig. 5.11 shows the change in the relaxation resistance and capacitance of the ECM. However,

there isn't a signi�cant difference in the changes of the resistance and capacitance. This is in

accordance with the results obtained from [50], which states that the decrease in the conductivity

of the anode does not have a direct impact on the relaxation resistance and capacitance of the

battery.

Similarly, when the parameters of the ECM were estimated for the concentration degradation,

from it was observed that the internal resistance increased at a much higher rate than when
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