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Abstract

This study explores whether the requirements of the Energy Storage System (ESS) in electrified
automotive powertrains can be more effectively met by Hybridised Energy Storage Systems (HESS)
than by batteries alone, and aims to quantify the benefits. Given their complementary
characteristics, this study focuses upon combinations of Lithium-ion Batteries (LIBs) and
Supercapacitors (SCs). In order to develop a comprehensive understanding of HESS operation and
capabilities, a literature review is conducted and experiments and modelling tools are designed to
address knowledge gaps.

The electrochemical and thermal performance of SCs and LIBs is examined in detail, and the
amassed knowledge is used to generate modelling tools. Following a review of HESS topologies, a
model of a passive HESS is developed through combination of the SC and LIB models. The developed
models are validated using experimental data for automotive drive-cycles. The degradation of a
HESS is assessed using experimental analysis. The main findings of this study are split into three
chapters:

Supercapacitors

This chapter explores the electrochemical and thermal characteristics of SCs and demonstrates how
they vary with the operating conditions relevant for latter comparison with LIBs. Particular focus has
been placed upon the attributes of SCs which affect their performance in a HESS, namely capacity
and resistance variation with operating conditions, heat generation during operation, low
temperature performance and performance degradation following extended use.

An understanding of these factors is used to develop a model capable of predicting SC performance
over an array of operating conditions, enabling latter combination with a lithium ion battery model
to predict HESS behaviour in both cell-level and high voltage systems. An emphasis was placed upon
the development of a high fidelity thermal model as the academic literature provided a limited
understanding of thermal management and the effect of thermal gradients within SCs. The
development of a high fidelity thermal model led to novel findings with respect to heat generation
with SCs during operation.

Lithium-ion Batteries

An understanding of the performance and characteristics of LIBs relative to SCs is necessary for the
development of an understanding of a HESS. This chapter briefly explains why LIBs are the dominant
form of energy storage in electrified passenger vehicles, and subsequently discusses how LIBs
function. The relationship between each component within the LIB and its performance is reviewed,
and common internal design trade-offs such as material selection and thicknesses are explained. LIB
performance variation as a function of operating conditions is subsequently presented and
described analytically. This knowledge is used to generate a model to predict battery performance
over a range of operating conditions, with a particular focus placed upon performance over an
automotive drive-cycle. The developed model enables estimation of internal temperature during
use. The causes of long term performance degradation are examined and a summary of degradation
methods and their causes is provided.

Hybridised Energy Storage Systems

This chapter investigates whether it is possible to combine supercapacitors suitable for a micro
hybrid electric vehicle (mHEV) with high-energy batteries suitable for use in a battery electric vehicle
(BEV) to create a Hybridised Energy Storage System (HESS) suitable for use in a hybrid electric
vehicle (HEV). A passive HESS topology is investigated due to its low cost and complexity and
therefore high reliability. A low cost HESS is found to be capable of meeting the electrical demands




of a HEV during a drive cycle. The operating principles of HESSs are discussed and factors limiting
system performance are explored. The performance of the HESS is found to be significantly less
temperature dependent than battery-only systems, however the heat generated suggests a
requirement for thermal management. A correctly sized HESS is shown to generate less heat than a
specialised HPB ESS. The HESS degrades at a similar rate to a specialised HPB. In a HESS, battery
resistance rises faster than supercapacitor resistance; as a result, the supercapacitor provides a
greater current contribution over time, therefore the energy throughput, temperature rise and rate
of degradation of the batteries is reduced.
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1.0 Introduction

1.1 The need for alternate energy storage systems in automotive powertrains
Increasingly stringent CO, legislation, the introduction of emissions free zones and customer
demand has led to every major automobile manufacturer adopting powertrain electrification to
varying degrees across their vehicle portfolio. Electrification reduces or eliminates the power
demand placed upon the internal combustion engine by using electric motors to assist or provide
vehicle propulsion and/or recapture energy. Different vehicle types pose significantly different
demands on an Energy Storage System (ESS); the typical requirements for each vehicle type are
summarised in Figure 1.

mHEV  HEV PHEV BEV
154 Energy (kWh) 8-18 25-90

15-60 Power (kW) 40-100  50-450

m Power Density (W/Wh) ECERAY .

30-60 Cycle Life (000's)

N8 Thermal Management

Figure 1: Energy storage system requirements for electrified vehicles which fall under the broad categories of mHEV,
HEV, PHEV and BEV. In addition to a numerical quantification of the requirement, a colour scale is used to indicate the
most challenging factors in the design of an energy storage system for the particular application. The scale passes from
green to red, with green requirements proving the least challenging for traditional battery technology, and red
requirements the most challenging. Sources - [1-14]

Vehicles classified as micro Hybrid Electric Vehicles (mHEVs) typically utilise a low voltage (48V)
energy storage module to enable high power functions, such as electronic Power Assisted Steering
(ePAS) and electric turbocharging (e-turbo), and limited vehicle propulsion assistance. Additionally,
the system is used to reduce CO, emissions by recapturing waste kinetic energy from the engine,
and enabling the engine to be switched off for extended periods of time. The ESS in a mHEV must
provide or accept very high power for short time periods with minimal thermal management,
therefore it must have the attributes of high power, low energy, large thermal operating window,
and high cycle life.

Hybrid Electric Vehicles (HEVs) can be electrically propelled for moderate distances, and whilst the
power demand is similar to that of mHEVs, the energy demand is larger, therefore HEVs typically
utilise high voltage ESSs (200-450V). The thermal operating window need not be as wide as that of a
mHEV as system availability can be actively managed through usage, i.e. electrical power can be
limited if the cells are too hot or cold. Additionally, the usage profile dictates a lower cycle
requirement than a mHEV as the larger energy capacity ESS is subject to fewer cycles of equal SoC
change for a given driving distance. Plug-in Hybrid Electric Vehicles (PHEV) have a similar use-case to
HEVs, however they must electrically propel the vehicle for longer distances and therefore require
more energy. It is easier to justify thermal management for larger battery packs, therefore the
required thermal operating window can be smaller.




Battery Electric Vehicles (BEVs) require significantly more energy and power than PHEVSs,
consequently larger ESSs are used. As with PHEVs, in a large ESS it is useful to add active thermal
management therefore a large thermal operating window is not required. Further, a shorter cycle
life is required in order to meet the vehicle life requirements; the greater ESS energy capacity
reduces the number of cycles expected during vehicle lifetime.

Figure 2 shows the specific energy and power capability of a range of electrochemical devices and
indicates the USABC targets for electrified vehicles. As is evident from the figure, whilst the
individual power and energy requirements of each vehicle type can be met by lithium-ion batteries
(LIBs), for some vehicle types they cannot be met simultaneously. Consequently, battery packs are
typically oversized to meet either the power or energy requirement.
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Figure 2: Ragone plot showing the power and energy capability of electrochemical devices. Markers show requirements
for electrified vehicle targets as defined by USABC — adapted from [15]

For a HEV, the battery pack can be oversized to meet the power requirement; alternatively, power
can be added to the battery pack though the addition of Supercapacitors (SC). An ESS consisting of a
combination of LIBs and SCs is commonly referred to as a Hybridised Energy Storage System (HESS).
In a HESS, the power and energy capability can be largely decoupled as the batteries provide the
majority of the energy capability of the system, whilst the SCs provide the majority of the power
capability. It is hypothesised that a combination of high-energy density LIBs combined with SCs will
result in an ESS with a higher power density for a targeted energy density than a LIB-only ESS.

Power density in this context is defined as the power capability of an ESS relative to its energy
storage capability; power density is a useful metric by which the compare the normalised power
capability of different cells, and hence is a key metric in ESS sizing. The term ‘C-rate’ is often used
interchangeably with power density, and defines the rate at which the battery can be charged or
discharged relative to the rate which would result in the ESS being fully charged or discharged in a
one hour time period.

Whilst this study is limited to intercalation chemistries, it is conducted with consideration of its
applicability to conversion chemistries such as Lithium Sulphur (Li-S) and Lithium Air (Li-O,). Whilst
the state-of-the-art intercalation chemistries possess an energy capacity of up to 240Wh/kg, Li-S has
achieved 350Wh/kg and is expected to reach 500Wh/kg in the near future, [16]. Conversion cathode
chemistries possess poor power capability, therefore are not directly suitable for use in automotive
applications, however ESS hybridisation may enable their use.




1.2 Thesis Aims

The performance of electrochemical devices is typically non-linear and highly variable as a function
of operating conditions such as SoC and temperature. For instance, the resistance of batteries can
increase by two orders of magnitude over the typical range of temperatures experienced in
automotive applications, and the capacitance of a SC can vary by 50% as a function of SoC. An
understanding of the phenomena which cause these changes enable actions to be taken to promote
favourable changes in attributes and supress undesired behaviour. Furthermore, this knowledge can
be used to generate models to accurately predict the performance of electrochemical devices over a
range of operating conditions. Consequently, the research conducted in this thesis aims to combine
the fundamental science involved with the operation of electrochemical devices and the engineering
required for practical implementation of an ESS into an automotive environment. The aims of this
thesis can be summarised as follows:

e Develop a physical understanding of device operation and degradation

e Create models that can be used to understand HESS performance over a variety of operating
conditions

e Quantify the benefits of using a HESS in comparison to a battery-only system

It is intended that the novel contributions of this work to the academic community will include, but
not be limited to advancements to SC modelling for engineering applications, quantification of the
benefits of realistic HESSs in automotive environments, and a toolset enabling engineers to
determine the suitability of HESSs for their application.

1.2.1 Research Questions and Working Hypothesis
The specific research questions motivating this work are:

e Can a HESS consisting of batteries and supercapacitors provide superior performance to
battery only systems?

e  Which automotive powertrain applications are most suited to the characteristics of a HESS?

e What are the performance limitations of HESSs in automotive applications?

A series of working hypothesis relating to the research questions are outlined below, and at relevant
points throughout the thesis, they will be updated to reflect the findings of the author. It is
hypothesised that:

e A combination of supercapacitors and high energy batteries can provide superior specific
energy and power to a high power battery typically used in automotive applications.

e A HESS will generate less heat and therefore require less thermal management than a
battery only system.

e Battery degradation in a HESS will be lower than in a comparable battery only system.

e Automotive OEMs can adopt a modular approach whereby the quantities of a particular SC
and battery cells can be scaled for different types of vehicles to meet the requirements.

1.2.2 Scope of Work

Given the diversity of electrochemical devices available, the number of possible combinations of
devices and the complexities involved in the operation of each, the following limitations have been
applied to the scope of this study:

e Applications of the energy storage system are limited to direct or indirect vehicle propulsion
in an electrified powertrain




e The electrochemical devices under consideration for this study are limited to lithium-ion
batteries and supercapacitors.

e The developed models must be easily parameterised for a range of cells, and applicable over
the typical operating conditions of the vehicles produced by the project sponsor.

e The development of a novel, high-fidelity battery model is beyond the scope of this study;
existing knowledge and models should be used to maximise the time available for study of
the hybridised energy storage system.

e The conducted degradation activities should enable qualitative comparative analysis —
guantitative degradation analysis using a statistically significant number of cells is beyond
the scope of the study.

e Asingle example of a HESS is to be studied — the developed toolset should enable analysis of
a range of HESS topologies, using a range of cells, post-project.

1.3 Thesis Structure

To address the research questions, this thesis starts with a comprehensive literature review to
explore the state-of-the-art knowledge, and identify the knowledge gaps. Once the knowledge gaps
that prevent the research questions being answered have been identified, both experiments and
modelling tools are designed to acquire the desired knowledge. The thesis consists of six chapters,
and is structured as follows:

e Chapter 1 — Introduction
This chapter sets the scene for the context in which the work is to be complete, and explains
why the research is valuable.

e Chapter 2 — Experimental Methodology
Experimental results are used extensively for model validation and to answer research
guestions. This chapter describes the techniques used to ensure the experimental results are
appropriately controlled, repeatable and accurate. Furthermore, this chapter describes best
practise for testing of electrochemical devices.

e Chapter 3 — Supercapacitors
A detailed literature review is conducted to describe the principle of operation of a SC, its
electrical and thermal performance, and factors which affect degradation. Existing SC
modelling is reviewed, and a novel electro-thermal model is created to predict electrical
performance and temperature distribution within a cell. Model validation is conducted, and
the model is subsequently used to investigate the prevalence of thermal gradients within SC
cells during high current operation.

e Chapter 4 — Lithium lon Batteries
A detailed literature review is conducted to describe the principle of operation of LIBs, the
differences between high-energy and high-power batteries, the factors which affect their
performance, and the physical origins of changes. A comprehensive review of degradation
mechanisms is complete. The amassed knowledge is used to generate an electro-thermal
model that is capable of predicting electrical performance during a drive cycle and the
internal temperature distribution within the battery. The model is validated using
experimental data.

e Chapter 5 — Hybridised Energy Storage Systems




A literature review is conducted of the available HESS topologies and an appropriate
topology is selected. The SC and LIB models are combined to create a HESS model, and
validation is complete. The HESS model is used alongside experimental analysis to answer
the research questions and explain whether the working hypothesis were correct or
incorrect.

Chapter 6 — Conclusions and Future Outlook
In this chapter, the findings pertaining specifically to the aims of the thesis are clearly laid
out, and future work is discussed.




2.0 Experimental Methodology & Modelling Requirements

2.1 Experimental Methodology

Experimental results are used for system performance analysis, derivation of equations to describe
electrochemical phenomena, model parameterisation and model validation, therefore it is
imperative that the obtained results are of known accuracy, are repeatable and precise. This section
discusses the methodology used to implement different experimental techniques; discussion will
include boundary condition control, data acquisition best practise and requirements, and suitability
of different experimental techniques for particular applications.

2.1.1 Cell Setup

2.1.1.1 Electrical connections

Electrical connections to the cell are made using the four-terminal sensing or remote sensing
method, where a pair of cables are used to carry current whilst a second pair are used to measure
voltage. The delivered voltage to the cell is measured through the sense wires; knowledge of the
voltage at the desired source enables the cell cycler to compensate for the inevitable losses in
cabling and connections. An illustration of the connections for the remote-sensing method are
shown in Figure 3.

Cell Cycler

LN

Potentlal

o

Terminal

Sense Sense
7] 9]

Figure 3: Schematic of cell connection using four-terminal sensing, with the potential drop between the terminals of the
cell cycler indicated

The current carrying cables must be of sufficient gauge to not significantly heat up during operating;
temperature change of the cable can be estimated analytically using Equation 1-Equation 3.
Equation 1 determines the resistance of the cable, and the equation gives insight into good cable
design for low resistance, and hence low heat generation. The electrically conductive region of the
cable should possess low resistivity and have a large cross sectional area, whilst the cable itself
should be short. The resistance of the connectors to the cable is assumed to be small for high quality
connectors which have been correctly crimped to the cable. The rate of heat generation is defined
by Equation 2, and the resultant temperature change of the cable is given by Equation 3.




R=P L/A Equation 1
Q =I?R Equation 2

_mc Equation 3
AT = p/Q

To measure voltage, the sense cables are connected to a very high resistance circuit, thus very little
current runs through these cables enabling the use of low gauge cabling. To minimize errors arising
from the magnetic fields produced by cables and noise from electromagnetic interference, these
cables should be twisted together, and the distance between the current carrying and voltage sense
cables as well as the voltage sense connections should be maximized. The current carrying and sense
cables should be connected at different points to include compensation for contact resistances. The
connection method used for 18650 battery cells, which a named as such because they are 18mm in
diameter, and 65 mm in length, is shown in Figure 4, where each connection is labelled.

Voltage
Current Sense
Carrying

Carrying

Figure 4: Render of test rig used for 18650 cell testing — Image credit: Timothy Engstrom

For low ESR cells, poorly controlled contact resistances between the cell terminals and external
connections can be larger than the cell resistance. The contact resistance is increased by the
presence of surface films, high surface roughness and low tightening torque. Figure 5 shows the
influence of tightening torque and surface preparation on contact resistance where brass blocks
identical to those shown in Figure 4 are used to clamp the terminals of a lithium ion battery pouch
cell. Very minor discolouration due to the presence of a surface film is observed on the non-treated
brass blocks, whereas the fully treated blocks provided a near mirror finish following polishing with
fine grade sandpaper, and cleaning with isopropanol. Figure 5 shows that a fully-treated contact
with a tightening torque of 2.5Nm results in a contact resistance below the minimum measureable
value of the experimental setup (2 x 10°Q), [17].
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Figure 5: Variation of contact resistance of pouch cell with surface treatment and tightening torque - [17]

2.1.1.2 Thermocouple Connection

Thermocouples utilise the Seebeck effect, in which a potential difference occurs between dissimilar
electrically conductive materials at a given temperature. The potential difference generated is a
characteristic of the materials involved, enabling a potential difference for given materials to be
correlated to a measured temperature. As the temperature measurement is based upon a voltage
reading, it is necessary to electrically isolate the thermocouple from the electrical activity of the cell.
Therefore, thermocouples are connected to the cell using a thin film of electrically insulating, yet
thermally conductive epoxy, using the product TC-2810 from 3M.

According to IEC standard 60584 (Thermocouples — EMF specifications and tolerances) [18], the
thermocouple of highest absolute accuracy within the range appropriate for batteries is a ‘Class 1 -
Type T’. The absolute accuracy of this thermocouple is +/- 0.5°C over the range of -40 — 350°C.
Relative error however is much smaller; it is dominated by measurement device sensitivity [19]. The
resolution of the device used (N19213 Module with NI Compact DaQ) is 0.02°C [20], therefore
relative temperatures are always used in this study.

2.1.1.3 Thermal Boundary Conditions

Control of thermal boundary conditions is of great importance, and can significantly affect
experimental results, [21]. Where low currents are used, and it is intended that the test be
conducted under iso-thermal conditions, it is sufficient to place the cell in a thermally controlled
chamber ensuring the rate of convection is consistent and a free thermocouple is used to measure
the temperature of the thermally controlled environment independently. If the test is not intended
to be iso-thermal or is not low current, additional considerations are required.

Heat transfer to the environment occurs as a result of conduction at the electrical interconnects, and
convection at the surfaces exposed to the environment. Radiative heat transfer at room
temperature for cylindrical cells is negligible. Insulating materials and thermo-electric devices may
be used to enable control of thermal boundary conditions; their use is particularly useful during
model parameterisation. Convective heat transfer can be largely eliminated through the use of
insulating materials such as ‘Rockwool’ or glass foam. Their use replaces convective heat transfer
with conductive heat transfer into the insulating material, though this is at a low and known rate,
(<0.5 W/mK). Conductive heat transfer via the electrical connections can be controlled using Peltier
elements to either maintain the cell at the desired temperature, maintain the electrical connections
at a desired temperature or mimic cell temperature to minimize heat transfer. A detailed description
is provided in instances where advanced thermal boundary conditions have been used.




2.1.1.4 Cell Equilibration

For repeatability, typically it is important for the cell to be at equilibrium prior to conducting a test,
though this is not universally true. Barai et al [22] demonstrate that the results of Electrochemical
Impedance Spectroscopy (EIS) varies significantly as a function of relaxation time. To aid
repeatability, all testing conducted in this study utilised a rest time of 4 hours. This was reduced in
cases where this was known to be excessive, such as for Cyclic Voltammetry (CV).

Equilibrium must be considered in the both the electrochemical and thermal domains. The cell is at
electrochemical equilibrium when the lithium concentration at the particle surface and core have
equalised. Thermal equilibrium requires the entire cell to be at the same temperature. The required
rest time can be determined through knowledge of the thermal time constant, t, as calculated in
Equation 4, and its use in Newton’s law of cooling as per Equation 5. These equations show that the
thermal time constant is increased with increasing density (p), heat capacity (cp) and volume (v), and
decreased with an increase in heat transfer coefficient (h) and surface area (As).
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2.1.2 Experimental Techniques

This section describes the common electrochemical techniques used for data acquisition in this
thesis. The typical applications of each technique are discussed as well as the confidence in results
produced.

2.1.2.1 Cyclic voltammetry

Cyclic Voltammetry (CV) is a technique commonly used to determine the capacitance and
electrochemical stability window of SCs and phase transitions in batteries. CV is a test in which the
potential is varied at a defined rate between pre-defined limits and the required current is
measured. The voltage (V) varies linearly with the voltage scan rate, v, for the forward scan as per
Equation 6 and the reverse scan as per Equation 7.

V= Vl+ Ust
V= Vi—Ust

In SCs, CV can be used to determine the maximum operating voltage, determine capacitance as a
function of voltage and examine kinetic limitations. The CV profile of an ideal capacitor is
rectangular, however in SCs where capacitance is a function of voltage, a gradual increase of current
is expected during a sweep; current peaks indicate the presence of redox reaction [23]. Figure 6
(Left) shows typical SC voltammograms as the cell is cycled within its Electrochemical Stability
Window (ESW). The ESW is defined as the voltage region within which undesired irreversible
reactions do not occur, thus for acceptable lifetime, it is necessary to operate within this region.
Figure 6 (Right) shows how the introduction of redox peaks as the electrode potential is increased
enables determination of the ESW of a SC. The scan rate is related to cell capacitance (C) as per
Equation 8.

CV does not require the use of an extended rest period to obtain repeatable results, however the
results of the first cycle should typically be disregarded to enable dynamic equilibrium to be reached.
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Figure 6: (Left) SC voltammogram as scan rate is varied within cell ESW - [24], (Right) Variation of electrode potential
limit to determine stability window - [25]

2.1.2.2 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a powerful technique that enables individual
phenomena, such as ionic diffusion, to be separated from bulk activity, enabling a deeper
understanding of cell behaviour as a function of operating conditions. EIS is a technique in which an
oscillating current or potential is applied, and the magnitude and phase of the resultant potential or
current response is measured. In galvanostatic mode, the applied current is given as Equation 9, and
the resultant voltage is given as Equation 10, therefore the system impedance, Z, can be given as per
Equation 11, where Iy & V, refer to the steady state amplitude of the current and voltage, w is the
angular frequency, and @ is the phase.

For batteries and supercapacitors, it is best practise to operate in galvanostatic mode and hence
oscillate the current and measure the voltage response, as very large currents may be required to
rapidly change voltage. The applied current should be minimized as to not overly perturb the cell
from equilibrium, not cause significant cell heating and limit SoC changes, however it must be
sufficiently large for an acceptable signal-noise ratio.

I(t) = I, sin(wt) Equation 9
V(t) = Vysin(wt + 6) Equation 10
V(w) Equation 11

Z =—

(0) =7 @)

A typical impedance spectra for a lithium ion battery is shown in Figure 7a, and notable regions are
indicated, and below will be denoted regions 1-4 from left to right. The series resistance is shown on
the plot at the intersection of the x axis; this occurs at high frequency as insufficient time is available
for charging and discharging, thus the only contribution to the resistance is that from the electrical
conductors. The shape of the curve in region two is commonly attributed to the resistance of the SEI
layer at the anode, whilst region three is attributed to the charge transfer resistance and region four
to diffusion processes.
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Figure 7: Typical EIS plot of a lithium-ion battery- [22,26]

Whilst it is possible to complete a qualitative comparative analysis through observation of changes in
each of these areas for differing operating conditions, it is useful to numerically quantify the
attributes of interest. Numerical determination of physical attributes such as double-layer
capacitance and charge-transfer resistance has been the subject of an extensive field of literature
[27-33]. Some information can be extracted using relative simple formula, such as Equation 12 for
the calculation of SC capacitance, where Z' is the real component of the resistance and Z'’ is the
imaginary component. However, the complex nature of typical systems prevents them from being
described analytically using ideal capacitances (Z = (1/jw C)), resistances (Z = R) and inductances
(Z = (jwL)). Therefore fitting to equivalent circuit models is typically required, with the use of a
combination of capacitors, resistors, inductors and distributed elements which combine resistive,
capacitive and inductive behaviour such as Warburg and Constant Phase Elements (CPE).

Z" . |Z|? VA

C=- — Equation 12
W w.|Z|?

A Warburg element is often used to describe unrestricted diffusion into an electrode in
electrochemical systems; the impedance of a Warburg element, Z,,, is defined as per Equation 13,
where ¢ is the Warburg coefficient. A CPE is often used to replace capacitors in an equivalent circuit
and the cause of the deviation between a CPE and a capacitor is often interpreted physically as being
due to electrode/electrolyte interface roughness and irregularities; a CPE is defined as per Equation
14. The typical equivalent circuit used for fitting of results of LIBs is shown in Figure 8.

1
Zy = - Equation 13
0,/]w
1 Equation 14
“ere = QG
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Whilst EIS has undoubtedly been proven to be an extremely powerful technique, great care must be
taken both to control experimental conditions when generating the data and the manner in which
the data is interpreted. The findings of Barai et al [22] show that the values produced by EIS continue
to change when rest time is in excess of 10 hours. Whilst consistent rest times can be used for a
qualitative comparison, EIS is not suitable for use as a quantitative technique.

2.1.2.3 |[EC DC-ESR

SC resistance measurement during degradation testing was conducted using the methods defined in
IEC62576 [34] to prevent subjective interpretations of the results. Resistance is determined by
discharging the cell from its maximum rated voltage at a rate of 100 mA/F. The discharge curve
(from a Voltage vs. time plot) between 1-3 seconds is extrapolated back to the Y-intercept. The
difference between the maximum rated voltage and the y-intercept is taken as AV, and the
resistance is calculated using ohm’s law (AV/I=R).

2.2 Modelling Targets and Requirements
The modelling targets as defined by the project sponsor are summarised in Table 1 below.

Usable SoC 10% 90%
Voltage Error (No load) -50mV +50mV
Voltage Error (Transient Loads) -3% (-126mV) +3% (+126mV)
Temperature Error -1.5°C +1.5°C

The stipulated modelling requirements are:

e Developed models should run in an environment available to the project sponsor

e Parameterisation for a range of cells should be neither difficult nor highly time consuming
e Parameterisation should not require proprietary knowledge from a battery manufacturer

e Computation in a reasonable time period should be possible on a typical desktop computer

12



3.0 Supercapacitors

Motivation & Applicability to Research Questions

The purpose of this chapter is to explore the electrochemical and thermal characteristics of SCs and
explore how they vary with operating conditions for latter comparison with LIBs. Particular focus has
been placed upon the attributes of SCs which affect their performance in a HESS, namely capacity
and resistance variation with operating conditions, heat generation during operation, low
temperature performance and performance degradation following extended use.

An understanding of these factors is used to develop a model capable of predicting SC performance
over an array of operating conditions, enabling latter combination with a lithium ion battery model
to predict HESS behaviour in both cell-level and high voltage systems. An emphasis was placed upon
the development of a high fidelity thermal model as the academic literature provided a limited
understanding of thermal management and the effect of thermal gradients within SCs. The
development of a high fidelity thermal model led to novel findings with respect to heat generation
with SCs during operation.

3.1 Introduction

A number of variations of supercapacitor technology exist, and these can broadly be categorised as
Electric Double Layer Capacitors (EDLCs), pseudocapacitors and hybrid capacitors. EDLCs utilise non-
faradaic ion adsorption to store energy, whereas pseudocapacitors utilise fast, reversible, surface
redox reactions. Hybrid capacitors combine an EDLC electrode with a pseudocapacitor electrode.
Unless expressly stated otherwise, this review will limit discussion to EDLCs consisting of symmetric
activated carbon electrodes (identical anode and cathode) utilising an electrolyte with an organic
salt. Herein, EDLCs will simply be referred to as supercapacitors (SCs).

SCs possess a number of beneficial attributes in comparison to lithium-ion batteries (LIBs) for use in
automotive traction applications. SCs utilise non-faradaic ion adsorption at electrode surfaces to
store energy, as opposed to LIBs which store energy in the bulk of the electrode via chemical
reactions, [35]. Consequently, SCs are capable of outputting far higher specific power than LIBs, [23];
high power output is desirable for electrified vehicles as the power output of the energy storage
system is typically the limiting factor in drivetrain performance [36]. However, the direct ramification
of the energy storage method in SCs is that they possess poor specific energy storage capabilities in
comparison to LIBs, typically 5-10Wh/kg vs 150-200 Wh/kg, [14,37]. Other benefits of SCs for
automotive applications include excellent cycle life [37,38], very low and stable resistance over a
broad array of operating conditions [39], significantly lower heat generation than LIBs and
consequently excellent efficiency, [23,35,40].

Whilst SCs have some very desirable attributes for automotive applications, their limited energy
storage capability and voltage profile prevent their usage as a direct substitute for batteries, [41,42].
As this study aims to understand whether it is possible combine the discussed benefits of SCs with
the high energy density and more favourable voltage profile of LIBs, it is necessary to understand the
electrochemical and thermal characteristics of both SCs and LIBs to enable an understanding of their
combined operation.

This chapter examines and relates the performance capability of SCs to their electrochemistry. The
generated knowledge is subsequently used to create a model to estimate SC performance over an
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array of operating conditions; this model can be used to understand SC performance when cells are
combined to create modules, or when combined with batteries. Whilst degradation modelling is
beyond the scope of this study, the causes of degradation in SCs are investigated to provide insight
into the working hypothesis that an energy storage system combining LIBs and SCs will experience
less degradation than a battery only system.

3.2 Operating Principle & Factors Affecting Performance

3.2.1 Operating Principle

SCs store electrical energy as potential energy between charged electrodes and ions at the
electrode/electrolyte interface; energy is stored electrostatically, and electrons are not exchanged
between the solid and liquid phase. Starting with a discharged cell, upon the application of a
potential difference between the positive and negative terminals of the cell, the electrodes become
either electron rich or electron deficient. This gives rise to the formation of electric fields around the
electrodes that attract counter-ions available in the electrolyte and repel co-ions. Counter ions
accumulate at the electrode surfaces to balance that charge. The electrons from the electrode, and
the ions from the electrolyte are now held in position by a strong electric field between their
opposing charges. The electrical energy applied to the cell is thus converted into potential energy in
the form of electrostatic attraction. The structure of ions at the electrode/electrolyte interface
which is opposing the excess charge of the electrodes in known as the Electric Double Layer (EDL).

The average distance between the regions of electronic and ionic charge of the electrode and
electrolyte, known as the charge separation distance, dictates the energy stored within a SC. A
smaller charge separation distance increases the strength of the electric field between the ions and
electrode, thereby increasing the potential energy at the electrode/electrolyte interface and
increasing the energy stored. A simplified schematic of a SC in its charged and uncharged state is
shown in Figure 9.
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Figure 9: Simplified illustration of the charging mechanism of a SC. Positive (+) and negative (-) signs indicate regions of
charge of opposing polarity.

Equation 15 and Equation 16 define the specific energy stored, E (Wh kg?), and the available pulse
power, P (W kg?), [23]. The specific energy stored is a function of the capacitance, C (F), cell voltage,
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V (V) and cell mass, m (kg). The specific power is a function of both cell voltage and resistance (Q),
and is often expressed as P = V2/4mR. This however assumes an efficiency of 50%, therefore Burke et
al incorporate an efficiency factor, EF into this equation as expressed in equation 2, where EF is the
desired efficiency between 0—1.

1 2
_ /2 cv Equation 15
3600 m
9 2
P= E(l - EF)E Equation 16

3.2.2 Cell Constituents and Internal Structure

Cylindrical SC cells comprise a wound jelly-roll within an aluminium can, where the positive current
collectors are welded to one side, and the negative to the other. The jelly-roll consists of sheets of
porous carbon electrodes, aluminium current collectors and paper based separators which are
wound in a spiral; these are arranged as depicted below in Figure 10. In this particular cell, (Maxwell
K2 Series 650F), the jelly-roll is measured to be 5m long and is wound into a spiral consisting of 42
turns, with an outer diameter of 56mm.
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Figure 10: Image of cross section of a Maxwell 650F cell, including an illustration (not to scale) of the repeating element
within the jelly roll

3.2.2.1 Electrodes

Supercapacitors utilise highly porous, activated carbon electrodes, with exceptionally high surface
area to maximize their energy storage potential. Carbon is the ideal electrode material due to its
high conductivity, high surface area, low cost, and established manufacturing process, [23,35,43].
The physical and chemical properties of the carbon significantly affect the performance of the
supercapacitor.
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An increase in the accessible surface area of the device leads to an increase in capacitance, up to a
limit defined by the availability of free electrons within the carbon, [44]. The accessible surface area
is increased by increasing electrode porosity, and the optimal pore size for energy storage is a
function of the Electrochemical Stability Window (ESW) of the device [45]. Generally small pores
(<1.5nm) will maximize the available energy, however the higher degree of confinement will reduce
the power capability. Linking of pores improves electrical conductivity and reduces diffusion
resistance, thus increasing power at the detriment of specific cell capacitance, [46]. Whilst it is
possible to improve performance for a specific application by maintaining a very narrow distribution
of pore size, this may result in detrimental effects with changes in operating frequency, [47].

Pore shape directly impacts the ability of ions to enter and exit the pore, thus also affects the
frequency response of the device, [43]. Impurities within the carbon cause undesirable redox
reactions; these reactions are typically observed as leakage current, and result in capacity loss or
resistance rise [23,35,48].

3.2.2.2 Electrolyte

The electrolytes used in supercapacitors typically fall into three categories: agueous, organic and
ionic liquids. Although aqueous electrolytes are very low cost, their limited practical ESW (0—1V)
limits their uses and energy storage capability, [23]. Room Temperature lonic Liquids (RTILs) offer a
high practical ESW of 0—6V, however it should be noted that early results with glassy carbon have
been shown to have limited applicability to activated carbon, [25,49]. In addition, RTILs are hindered
by high viscosity at low temperatures and high cost, [23]. Organic electrolytes possess a useful ESW
of 0—3V [25], possess good conductivity, low viscosity changes with temperature, have a wide
thermal operating range and acceptable cost and therefore have been adopted by the majority of
the industry, [37,38,50].

Organic electrolytes typically take the form of a tetra-ethyl-ammonium tetra-fluouro-borate
(TEATFB) salt in a Propylene Carbonate (PC) or Acetonitrile (AN) solvent. TEATFB yields a cation of
tetra-ethyl-ammonium (Et,N ") and anion tetra-fluouro-borate (BF,~); the anion has a smaller
physical size (0.48nm vs 0.67nm), [43], and a lower solvation free energy (-45.1 kcal mol™? vs 51.2
kcal mol?) [51]. The practical ESW is significantly affected by operating temperature, and at elevated
temperatures, PC generally exhibits higher stability than AN, [25]. Whilst PC solvents can offer
superior capacity and lifetime at elevated temperatures, viscosity increases significantly at low
temperatures resulting in a large rise in resistance due to reduced ion mobility and thus severely
degraded low temperature performance, [23,25,52]. AN has a stable operating range of —40 —
65°C; the upper limit is in place to prevent electrolyte decomposition and carbon oxidation,
however this limit can be expanded with the use of additives, [53]. AN is the preferred salt in
commercially available cells due to the greater stability of capacitance and resistance with
temperature, and its higher conductivity, [43,52].

3.2.2.3 Internal Design

Whilst SCs are available in pouch and prismatic form factors, the cylindrical form factor is typically
preferred. Whilst cylindrical cells have a lower packing density in a module than pouch or prismatic
cells, they have lower manufacturing costs due to a low jelly-roll winding time, and typically possess
a lower ESR as the larger area over which the current collectors can be connected results in a lower
series resistance.

Cells can be designed to prioritise energy or power; high energy cells will have electrodes of greater
porosity and thickness to maximize the surface area available for energy storage, [43]. Conversely,
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electrodes for high power cells will possess less surface area, and be thinner to reduce tortuosity and
minimize ionic resistance, [23].

Some cells utilise identical electrodes for the anode and cathode to minimize cell cost, though it is
common to use a thicker positive electrode to reduce positive electrode potential and hence achieve
higher cell voltages without major positive electrode degradation, [25,54]. This effect will be
discussed in more detail in section 3.4). Higher voltage cells also require electrodes of greater purity
(fewer functional groups following the activation process), [55], low separator water content [35]
and selection of an electrolyte with an appropriate ESW [23].

3.2.3 The Electric Double Layer

In order to understand the factors affecting the ability of a SC to store charge, it is necessary to
understand the formation and structure of the Electric Double Layer (EDL). Traditionally in
electrochemistry the EDL is described by the theories of Helmholtz or Gouy-Chapman-Stern
[23,35,56], however these theories do not account for many factors which have a significant effect
upon capacitance, such as pore shape, pore size distribution and ion properties, [43]. Consequently,
whilst these theories can provide indicative values of capacitance, they do not enable a deeper
understanding of the formation or structure of the EDL in SCs. All further discussion of the EDL
concerns SCs consisting of carbon electrodes with organic electrolytes as is typical of commercial
SCs; it should be noted that the behaviour of ionic liquids can differ greatly from that described
below, [57-59].

The work of Chmiola et al [60] challenged a long held belief in the electrochemistry community that
the optimal pore size in SC electrodes was twice that of the solvated ion diameter, [61]. Chmiola et
al suggested that the normalised capacitance of SCs could be dramatically increased by reducing
electrode pore size to just above the diameter of a de-solvated ion. Studies exist from other research
groups which both agree [62] and disagree [63] with the findings of Chmiola; Centeno et al suggest
that the finding is a result of overestimation of surface area at pore diameters of <1nm due to the
use of the Brunauer—-Emmett—Teller (BET) theory for surface area determination, which is an
estimate of surface area derived from gas adsorption.

Jiang et al [47] use density functional theory (DFT) to examine these conflicting claims and suggest
that both a dramatic increase in capacitance and a very minor change in capacitance is possible for
sub-nano-meter pores, with results varying with small changes in pore size distribution (where pore
size distribution is statistical distribution of pore diameter). Through the use of Molecular Dynaimcs
(MD) simulations, Feng et al [64] suggest that the confinement of ions in sub-nano-meter pores
provides 40% more capacitance than a planar surface. The systems studied employ a TEABF, salt,
and therefore consist of a TEA™ cation and BF, " anion, both of which have a low solvation free
energy in acetonitrile thus readily partially de-solvating for adsorption to a carbon surface in a pore
which is smaller than the solvated ion, [64].

Whilst sub nano-meter pores provide the greatest capacitance at low potentials, the optimal pore
size for energy storage increases with potential. Small pores reach charge saturation sooner than
large pores, i.e. a greater number of counter-ions cannot be inserted to balance a larger electronic
charge, [45].
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Figure 11: Schematic of EDL for a quasi-planar electrode — Created using the findings from [47,51,65,66]

The structure of the EDL varies with pore size [64], electrode potential [67] and polarity [68]. Where
the pore size is much larger than the size of ion, the electrode can be described as quasi-planar; a
schematic of the structure of the EDL for a quasi-planar electrode is drawn in Figure 11 based upon
the findings discussed below. Feng et al suggests the presence of over-screening at the negative
electrode due to the strong ion-ion affinity of TEAY and BF,~. The NMR studies of Deschamps et al
[66] suggest that the over-screening effect is stronger at the negative electrode than at the positive
electrode.

Additionally, Deschamps et al find that at the positive electrode the concentration of the solvent is
virtually unchanged with potential, whereas at elevated potential the solvent is driven away from
the negative electrode. It is likely that this difference is due to the much higher non-electrostatic ion-
electrode potential of the TEA™ ions [51], which lead to the favouring of a different mechanism to
increase ionic charge density, [67]. The works of Wu et al [67] state that the preferred method of
charging (to minimize free energy) at the negative electrode differs with electrode potential. At low
potentials, ion exchange is favoured, at moderate potentials co-ion repulsion is favoured, and at high
potentials, where all co-ions have been repelled, counter-ion attraction is favoured. Multiple NMR
studies [66,68] confirm that the EDL structure differs with polarity.
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arrangement for ions of (B) 2-5nm, (C) 1-2nm, (D) 0.7-1nm — Source [60]

Figure 12 contains schematics of the differing EDL structures in a negative electrode with pore sizes
between 0—5nm. In comparison to region | (2-5nm), in region 11l (0.7-1nm), the ions experience
greater confinement, must partially de-solvate to occupy the space and are packed closer together.
Capacitance is lower in region Il than in both regions | and Il because the charge separation distance
is greatest as indicated by the size of ‘d’ in Figure 12B-D.

Figure 13 shows how the EDL of a negatively charged sub-nano-meter pore changes with increasing
charge. In the uncharged state, the strong ion-ion affinity will result in the presence of pairs of
positive and negative ions, surrounded by solvent molecules in a distorted or partially de-solvated
manner. As charge is applied, counter-ions are attracted and both co-ions and solvent molecules are
repelled. Surface charge density is increased by increasing counter-ion packing, decreasing the
average ionic and electronic charge separation distance and eliminating co-ions and solvent
molecules from the pore.
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Figure 13: Schematic of evolution of the EDL for a sub-nano-meter porous electrode — Created using the findings from
[47,51,65,66]

3.3 Factors Influencing Supercapacitor Performance

The resistance and capacitance of SCs are affected significantly by cell voltage, operating
temperature, charge/discharge frequency and operating current, [35].

3.3.1 Variation with Voltage
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Figure 14: Capacitance & resistance variation of a Maxwell BCAP0650 cell with voltage

A change in the cell voltage results in an increase of both the capacitance and resistance of the cell
as shown in Figure 14. The capacitance of the cell increases significantly and non-linearly with
voltage, typically by 50-80% for a change in voltage of 2.7V. An increase in the cell voltage results in
a decrease in the charge separation distance at the electrode/electrolyte interface, thereby
increasing the electrostatic force of attraction. Consequently, the potential energy that can be
stored in the double layer is increased, as is the cell’s ability to store charge. This effect can be
approximated with a linear increase in capacitance with voltage, [43].

It is possible to distinguish the series and ionic resistance of a supercapacitor through fitting of EIS
data to a simple equivalent circuit, as seen in the inset of Figure 14, consisting of a series string of an
inductance, a series resistance and Warburg element, [69]. The series resistance represents all of
the bulk material and interface resistances hindering electron flow, whilst the ionic resistance
(resistive element of the Warburg element) relates to the restriction of ion movement as a result of
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separator and electrode porosity, electrolyte resistivity and concentration dependent tortuosity.
Consequently, the series resistance does not vary with voltage, however the ionic resistance
increases because the diffusion resistance increases due to larger ion path tortuosity, [23].

3.3.2 Variation with Temperature
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Figure 15: Measured capacitance & resistance variation of a Maxwell BCAP0650 cell with temperature

Whilst the capacitance of a cell is independent of temperature at very low frequencies, it is highly
temperature dependent at higher frequencies where capacitance is diffusion limited. The
capacitance at low temperatures is lower due to the reduced mobility of ions. At 1Hz, the
capacitance is 80% greater at 60°C compared with —40°C. Higher temperatures assist ion diffusion
and reduce electrolyte viscosity, and hence effectively increase the accessible surface area when
capacitance is diffusion limited. This is evident from the higher capacitance and lower ionic
resistance at higher temperatures, as shown in Figure 15.

For this particular cell, the total resistance varies little with temperature, however both the series
and ionic resistance vary significantly. It is worth noting that larger capacitance cells which retain the
same form factor, (simply increase in length between the terminals), have a larger ionic to series
resistance ratio. The series resistance, which is made up of electrical conductors, increases linearly
with temperature. Conversely, the ionic resistance follows an Arrhenius relation and decreases with

an increase in temperature due to an increase in electrolyte conductivity, and thus reduced diffusion
resistance, [35].
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3.3.3 Variation with Current
The variation of capacitance with current can be calculated by using the below formula with a
constant current and consistent voltage limits,

I.dt
C=—— Equation 17

Vmax - Vmin

where C is the capacitance (F), | is the current (A), V is the voltage (V) and t is the time (s).
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Figure 16: Available capacitance variation with applied current, measured during both a charge and discharge

The accessible capacitance of the cell changes with current, as less of the electrode surface area can
be utilised over a shorter time period. Additionally, we observe a difference in the measured
capacitance over a charge and a discharge. This occurs as the calculation is based upon measured
cell voltage, and the measured voltage is not necessarily the voltage at all points within the cell. The
easily accessible electrode surfaces will charge or discharge first; the more difficult to access
surfaces will initially lag behind and eventually balance with the remainder of the cell. This
phenomenon has been termed the residual charge effect [70,71], and is the cause of charge re-
distribution. When charging, the measured cell voltage is slightly greater than the real voltage, whilst
when discharging, the measured voltage is slightly lower than the real voltage. The true or
equilibrium charge and discharge capacitance are almost identical.

The steady state and dynamic capacitance of the cell are not equal; the dynamic capacitance (due to
the residual charge effect) will tend to the highest applied current.

3.4 Self Discharge & Degradation
When in a charged state, a SC has a higher Gibbs free energy than the discharged state, therefore as
voltage is increased the driving force for spontaneous discharge to occur through any available
mechanism is also increased, [35]. Self-discharge is well understood empirically [70,72—-75], and has
been shown to fit well an equation consisting of two exponential terms in the general form of
Equation 18, [73-75].

t t

V(t) = a;.exp (— —) + ay.exp (— —) Equation 18

T1 T2
It is well established that the first term is attributable to the effect of charge re-distribution
[73,74,76,77], and it is widely theorised that the second term is attributed to leakage current as a
result of faradaic reactions which result in degradation [72,74,75,78,79], however the number of
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evidence based studies are limited [80,81]. Charge re-distribution differs from self-discharge in that
it does not cause a loss of charge carriers from the EDL, whereas self-discharge does, [73,82].

3.4.1 Charge redistribution

Following a charging event, the voltage of the SC will decay over time. This decay is often incorrectly
attributed to self-discharge. However, over short time periods this voltage decay is almost
exclusively attributable to charge-redistribution [83]. Charge re-distribution can act over a period of
many tens and up to hundreds of hours, particularly for very small pores where the diffusion
coefficient can be greater than four orders of magnitude lower than the bulk, [70,76,83,84]. Charge-
redistribution will cause the voltage of a SC to decay towards its equilibrium value following either a
charging or discharging event, and thus can be distinguished from self-discharge as the voltage will
increase following a discharge. Charge re-distribution differs from self-discharge in that it does not
cause a loss of electrons or ions from the EDL, whereas self-discharge does.

In porous electrodes, the limited conductance of the electrolyte will result in a voltage drop across a
pore, [85], which alongside differing ionic path lengths and the localised effect of electrode
geometry will result in different areas of the electrode charging at different rates, [70]. A simplified
example is provided in Figure 17 where the entrance to the pore becomes charged first due to a
lower voltage drop, and shortest ionic path length due to its proximity to the bulk electrolyte. A
concentration gradient is formed with a significantly larger ionic concentration at the entrance of the
pore. A longer time period is required to access the full depth of the pore; as the ions diffuse to
eliminate the concentration gradient, a greater surface area is accessed, thereby increasing the
effective capacitance and reducing the voltage, [77,83].
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The extent of charge re-distribution is affected by tortuosity, pore size distribution, temperature,
current, voltage, usage history and level of charge saturation, [35,70,73,77,83,84]. The tortuosity of
a typical porous carbon electrode decreases the diffusivity from the bulk by 4-5 orders of magnitude,
and sub-nano-meter pores can cause this value to drop by an additional 3-4 orders of magnitude
during the ion exchange phase of a charge or discharge, [83]. Consequently, the time period
required to partially or fully access these pores may require many hours and therefore not
contribute in a useful manner for transient loads.
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Higher temperatures result in faster re-distribution as electrolyte viscosity is reduced and the ions
have greater energy, resulting in greater ion mobility, [70]. In instances where higher currents are
used, less time for ion diffusion into the porous structure is available, therefore the imbalance of
charge and subsequent re-distribution is increased, [76]. Constant-voltage charging can be used to
saturate the cell at a given voltage; the greater the saturation time, the lower the charge re-
distribution as shown in Figure 18.
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Figure 18: Voltage decay of SC cells charged to 2.4V and held at constant voltage for varying time periods - [70]

3.4.2 Causes of Self-discharge

Self-discharge is characterised as a voltage decay due to a loss of charge carriers from the EDL, and is
widely theorised to be a result of faradaic reactions which result in degradation [72,74,75,78,79],
however the number of evidence based studies are limited [80,81]. The rate of self-discharge is
strongly affected by voltage and temperature [72,73,87], as they affect the rate of electron transfer
rate, k, at the electrode/electrolyte interface as per Equation 19, [81], where K°is the rate constant
at zero over-potential, a is the charge transfer coefficient, 1 is the overpotential defined as the
difference between the double layer voltage and the redox potential of reaction, F is Faradays
constant and T is the absolute temperature.

k =k° exp(—ar)F/RT) Equation 19
dv Equation 20
— = —kV
dt

The voltage loss as a result of degradation inducing faradaic reactions is given as Equation 20 by Tevi
et al [81], whilst however this is yet to be demonstrated with commercial cells. Niu et al [78] propose
different degradation mechanisms, providing associated equations to describe the rate of self-
discharge. However, the works of Niu et al suggest that a linear voltage decay with log t is the result
of activation controlled faradaic reactions, however Black et al [77] show that a linear voltage decay
with log t is due to charge re-distribution in a porous electrode. The lack of evidence based analysis
leads the author to conclude that greater analysis is required by the scientific community before a
deeper understanding better than empirical relationships can be referred to with confidence.
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3.4.3 Degradation Literature Review

Numerous sources report that the cycle life of SCs is far superior to that of LIBs [23,35,43,88],
however given the differences in energy storage capability, this is somewhat of a meaningless metric
when considering a HESS. A more useful comparison is energy throughput; a study by Du Pasquier et
al [41] finds that the energy throughput before the capacity of a SC drops to 80% of the initial
capacity is significantly greater than 5 times that of a lithium ion battery.

Degradation in SCs typically manifests itself as pore blockage through the development of surface
films, gas evolution or physical separation of the electrode and current collector films; a summary is
provided in Table 2. The user experiences degradation as an increase in resistance and a loss of
capacitance; manufacturers typically define end of life of a cell as a 20% loss of capacitance and a
100% rise in resistance, [37]. The rate of degradation is affected by temperature and the voltage of
the anode and cathode. Some authors suggest that operating current [89,90], frequency [91] and
thermal cycling [92] affect degradation, however the number of published studies in these areas is
limited, the number of cells used is not statistically significant, and in the case of operating current
and frequency, the authors have not adequately controlled temperature to decouple these causes.
In typical SC systems mechanical stress is thought to contribute little to degradation in comparison
to faradaic reactions, [93].

Cause Effect Leads to Enhanced by Reduced by
Electrolyte Reduced ionic Capacity loss High SoC Controlling maximum
decomposition as [local] | concentration voltage as a function
potential exceeds ESW High of temperature
Gas Generation Temperature
Electrolyte additives
Electrode High rate at
exfoliation and high SoC
cracking
Surface film growth due | Increase charge Capacity loss High Electrolyte additives
to charge transfer at separation temperature
electrode/electrolyte distance Resistance rise Component purity
interface High SoC
Pore blockage Control voltage as a
function of
temperature
Binder decomposition Reduced Capacity loss Correct High temperature
mechanical binder
stability choice
Separation of CC and Inhomogeneous Resistance rise High rate Application of
Electrode distribution of operation pressure to jelly-roll
voltage and
current

Negligible degradation is observed when operating the cell within its ESW, [93,94], however
elevated voltages result in electrolyte decomposition and the reaction of the electrolyte with
electrode surface functionalities results in the development of surface films, which cause pore
blockages, [87,93,97]. Figure 19 shows how cell capacitance varies as the floating voltage is varied
from 2.75-4.0V. The capacity loss is similar below 3.25V, but increases significantly above this value.
Weingarth et al [25] demonstrate that the stability limit of the anion and cation with the electrode
differ, and with an AN solvent, the stability limit of the positive electrode is 1.3V vs carbon, whilst
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the stability limit of the negative electrode is (-)1.7V vs carbon. Consequently, as illustrated in Figure
20, the degradation of the positive electrode dominates system degradation.
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Figure 19: Change of cell capacitance over time as cells are aged via holding at voltages from 2.75-4V - [93]

To prevent the positive electrode dominating degradation, its thickness can be increased, thereby
increasing capacitance and reducing electrode voltage for a given charge. Differing electrode
thicknesses enables the use of higher cell voltages by maintaining both electrodes within their stable
region, [98]. The stable potential of each electrode varies significantly as a function of temperature
[25], therefore it should be mentioned that the above discussion is for 25°C. It is thought that the
solvent plays a major role in the dominant degradation mechanisms as the majority of degradation is
shifted to the negative electrode when using a PC solvent rather than an AN solvent, [54].
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Figure 20:Change of capacitance and resistance of positive (a & c) and negative (b & d) electrodes as a result of holding
cell at voltages between 2.75-4V, measured using three electrode setup - [93]

Temperature increases degradation via an Arrhenius relation [99] as more energetic particles
increase the rate at which redox reactions occur, however as discussed previously, temperature and
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voltage are inextricably linked, as demonstrated by Kovaltchouk et al [100]. The lack of
understanding of the physical reactions occurring which result in voltage and temperature
dependent degradation is highlighted by El Mejdoubi et al [101] who demonstrate the shortcomings
of simple, yet commonly used voltage and temperature based degradation models.

3.4.4 Independent Degradation Testing

Given a lack of reliable literature on the topic of degradation of commercial SC cells a series of
independent tests were conducted in an attempt to verify the findings of existing literature. Given
the limitation of facilities directly available to the author, data generation and acquisition assistance
was provided by Dr George Lane and Mr Alex Patsos of loxus Inc. Whilst a comparative analysis of all
operating conditions was not possible, 16 cells were tested to examine the effect of voltage,
temperature and cycling. Details of the conducted tests can be found in Table 3.

Capacitance and resistance were measured using the method defined by IEC62576, and all
measurements were completed following a four-hour rest at 25°C. Floating tests consisted of
holding the cells at a specified and fixed voltage and temperature, thus mimicking calendar ageing,
whilst the cycling test charged and discharged between the upper and lower voltage limits specified
at 120A with a 5 second rest following the completion of each half-cycle. Whilst the internal
temperature of the cycled cells is not known, the surface temperature stabilised at a value of
approximately 40°C; it is assumed that the internal temperature was greater than this value.

Test Type Cell Type Voltage (V) Temperature (°C) Number of Cells
Floating loxus 3000F 2.70 65 3
Floating loxus 3000F 2.70 85 3
Floating loxus 3000F 2.85 65 2
Floating loxus 3000F 2.90 65 2
Floating loxus 3000F 2.95 65 2
Cycling loxus 3000F 1.35-2.70 40* 2
Cycling loxus 3000F 1.42 -2.85 40* 2

The results of the floating tests at 65°C for the 3000F cells are presented alongside the results for
the cycling tests in Figure 21. As floating voltage increases, capacitance loss increases, however at
2000h the difference is modest, the capacitance loss increasing from 8.3% for the 2.7V test to 11.7%
for the 2.95V test. However, significant differences are observed in the resistance, with all tested
float voltages showing a progressive and meaningful increase. The limited capacity loss with
significant resistance rise would suggest the build-up of surface films, which in turn are reducing
pore size, [94].

Given the findings of Weingarth et al [102] it is surprising to find that for commercial cells, cycling
cells up to a given voltage results in higher capacity loss than floating at that voltage; for both 2.7V
and 2.85V cycling producing approximately 0.5% more capacity loss after 2000h than floating. The
resistance rise for the 2.7V float test and cycling test is almost identical, however significantly more
resistance rise is observed at 2.85V during the floating test. The comparable capacitance loss and
modest resistance rise during cycling suggests that cycling promotes a degradation mechanism
which is less prevalent or absent during the floating tests. The author hypothesises that mechanical
degradation, such as island formation in the electrodes plays an important role in the degradation of
SCs via cycling at high currents.
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Figure 21: Capacitance loss (left) and resistance rise (right) following floating testing over a range of voltages at 65°C
presented alongside 120A cycling with 40°C cell surface temperature for an loxus 3000F cell

The resistance rise as a result of increasing voltage generally follows the behaviour described in
literature; when the resistance rise is fitted to an exponential equation, setting the initial value to
the initial ESR enables the exponent to rise linearly with voltage upto 2.90V. Above this value, the
exponent is increased, suggesting the onset of other degradation phenomena. Similarly, the
capacitance loss with voltage can be fitted well to an exponential equation up to a limit of 2.9V,
above this value capacitance loss is greatly increased.
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Figure 22: Comparison of capacitance loss (left) and resistance rise (rise) during floating test at 65°C and 85°C conducted
on an loxus 3000F cell

Although it was not practically possible to conduct degradation testing over a range of
temperatures, Figure 22 shows that capacitance loss and resistance rise are significantly increased
when temperatures exceed 65°C. The development of a degradation model requires additional
testing and analysis to determine relationships which can be extrapolated to typical operating

conditions with confidence. Comprehensive degradation testing for the generation of a degradation
model is beyond the scope of this study.

3.5 Interim Conclusion

The conducted electrochemical and thermal analysis has enabled the author to draw pertinent

conclusions relating to the research questions and working hypothesis which have been defined in
the introduction. The key conclusions are:

e The energy stored and power available is proportional to the square of voltage, therefore SC
cell operating voltage should be maximized in the HESS to maximize SC performance.
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Capacitance is a strong function of SoC (typically varying by upto 50% within the operating
voltage range), and a weak function of current (typically reducing by ~10% at the maximum
rated continuous current). For the studied SC cells, capacitance is unaffected by temperature
at frequencies of less than 0.1Hz, but strongly diminished above this frequency where
capacitance is strongly diffusion limited.

Series resistance increases with increasing temperature, however ionic resistance decreases.
lonic resistance increases substantially at sub-zero temperatures, and at -40°C is typically
more than 100% larger than at 0°C. Resistance is largely independent of temperature for the
studied cell due to the relative ratio of series to ionic resistance. Series resistance is largely
independent of SoC, though ionic resistance can typically rise by upto 50% within the
operating voltage of the cell. For the studied cell, resistance is largely independent of SoC.

Charge re-distribution will have a major impact on cell voltage when SCs are meeting the
power demand for an automotive drive cycle, and therefore must be accounted for during
model development.

SC degradation as a result of energy throughput is significantly lower than LIB degradation,
therefore transitioning energy away from the battery to the SC should help reduce energy
storage system degradation as hypothesised.

The rate of SC degradation is rapidly increased when a voltage or temperature threshold is
exceeded. The aforementioned voltage threshold is a strong function of temperature.
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3.6 SC Model Development

3.6.1 Introduction

In a HESS SCs will be used for both high power, highly transient loads and low power steady loads. As
the SCs will be required to meet high power demands, they will rise in temperature during
operation. Repetitive high current charge and discharge pulses, as are common in the automotive
environment, can lead to the formation of temperature gradients where the internal structure of the
cell is hotter than the surface of the cell. The performance of SCs varies with temperature,
particularly at low temperatures, [103]. Consequently, accurate electric modelling of SC
performance for high currents over extended time periods requires knowledge of the temperature
across the active material. In this section an electro-thermal model is developed in which the
electrical model is temperature dependent and considers the temperature evolution of the active
material.

3.6.2 Heat Transfer Model

3.6.2.1 Literature Review

To determine the temperature variation of a supercapacitor during operation, multiple authors have
developed thermal models, which are suitable for a range of applications. For consideration of early
cell design, d’Entremont et al [104] have calculated the reversible and irreversible heat generation
during electrical operation using a continuum physical electrical model based on the Gouy-
Chapman-Stern approximation of double layer. The model therefore defines the non-uniformity of
heat generation throughout the active material. However, the study assumes the use of solid carbon
planar electrodes rather than highly porous electrodes.

The majority of academic literature on this topic is concerned with the study of commercial SCs, and
the heat diffusion equation is solved in one [105], two [106], or three dimensions [50] [107]. If
solving the heat diffusion equation in one direction, heat transfer occurs through the material
thickness of contacting materials, directly between the core of the cell and the outer surface of the
can; axial temperature gradients (between the opposing terminals of a cylindrical cell) are not
considered. If solving in two dimensions, axial temperature gradients can be considered, however
the heat transfer around the spiral of the jelly-roll cannot. If solving in three dimensions, the
aforementioned limitations are addressed, at the expense of computational cost. The full 3D model
developed by Frivaldsky [107] in Comsol can be used to verify the thermal results of reduced order
models, (if the temperature changes are not a result of electrical activity as the model of Frivaldsky
has no electrical coupling).

The works of Gualous et al [106] experimentally measure the difference in temperature between the
core and the surface of a cell during operation, and latterly model the thermal behaviour using a
simplified two dimensional heat diffusion equation. These results demonstrate that the core of the
cell is hotter than the surface during operation. It must be considered however that the insertion of
(non-calibrated) thermocouples into the jelly-roll increases resistance, reduces axial thermal
conductivity (some contact welds are missing), reduces radial thermal conductivity (looser winding),
and increases the radial temperature gradient between the core and surface of the cell, (via
elimination of the air gap between the jelly-roll and can).

The few authors [105,108] who have combined electrical and thermal models to produce electro-
thermal models have used lumped thermal models only. The models are capable of providing
reasonable estimations of electrical performance and temperature change over a range of electrical
and thermal conditions. Berrueta et al [108] develop a temperature dependent electrical model, but
ignore thermal gradients. The works of Parvini et al [105] do not constrain parameters within logical
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limits as their electrical model has a capacitance value 10-15 times greater than the capacitance of
the cell. The thermal model is lumped with an assumption of a fourth order polynomial cooling rate
radially between the core and can, which does not account for the discontinuity of the air gap
between the jelly-roll and can.

Given that SCs will be used for high power, highly transient loads in HESSs, it is necessary to develop
a high fidelity thermal model capable of predicting axial and radial thermal gradients to investigate
their magnitude and effect upon electrical performance. The works of Gualous et al [106] suggest a
thermal gradient between the core and surface of the cell in excess of 6°C when cycling a cell at 95%
efficiency (as defined by Equation 16), which could result in significant differences in electrical
properties at low temperatures.

Knowledge of cell resistance and hence temperature of the active material immediately after a high
current pulse is of interest in a HESS as it will influence the rate of current transfer between a SC and
battery. Heat transfer between the active material and the surface takes time, therefore a lumped
model which perfectly predicts cell surface temperature would under predict temperature change at
low time periods, causing issues with resistance estimation.

3.6.2.2 Model description

To predict the temperature distribution across a cylindrical SC cell, a pseudo-3D heat transfer model
is developed. Whilst it is desirable to have a thermal model capable of predicting axial and radial
thermal gradients, the computational time associated with a 3D model is undesirable given that the
model will be further slowed down by coupling with an electrical model. Therefore, a series of 1D
thermal models are combined in a manner similar to that employed by Damay et al for LIBs, [109].
Axis-symmetry is used to reduce model complexity. The cell is divided into unit areas, and the
geometric and thermal properties are defined using an equivalent thermal circuit analogy.

Each material has a defined thermal capacity and thermal resistance determined from literature in
the x, y and z directions; Figure 23 graphically illustrates the manner in which this is distributed
across the jelly-roll. The nomenclature for directional heat-transfer in this paper is defined as:

e X-direction: Heat transfer around the spiral in a given material.
e Y-direction: Axially lengthwise between the terminals of the cell in a given material.
e Z-direction: Radially across the thickness of the jelly-roll, between different materials.

Each turn of the spiral is discretised individually, and further split into ‘n’ segments along the Y-
direction of the jelly-roll. As shown in Figure 23, each unit cell of the jelly-roll can conduct in the x
and/or y directions to adjacent unit cells, or in the case of current collectors at the ends of the cell,
into the terminal materials. Each unit cell can also conduct heat in the z direction, through the
intermediate layers, which can be represented as a thermal short-circuit through the jelly-roll rather
than around it. Heat-transfer in the z-direction through different materials is treaded as per the x
and y direction, with varying material geometry and properties for each layer. This is graphically
illustrated in the lower portion of Figure 23. It is assumed that the interface between materials does
not introduce an additional thermal resistance; the model was found to be insensitive to the use of
this assumption as the heat transfer in the z-direction is dominated by the low thermal conductivity
of porous carbon.

Unit cells increase in width in the x-direction from the core to the edge of the jelly-roll because each
x-direction discretisation consists of one turn of the spiral, and each turn of the spiral results in a
progressively larger diameter. For the outer turns of the jelly-roll, where the unit cells are relatively
long in the x-direction, heat transfer across the layers (in the z-direction), can be appreciable relative
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to heat transfer around the jelly roll (in the x-direction) despite the higher thermal conductivity of
the materials in the x and y directions. For the inner turns of the jelly-roll, heat transfer in the x, y
direction around the jelly roll is dominant compared to through the layers, as the unit cells are now
relatively short in the x direction. By discretizing with unit cells with variable x length and thermal
short-circuits representing heat transfer between layers it is possible to model 3D temperature
gradients in a straightforward way. Unlike the thermal model developed by Gualous et al, [110], heat
transfer is considered in each direction, the heat transfer rate is dependent upon the geometric and
thermal properties of each material, and crucially the air-gap between the jelly-roll and aluminium
can is accounted for. This approach makes use of spiral symmetry to prevent the high computational
cost associated with a fully discretised 3D model.

REI_Spiral RE_Spiral
——  NMA——— The

T _| B

D

Thermal aquivalent circuit displayed for a single electroda only.

Thermal equivalent circuit through
thickness at this point.

REI_Axial

REI_Spiral

—AAnL

RSep_Thick

RE|_Axial

ﬁ= Thermal Mass IR Sep_Spira

W Thermal Resistance l

RE|_Spiral

AL

| The,

RE_Thick RGG_Thick RELThick

Figure 23: lllustration of the structure and discretisation of the jelly-roll in the developed pseudo-3D thermal model -
[Top] Partially unwound jelly-roll with grey blocks illustrating the thermal model discretisation [for ‘n’ x ‘m’ elements]
and a thermal equivalent circuit showing the thermal resistance and capacitance through a single electrode only,
[Bottom] lllustration of the thermal connection between material layers, (heat transfer in the Z direction), in the jelly
roll at discretisation segment (n-1,m) via a thermal equivalent circuit

There are two mechanisms for heat transfer between the system and the surroundings: conduction
from the jelly-roll through the current collectors and further to the cell terminals, and convection,
across the air gaps at the centre and outer boundary of the jelly-roll.

The utilised model for the jelly roll, the structure of which is shown in Figure 23, contains 1,764
thermal mass elements, 1640 conductive heat transfer elements in the x direction, 1344 in the y
direction and 1470 in the z direction.
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3.6.3 Electrical Model

Numerous authors have constructed models to predict the electrical behaviour of EDLCs that can
broadly be categorised as either physical models [111-113] or equivalent circuit models,
[71,76,77,104,114-116] . Although the physical models provide us with more information about the
phenomena occurring within the cell, these models remain relatively immature, and to date, no
model has provided validated results over a complex drive cycle. Lajnef et al, [115], developed a
generic equivalent circuit model for an EDLC as shown in Figure 24a, and demonstrated that it
reproduced EDLC behaviour reasonably well over long time periods whilst at a constant
temperature. Devillers et al, [116], compares the accuracy of multiple electrical models over a period
of 700 seconds at different temperatures, and confirms the findings of Lajnef et al. For this study,
good reproduction of electrical behaviour over complex drive cycles is necessary, therefore an
equivalent circuit model is favoured over a physical model.

The generic model in Figure 24a can be simplified to the very basic form seen in Figure 24b for
frequencies between 1mHz-10Hz and time periods <500s. The author found that a single
transmission line and a single RC branch can provide good voltage matching over transient loads and
provide a good estimate for charge-redistribution for a particular time period, whilst being relatively
simple to parameterise. A cell utilising porous electrodes has many time constants, thus for longer
model operational time it is necessary to utilise additional RC and transmission line branches.

The transmission line branches model the available capacitance for a given resistance to adsorption,
which is analogous to the ion adsorption path tortuosity, [85]. Each RC branch has a time constant
that relates to the re-arrangement of ions; charge re-distribution is a non-linear process, hence the
greater the number of RC branches utilised, the lower this discrepancy will be, at the trade-off of
greater complexity. A detailed description of the correlation between electrical circuit elements and
the physical processes occurring within the cell during operation has been complete by numerous
authors, [35,108,117]. The following works study the effect of transmission line length, [35], and the
number of RC branches, [118].
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Figure 25 shows the evolution of the constituents of a pore within the electrode from an uncharged
state to a fully charged state, and their representation in the model. Following the elapse of time
period Ts, the initial charge of the transmission line is complete, however counter-ions and solvent
molecules remain trapped within the pore. Given continuation of charging, the charge saturation of
the pore will increase, with different stages of charge saturation being associated with increasing
time constants of an RC branch.

The number of RC branches required to re-produce cell behaviour depends upon the time period of
interest, and the accuracy required. Additionally, it is desirable to minimise the number of model
parameters for consistency and reproducibility. The model shown in Figure 24c provides sufficient
accuracy for the scope of this study over a broad range of conditions upto an operation time of
1500s, as shown in the model validation section.

Although electrical equivalent circuit models are capable of predicting the voltage response of EDLCs
very accurately, the existing electrical cell models are empirical models and therefore cannot
spatially define electrical activity and hence heat generation. Therefore, the use of a single electrical
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equivalent circuit model with lumped resistances, such as that seen in Figure 24c, with a highly
detailed thermal model necessitates the assumption of uniform volumetric heat generation.
However, due to differing current paths and internal temperature gradients, the electrical activity,
and hence rate of heat generation could vary throughout the cell. Consequently, it is necessary to
create an electrical model that accounts for localised electrical activity throughout the cell, which
can be used to determine whether the heat generation model must be distributed or lumped.
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Figure 25: lllustration aligning the transmission line (71) and the RC Branches (72 & 73) with different degrees of charge
saturation within a carbon pore. lllustrations depecit findings of [51,65,66]

The equivalent circuit model in Figure 24c can very accurately recreate the voltage response of an
EDLC, as shown in the model validation section. Therefore it is adapted to create a semi-physical
high fidelity EDLC electrical model, illustrated in Figure 26. The model describes the electrical
resistance path and spatial ionic activity of the cell using resistor networks and repeated equivalent
circuits. The connections between the electrodes mimic ionic activity; each connection is via the
repeated ionic circuit illustrated in Figure 24d. The electrodes are discretised into ‘m’ axial segments,
(between the electrodes/y-direction), and ‘n’ radial segments, (each turn of the spiral jelly roll/x-
direction).

A reduced schematic of the electrode resistor networks used to model the current collectors and
electrodes is shown in Figure 26. Electrical resistances for the current collector and carbon are given
as a function of the material resistivity and geometry. In the rolled jelly-roll, the matching node co-
ordinates marked on the electrodes will form a locally flat electrode pair between which ionic
movement can take place. The positions of nodes for ionic connection are shown on the resistor
networks and the ionic connection between the resistor networks are illustrated in Figure 26. Each
node is marked with co-ordinates (i,j), where i denotes the number of the turn within the spiral of
the jelly roll, and j denotes the distance in element numbers away from the positive terminal, where
each element is an equal fraction of the distance between the positive and negative terminals. Each
ionic connection is made via the electrical circuit shown in Figure 24d, where its positive connection
connects to (x,y) on the positive electrode, and its negative terminal connects to (x,y) on the
negative terminal.
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Electrode Resistor Network

Figure 26: Reduced schematic of high fidelity semi-physical electrical model. The positive and negative electrode resistor
networks are connected at nodes via a repeated electrical circuit which is shown to connect co-ordinates (1,5) and (2,5)
on the positive and negative electrodes

3.6.4 Heat Generation Model

3.6.4.1 Heat Quantification

The heat generated within a supercapacitor can be categorised as either reversible or irreversible.
The ‘reversible heat’ is due to changes in the arrangement of ions between the charged and
uncharged states, and hence, changes in entropy. Schiffer et al [119] define the entropy of each
double-layer for a monovalent electrolyte within the cell as:

kCV %
Sdl = —In <—H) Equation 21
e Vo

Where S; denotes the entropy of the double layer (J/K), vy is the volume of the Helmholtz layer
(m=3), v, is the electrolyte volume, (m™3), k is the Boltzmann constant (m?kgs ?K™1), and e is
electron charge (C).

The underlying assumption is that the double layer is solely formed of a Helmholtz layer; a single
layer of ions perfectly balances the charge on the electrode, the thickness of the double layer does
not vary and is equal for both electrodes. The work of Schiffer et al [119] and Gualous et al [106]
demonstrate that these assumptions remain valid for a highly microporous cell when assuming
homogenous heating within the cell. Whilst the works of d’Entremont et al [104] indicate that the
entropy at the positive and negative electrodes differs when the electrolyte contains dissimilar ions,
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to the best knowledge of the author, no works have shown the difference in the entropic heat
generated at the positive and negative electrodes. The entropy at each electrode is calculated in
order to assess the heat generation within the cell.

Assuming the size of the double layer does not change with time, the entropy change with respect to

time is:

dt

del kBC VH av
)
dt e

Vo

And the corresponding generation heat rate:

dt dt

ereversible = _T dsdl

av It
Substituting Equation 22 into Equation 23, and using, i (T)’ an expression for the reversible heat

generated at the positive and negative electrodes can be obtained:

ereversible+ _ T_k In (VH__> I(t)
_— = Ve

dt e
ereversible, _ T_k In (VH_+> I(t)
dt e VO

The electrolyte typically utilised within commercial supercapacitors is Tetraethylammonium
terafluoroborate, (TEABF,), where the de-solvated positive ion (TEA™) is 42% larger than the
negative ion (BF, ), (0.68nm vs 0.48nm). Consequently, inserting values into Equation 24 and
Equation 25, it is calculated that approximately 40% more entropic heat is generated at the positive
electrode.

‘Irreversible heat’ generated within the cell is a result of losses due to electronic resistances within
the solid phase and ionic resistances in the liquid phase. The irreversible heat generated is expressed
as:

n

Q.

msesble — N R (T IO + 19 Reantaa(T)
j=1

where R, is the resistance of branch x’ (£2).

It is assumed that chemical reaction heat, i.e. that attributable to degradation via faradaic reactions,
can be neglected when operating the cell within the manufacturer’s defined operating conditions.

3.6.4.2 Heat Location

As described in the experimental methodology section, significant efforts were made to ensure
contact resistances are consistent, therefore the heat generated across the contact resistances is
equally applied to the positive and negative terminals.

The heat generated as a result of the series resistance within the cell is split between the carbon
electrodes and aluminium current collectors as it is attributed to resistance in the solid phase. The
electrical resistance of the carbon is two orders of magnitude greater than the resistance of the
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aluminium [120,121], therefore heat generated as a result of the series resistance is allocated
proportionally using a ratio of 99:1.

lonic resistance is attributed to diffusion through the porous electrodes and separator. Ideally the
distribution of heat should reflect the relative tortuosity of the electrode and separator, however
this information is unavailable, therefore the heat is split gravimetrically.

System entropy and the disorder of ions within the electrolyte is at its maximum when the cell is
fully discharged and ions can occupy the entire volume of the electrolyte. Charging the cell and
ordering the ions at the electrodes results in a state of minimum ion disorder and entropy. lon
movement results in a local entropy change, thus the entropic heat is distributed over the volume
occupied by the electrolyte, thus as per the ionic resistance it is distributed gravimetrically across
the electrodes and separator.

3.7 Model Parameterisation

3.7.1 Electrical Model

The electrical model parameters are estimated using data acquired from Electrochemical Impedance
Spectroscopy (EIS), and constant current charge and discharge curves. These parameter values are
subsequently refined within tight boundaries using the Simulink parameter estimation toolbox. The
parameters used in this model can be found in Table 4.

3.7.1.1 Capacitance
The measured capacitance is defined in the model as:

Cmeasured = CTransmission_Line + CRC Branch

where the transmission line capacitance, Cr,unsmission Line » 1S @nalogous to the capacitance of the
easily accessible part of the porous structure, whereas the capacitance of the RC branches,

Crc Branchs 1S @analogous to the capacitance of the difficult to access regions of the porous structure.
The ease of access to the porous structure and the required adsorption energy vary based upon the
tortuosity of the ions path to adsorption.

The transmission line capacitance is equal to the measured capacitance at the highest current of
interest. Further, the transmission line capacitance is split into two capacitances, Cy, and Cy each of
which has a voltage proportionality, C,,.

CTransmission_Line = (CO + (CO' CV'V)) + (CR + (CR- CV'V))

Where C is the primary capacitance and is the capacitance measured at zero volts, which can be
determined by backwards extrapolation of the capacitance curve in Figure 14, and inspection of the
y-intercept. C,, is the capacitance voltage proportionality factor, and Cj, is the re-distribution
capacitance, which is typically 10% of C.

Given Equation 27 and Equation 28, it is possible to determine the RC branch capacitance from
experimental data. However, the capacitance of each branch depends upon the number of
branches, and the time period of interest. As an initial estimate, it is therefore suitable to distribute
this capacitance equally between the branches. The optimisation algorithm refines the value.

3.7.1.2 Resistance
The measured resistance is implemented in the model as:

Rieasured = Rseries T Rionic
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The series resistance varies linearly with temperature as shown in Figure 14, hence can be given by:
ARgeries = Rserieso(1 + O((T - TO)) Equation 30

where ARy e is the temperature dependent change of series resistance ({2), Reries, is the
resistance at the initial temperature (2), « denotes the temperature coefficient of terminal material
(°C_1) , T is the temperature of terminal (°C) and Ty is the starting temperature of terminal (°C).
The ionic resistance varies with an Arrhenius relation with temperature, and also varies with SOC,
hence is given by:

Rionic = (AVZ + BV + D)exp(F/T) Equation 31
Where A, B, D and F are dimensionless experimentally derived constants from EIS.

The RC branch resistance, Rp¢ granch, IS the resistance associated with the adsorption occurring in
the high-energy/difficult to access adsorption areas. The resistance to ion flow in these areas is
significantly higher than that of easily accessible areas, however the former contributes little to the
measured resistance of the cell as there is little activity in these regions. As such, Equation 29 should
include Rp¢ pranch With a weighting factor determining its contribution to R;,,;. as a function of the
current through the RC branches. In reality, the current passing through the RC branches is difficult
to quantify without a model, hence the calculated values of R,;.s and Rj,nic are over-estimates
and are used in the parameter optimisation as maximum values. The time constant of the
redistribution branch, T, = Cg. Rg, must correspond to the time required to discharge the cell from
its maximum SOC, to minimum SOC at the maximum current that the model is valid for.

The resistance of the RC branches is determined by:

X/N). tyim
RBranChx = M Equation 32

CBranch X

where Rg,qnch « 1S the resistance of branch x, N is the number of branches and t; ;i (S) is the
period of model validity, upto a maximum of one hour.

Co 500 Rcontact 3.76e-5
Cv 0.105 Rionic 3.84e-4
Cr 47.0 Rseries 2.41e-4
Cs1 21.8 Rr 2.43e-2
Ce2 12.3 Rs1 6.32e-1
Rs2 49.86
Rieakage 9.47e+5

Table 4: Parameter values used in electrical model for Maxwell 650F Cell at 25°C
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3.7.2 Thermal Model
The parameters for the thermal model were taken from literature, and are shown in Table 5.

Specific Heat Thermal
Capacity Conductivity
Material (J kg K1) (WK 1m™1) References

Aluminium Can 898 205 [122]
Aluminium C t

uminium Curren 498 205 (122]
Collector
Carbon Electrod

arbon tlectrode 700 0.47 [123]
(wet)
Separator (Paper 1340 0.9 [124]
Based) (wet)
Polypropylene 1700 0.12 [124]
Air 1005 0.02 [122]

3.7.3 Electro-thermal Model Configuration

The constructed electro-thermal model consists of a heat transfer model, a heat generation model
and an electrical model. Above, multiple electrical models are presented in Figure 24 and Figure 26.
The semi-physical high-fidelity electrical model presented in Figure 26 enables the heat generation
model to locally define heat generation at each discretisation of the thermal model. However, it is
significantly more computationally expensive than the use of the model presented in Figure 24c,
which uses an assumption of uniform volumetric heat generation within a given material. Therefore,
it would be highly desirable to make this assumption if possible.

To determine whether this assumption is valid, the spatial current density variation through the
jelly-roll was examined with the use of the semi-physical high-fidelity electrical model. Figure 27
shows that dissimilar current paths through the jelly-roll lead to a variation in the current density,
which will subsequently lead to spatial variations of the heat generated within the jelly-roll.
However, the difference is small; for a 75A discharge starting at a uniform temperature of 20°C the
total charge delivered between 0-14 seconds shows a maximum spatial difference of 1.4%, (with the
greatest current density toward the radial core and axial extremities, i.e. (1,1) & (1,5)). These regions
have the highest current density because they have the shortest resistance paths.

However, given that active material resistance will change with temperature, it is known that an
existent temperature gradient enhances current density imbalance; this is shown in Figure 27b.
Artificially imposing a constant temperature gradient of 6°C from the core to the edge of the jelly roll
yields a maximum spatial difference in charge delivered of 3%.

Gualous et al [106] measured the radial temperature variation through a cell, and for an applied
current of 15A found a temperature gradient of approximately 6°C between the can and the core of
the jelly-roll, though the thermal gradient within the jelly-roll did not exceed 2°C. The thermal
gradient found by Gualous et al is likely to be an overestimate due to the elimination of the air-gap
between the jelly-roll and can during the insertion of thermocouples. The cell used by Gualous et al
for these measurements has a volume of approximately a third and resistance 7 times greater than
the cell used in this study, (Maxwell 650F). This study is interested in higher currents, therefore a
value of a maximum temperature gradient of 6°C across the jelly-roll was assumed to be a
reasonable test.
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Given the small deviations in charge delivered by different regions of the jelly-roll, and hence small
differences in heat generation, it was determined that it was reasonable to assume uniform
volumetric heat generation in a given material. Consequently, the electrical equivalent circuit model
in Figure 24c is utilised in conjunction with the heat transfer model in Figure 23 and the described
heat generation model to form the electro-thermal model.
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Figure 27: [a] Spatial current density variation through the jelly-roll whilst at a uniform temperature of 20°C during a 15
second 75A discharge - Top. [b] Radial current density variation through jelly-roll of non-uniform temperature during a

15 second 75A discharge. An artificial radial temperature gradient of 6K between the core and edge of the jelly-roll was
applied - Bottom.

3.7.4 Experimental Conditions for Validation

Charging and discharging of the cell is conducted using a Biologic HCP-1005 potentiostat with a 100A
booster for currents upto 100A, and a Bitrode MCV for currents above this. EIS was conducted in
galvanostatic mode with current amplitude of 3A using a Biologic BCS-815 potentiostat. For uniform
temperature testing, an ESPEC BPL-3 thermal chamber was used.
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Precise and accurate data was required for the thermal validation of the electro-thermal model. The
best practise for cell preparation described in the experimental methodology section was utilised.
Measures were taken to control the thermal boundary conditions; to prevent convection to the
environment the cells were wrapped in an insulating material (Rockwool) with a thermal
conductivity of 0.4W/mK. To control conduction to the environment, heating elements were
attached to the cables of the cell-cycler, and a PID controller maintained the cables at the same
temperature as the cell, thus minimizing heat transfer by minimizing the temperature difference.

3.8 Model Results, Validation & Discussion

3.8.1 Electrical Model Validation

A current profile was developed to test the quality of the voltage estimation of the simple electrical
model as seen in Figure 24b. A very good fit was achieved, with the maximum error occurring during
the charge re-distribution process, most notably a short duration after a high current charge or
discharge. The maximum error in the estimated voltage is 2%.

At times greater than 200 seconds, the voltage error of the simple model (Figure 24b) increases to
12% on the drive cycle seen in Figure 28c, therefore the model of increased complexity (Figure 24c)
is used for all subsequent work in this paper.

For validation of the electrical element of the electro-thermal model, a transient drive cycle, seen in
Figure 28c, is used to test the performance of the electrical model. This validation cycle has been
developed to incorporate high and low currents, charges and discharges, different rates of change of
current and different switching frequencies to test the model over an array of conditions. Figure 28a
shows the voltage response of the complex electrical model (seen in Figure 24c) when operated at a
constant temperature, whilst Figure 28b shows the voltage response when the electro-thermal
model accounts for temperature changes because of electrical activity. The surface temperature rise
over this cycle is 5°C, and thus resistance decreases with time.

If a constant temperature is input into the electrical model, as seen in Figure 28a, the model will not
account for the decreasing resistance, and thus the error will increase with time and temperature
rise. The maximum error at a time of less than 200 seconds is 2%. This error increases with time and
by the end of the simulation at 950 seconds, the maximum error has increased to 4.3%. Figure 28b
shows the voltage response where temperature change is accounted for. The resistance now
changes with time, therefore the error does not increase with simulation time. The maximum error
is stable at 2% and does not increase with time or temperature difference.
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Figure 28a (Top) - Comparison of measured and simulated voltage of a Maxwell 650F EDLC over a highly transient load-
cycle, using the complex model seen in Figure 24c with a constant temperature

Figure 28b (Middle) - Comparison of measured and simulated voltage of a Maxwell 650F EDLC over a highly transient
load-cycle, using the complex model seen in Figure 24c with an updating jelly-roll temperature

Figure 28c (Bottom) — Current profile used for simulation in Figure 28a and Figure 28b
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3.8.2 Thermal Model Validation

In real systems, temperature can only be measured at the surface of a cell, however it is mostly the
temperature of the jelly roll which affects the performance and degradation of the cell. Therefore, it
is desirable to understand the relationship between the surface temperature and the jelly-roll
temperature. It is however useful to validate the model by examining the temperature change whilst
charging and discharging over a range of conditions by examining surface locations. Initially, it is
useful to examine the temperature change at a single surface location over a range of loading
conditions, and latterly, to include other locations into the analysis.

1.5 T T

Experimental Data
— — = Simulation Data

Temperature Rise (K)

_1 1 1
0 50 Time (s) 100 150

Figure 29: Temperature rise at the positive terminal for charge and discharge events from 20-100A

Figure 29 compares the simulated and experimentally derived temperature change at the positive
terminal when the cell is charged or discharged between 0.1-2.7V. It demonstrates that the model
provides a very good estimate for the total temperature evolution at the positive terminal for each
charge or discharge event tested. Small discrepancies exist for up to 20 seconds for large current
charges, and for up to 60 seconds for the small current discharges. The quality of fit, and location of
maximum error in the simulated result is very similar at the negative terminal.

3.8.3 Predicted Internal Temperature
The thermal model allows the study of the coupling between the thermal and electrical properties of

the cell, and its impact upon performance. For example, a detailed internal temperature map can be
obtained for any electrical load.
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Figure 30: Predicted temperature distribution within a cell during and following a 100A charge from 0.1-2.7V
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Figure 30 shows the model predictions of temperature evolution for various positions in the y-
direction between the terminals, (during a constant current charge at 100A from 0.1-2.7V). Surface
temperature measurements are shown for the positive and negative terminal; as in Figure 29 an
excellent fit is achieved with the maximum error occurring at time periods of <20s. The maximum
instantaneous temperature difference between the core of the jelly-roll and the surface of the cell is
1.23K, indicating that meaningful temperature gradients can be observed between the jelly-roll and
surface of the cell during short duration pulse applications. The maximum temperature reached by
the centre of the jelly-roll is 0.5K (46%) higher than the maximum temperature reached by the
surface. The maximum temperature difference between the centre and outer edge of the jelly-roll is
0.1K, (6.2% cooler than the core). Table 6 shows the surface and core temperature differences for a
range of currents. Following a 400A charge, the temperature gradient between the core and surface
of the cell is in excess of 3.5K. Taking the surface temperature rather than the core temperature will
induce an error of up to 6% in the resistance value, and up to 15% in the capacitance value. Whilst
the duration of this error is limited to the period during which a thermal gradient is present, the
errors will accumulate over time.

Charging Maximum Predicted Maximum Predicted
Current Temperature (K) Temperature Difference
(K)
Surface Jelly Roll
75A 0.97 1.36 0.99
100A 1.09 1.59 1.23
400A 2.91 4.01 3.89

Following periods of activity, thermal gradients form within the jelly-roll. Figure 31 shows the radial
and axial thermal gradients between the core and the surface of the cell following the charge event
at 1700s in Figure 32. There is little temperature variation (3%) in the radial direction due to the air
gap between the outer surface of the jelly-roll (radial distance of 28mm from core) and the inner
surface of the aluminium can (radial distance of 30mm from core). The axial temperature gradient
(5%) is only slightly larger than the radial temperature gradient; however the axial temperature
gradient is expected to be larger for longer cells, typically higher capacity cells within a product
range, [37,38]. The core is 16% hotter than the surface in this particular test.
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It is shown in Figure 32 that following a period of continuously charging and discharging the cell at
50A between 1.2-2.7V, the predicted temperature at the positive and negative terminals of the cell
matches the experimental data very well. The maximum error (0.3K) is seen at time periods between
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600s and 1200s is equal for both the positive and negative terminals. The temperature of the
positive and negative terminals diverges slightly over time; this divergence is predicted by the model
and is a direct result of Equation 24 and Equation 25 derived above in section 3.6.4. As a result, this
is the first model to predict this behaviour.
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The model predicts that the temperature at the core of the cell is consistently higher than at the
surface of the cell. Figure 32 shows the increasing divergence between the temperature at the core
and at the surface of the cell.

The temperature gradient between the core and surface of the cell does not increase significantly
over time because of good thermal conductivity between the current collectors and aluminium can.
For heat generated within the carbon electrodes to conduct into the current collectors and
subsequently the aluminium can, thermal gradients must exist, however these thermal gradients are
supressed when the cell is discharged. Entropic heat generation causes heating on charge and
cooling on discharge, and in the cell under study the combination of the ohmic and entropic heat
caused by a 50A discharge results in a net cooling of the electrodes.

3.8.4 Comparison with Existing Works

3.8.4.1 Comparison with Experimental Data

Gualous et al [106] have inserted thermocouples into a cell and report measurements which show a
much larger thermal gradients than predicted by this study; a comparison can be seen in Table 7.
This result is expected as inserting thermocouples altered the physical structure of the device, and
hence altered its thermal characteristics. The results of Gualous et al have been recreated in the
model developed by this study to determine the physical changes necessary to account for the
differences in thermal characteristics of the cell modified via thermocouple insertion.

Temperature Gradient Location Measurements of Predictions of this study (°C)
Gualous et al (°C)

Core to radial edge of jelly-roll 1 0.1

Core of jelly roll to cell surface Upto 5.4 Upto 1.2
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The thermal gradient between the radial edge and core of the jelly-roll can be re-created though
elimination of the air-gap between the outer edge of the jelly-roll and the aluminium can. Gualous
acknowledges that the jell-roll has been wound manually and that the ‘mechanical tension is much
smaller’, which suggests that the aforementioned air-gap is not present in the cell with
thermocouples inserted.

The thermal gradient between the surface and core of the cell can be re-created by greatly reducing
the area of connections of the current collector with the terminals. Gualous et al acknowledge that
‘current collector contacting is incomplete’. As a result, the thermal resistance for some parts of the
jelly-roll is greatly increased as heat must conduct through a greater radial distance (in the x-
direction) or through additional layers (in the z-direction) of aluminium, carbon and separator
material to reach an area of current collector which is directly connected to a terminal.

3.8.4.2 Comparison with Existing Models

A lumped thermal model as utilised by numerous authors, [106,108,125,126], typically provides a
good estimate of the overall temperature rise, however it cannot account for the time taken for heat
to conduct from the core of the cell to the surface. As a result, the lumped model produces
undamped results. A lumped model was generated using identical parameters for heat generation
and heat transfer to the environment as the pseudo-3D model. A comparison between the results
produced by the lumped thermal model and pseduo-3D model are shown below in Figure 33.
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Figure 33: Comparison of temperature rise predicted by the lumped model and pseudo-3D model (positive terminal)
when in constant operation, i.e. continuous charge and discharge at 50A between 1.2-2.7V at 25°C

A lumped thermal model is suitable if only the overall temperature rise is of interest. It cannot
predict the temperature of the jelly-roll, and hence will introduce errors into the electrical model.
Furthermore, over a single charge event (approximately 20 seconds) the maximum error is in excess
of 200% (1°C error). The use of a lumped thermal model in a capacitor management system would
therefore lead to an overestimate of the rate of temperature change as a result of a pulse load.

Gualous et al [110] created a thermal model which considers heat transfer in the axial and radial
directions (y and z directions), but does not consider heat transfer around the spiral of the jelly-roll
(x-direction). Their model validation is complete using both a self-generated dataset and one
provided by the Paul Scherrer Institute. The internal temperature measurements used for validation
are of the central airgap of a Maxwell BCAPO10 and a Maxwell BCAP0350 cell. The internal
temperature measurements in this study clearly do not show the effects of entropy, which are
shown very clearly in a latter study (2011) by the same author [106]. Consequently, the model also
does not consider entropic thermal effects. Gualous et al do not show plots that show axial or radial
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temperature distributions, and the pseudo-3D model developed in this study does not model the
central air-gap, hence a meaningful comparison of findings is not possible.

Frivaldsky et al [107] created a 3D thermal model and evaluated the steady-state results to examine
the temperature gradients which form. The axial and radial temperature distribution results shown
in [107] are very similar to the results produced by the pseudo 3-D model which are shown in Figure
31. The model has no electrical coupling.

3.9 Modelling Conclusion

An electro-thermal model for a SC has been developed to predict the internal temperature of a cell
whilst applying pulse loads. The electro-thermal model consists of a coupled electrical model, heat
generation model and heat transfer model.

The electrical model is adapted from a generic physically meaningful equivalent circuit model of a
SC. It is shown that the current density and hence rate of heat generation does not vary significantly
throughout the jelly-roll. Therefore, it is suitable to assume uniform spatial heat generation within
the jelly-roll although the temperature differs. The heat generation model considers both
irreversible (ohmic) and reversible (entropic) heat generation. Typically, entropic heat generation is
defined as a bulk value, however in this study entropy was independently calculated for the positive
and negative electrodes. It is shown that the entropic heat generated at the positive electrode of a
typical commercial SC is approximately 40% greater than that at the negative electrode.
Consideration of entropy independently at each electrode was necessary to predict the temperature
divergence of the positive and negative electrodes.

A physical pseudo-3D heat transfer model was developed to take advantage of the axisymmetric
nature of cylindrical cells and avoid the high computational cost of a true 3D heat transfer model.
Unlike other non-truly 3D thermal models, heat transfer is considered in each direction and the rate
of heat transfer is governed by the geometric and thermal properties of the materials rather than
bulk values. Consequently, the predicted radial temperature variation of the developed model
shows a greater non-linearity than the other non-truly 3D thermal models, which is in line with the
predictions of existing 3D thermal models.

The model indicates that under pulse load conditions, a temperature difference in excess of 3.5°C
can form between the surface of the positive terminal and the jelly-roll, however the temperature
gradient across the jelly-roll is small. Therefore, it is important for electrical models to consider the
temperature of the active material and not simply the surface of the cell when considering a high
current pulse load condition. This is of particular importance in high capacity cells where the ionic
resistance is greater than the series resistance. At very low temperatures, an increase of 3.5°C can
yield a change in resistance of up to 6% in the resistance value, and up to 15% in the capacitance
value.

Greater knowledge of active material temperature of the SC enables a more accurate prediction of
SC resistance and capacitance, which in turn enables a more accurate prediction of HESS
performance when LIB and SC models are combined.

48



4.0 Lithium-ion Batteries

Motivation & Applicability to Research Questions

An understanding of the performance and characteristics of Lithium lon Batteries (LIBs) is necessary
for the development of an understanding of Hybridised Energy Storage Systems (HESSs) consisting of
LIBs and SCs. This chapter briefly explains why LIBs are the dominant form of energy storage in
electrified passenger vehicles, and subsequently discusses how LIBs function. The relationship
between each component within the LIB and its performance is reviewed, and common internal
design trade-offs such as material selection and thicknesses are explained. LIB performance variation
as a function of operating conditions is subsequently presented and described analytically. This
knowledge is used to generate a model to predict battery performance over a range of operating
conditions, with a particular focus placed upon performance over an automotive drive-cycle. The
causes of long term performance degradation are examined and a summary of degradation methods
and their causes is provided.

4.1 Why use Lithium-ion Batteries in Automotive Applications

LIBs are the preferred form of energy storage for the automotive industry as it transitions to
electrified passenger vehicles, [3,9,10,14,127]. Battery energy storage has a substantially higher
well-wheel energy efficiency than hydrogen [128] or compressed air storage [129], and requires
significantly less capital investment for energy supply infrastructure [130-133]. Furthermore, the
lower volumetric requirements of battery energy storage enable automakers to produce a range of
electrified vehicles with varying degrees of electrification using existing vehicle platforms, thereby
reducing cost, time to market and risk. LIBs are preferred to other battery technologies largely due
to their superior volumetric and gravimetric energy density as is evident from Figure 2 which
graphically compares the energy density of LIBs to other forms of electrochemical energy storage.

Figure 1 summarises the requirements of energy storage systems for automotive applications;
knowledge of these requirements enables a high-level configuration comparison of different
electrochemical energy storage devices for a particular powertrain design. Telling benefits are
revealed when the mass and volume required for other technologies are compared to a baseline LIB
system.

The baseline used for comparison is a micro hybrid (mHEV) system from Audi, with a usable energy
capacity of 0.24 kWh and power capability of 12kW. The minimum mass and volume of cells
required to meet the requirements, whilst satisfying standard IEC 60038 [134] (which defines the
required operating voltage range of 48V mHEV systems) is calculated and the results are displayed in
Table 8, where it can be seen that the LIB ESS is by far the smallest and lightest.

To comply with increasingly stringent legislation and simultaneously increase the competitiveness of
hybrid vehicles in the marketplace, a significant demand exists for batteries with higher energy
density, [3,5,135-137]. An improved energy density should enable battery pack downsizing,
however advancements in energy density are not typically accompanied by a corresponding rise in
power density, and often power capability is reduced, [127,138,139]. This study aims to develop an
understanding and predictive capability of HESS operation in automotive environments to evaluate
whether the addition of the power capability of SCs enables the use of advancements in highly
energy dense batteries in applications which typically require high power, such as HEVs.
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SC Li-C Pb-A Ni-Mh Li-ion

Suitable Cell Maxwell JSR Micro East Penn Panasonic Ni- LG Ni-Rich
BCAP 3400F 3300F Lead-Carbon Mh Prismatic NMC Pouch
Cell 4S1P (12V
20S5P 1654P 50s3 12S3P
Configuration Modules) SP
Mass (kg) 51.0 22.4 31.1 25.0 11.9
Volume (L) 39.0 13.9 22.0 14.2 6.0

Table 8: Cell mass and volume required to replicate the performance of mHEV with a usable energy of 240Wh and power
of 12kW that satisfies IEC standard 60038

4.2 Principle of Operation

A lithium-ion battery consists of a pair of porous electrodes which sandwich an ionically conductive
yet electrically insulating separator, are adhered to current collectors, and immersed in an ionically
conductive electrolyte. The electrodes serve as host materials into which lithium-ions can be
intercalated (inserted into the bulk of the electrode) or extracted from/to the electrolyte. A
schematic of the internal structure of a cell is shown below in Figure 34.
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Figure 34: lllustration of the internal structure of a cylindrical battery cell at cell and particle scale -[140]

The cell is fully charged when the maximum permitted quantity of lithium is intercalated into the
anode. When a load is applied to instigate a discharge, ‘n’ lithium ion (Li*) are liberated from the
interstitial space between atomic layers of the anode at the electrode/electrolyte interface via
oxidation resulting in the release of lithium-ions and electrons. For a typical lithiated graphite
electrode:

Discharge

Li, i mCe S Charge

nLit + ne” + LiC, Equation 33

Simultaneous to the anode half-reaction, lithium ions intercalate into the cathode as this is the
lowest available energy state. The lithium ions from the anode half-reaction are released into the
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electrolyte where they diffuse to the cathode through the separator due to concentration gradients.
The electrons are unable to pass through the separator, therefore they travel through the external
circuit or load, via the electrodes and current collectors.

At the cathode electrode/electrolyte interface, a reduction reaction occurs between the lithium-ions
and available electrons to intercalate lithium into the Lithium based Metal Oxide (LiM0,) cathode in
the form:

LiyMO,+ nLi* +ne™ e gpaa?® LiynMO, Equation 34
The depletion of lithium from the surface of the anode leads to a concentration imbalance between
the surface and bulk. The concentration gradient gives rise to diffusion of lithium from the bulk of
the particles to the surface. Similarly, at the cathode, the surface lithium concentration is higher
than the bulk concentration leading to diffusion into the particle. The rate of lithium diffusion into
and out of the bulk of the particle is a major factor in the power capability of the battery, and
depends upon numerous factors including temperature and C-rate. A full charge or discharge is
indicated by a rapid rise or decay in voltage when the anode/cathode become saturated or depleted
of lithium or the electrolyte is depleted of lithium. The charging and discharging process is
summarised in Figure 35.

The electrode at which an oxidation reaction is occurring should be denoted the anode and a
reduction reaction denotes the cathode, therefore during a discharge the anode is the negative
electrode, and the cathode is the positive electrode. Whilst the electrode at which
oxidation/reduction occurs is reversed when charging, by unofficial convention this denomination
remains unchanged. LIBs are designed to ensure that the anode always possesses more chemical
potential than the cathode, therefore when the circuit is closed, a spontaneous discharge occurs.
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Figure 35: lllustration of the internal structure within a lithium ion battery with ion and electron motion indicated for a
discharge process — [141]
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4.3 Battery Design

Battery cells typically come in three form factors; cylindrical, prismatic and pouch. Cylindrical cells
comprise a jelly roll wound around a mandrel, which is this inserted into a can typically made of
aluminium. Pouch cells utilise a stacked jelly-roll contained within an aluminium laminate, and
prismatic cells utilise either wound or stacked jelly-rolls within a cuboid aluminium can.

Cylindrical cells are the lowest cost due to the reduced number of processes required during their
construction and as a result also benefit from a highly optimised production process given their
widespread use in portable electronics. Further, they are fully mechanically contained thereby
easing the process of correctly integrating them into a battery module. When integrating cylindrical
cells into a module a relatively large drop in volumetric energy density will be observed due to the
inherent packing density limitations of cylinders. To maximise energy density within the cell, current
collectors typically have a low contact area with the cell terminals, resulting in a poor internal
electrical and thermal path. As a consequence of these characteristics, cylindrical cells are typically
ill-suited to small battery packs with a high power demand, and are more productively used in larger
and lower power battery packs.

Prismatic cells incorporate large terminals and high current collector contact areas, and thus when
considered in combination with their external aluminium can, they have a low resistance and high
heat rejection. These attributes reduce the severity of some failure modes in prismatic cells which
arise from over-charge or nail penetration. However, these features increase the inactive material
content, thus prismatic cells typically possess comparatively poor cell level gravimetric and
volumetric energy density. Prismatic cells are typically well suited to applications with high power
requirements.

Pouch cells minimize inactive content, and offer the greatest module level design flexibility, however
electrode stacking increases cell processing costs, and thereby pushing users to maximize cell
capacity to control costs. Large pouch cells however pose challenges when attempting to satisfy
abuse legislation, as a single cell failure will release a large amount of energy, and the heat transfer
path is relatively poor in comparison to a prismatic cell. Pouch cells simultaneously offer the greatest
level of design flexibility and design complexity.

The major constituents of a lithium-ion battery are discussed below; the desired characteristics of
these constituents are largely (but not entirely) independent of the cell form factor.

4.3.1 Anode

An ideal anode possesses high specific capacity, low potential [vs Li], high electrical conductivity, a
high diffusion coefficient and is stable in electrolyte. The structure should be mechanically stable
during operation with little volumetric change as the electrode undergoes lithiation and de-
lithiation. During operation over an extended time period, irreversible capacity loss should be low,
thus thermal, mechanical and chemical stability should be high throughout the expected range of
operation.

Early lithium batteries possessed lithium metal anodes due to their very high (3860 mAh/g) specific
capacity, low density and lowest potential [vs Li]. However, due to uncontrollable lithium dendrite
formation and poor coulombic efficiency, a transition was made to intercalation materials, [142].
Graphite is currently the anode material of choice due to its high theoretical specific capacity (372
mAh/g), low potential [vs Li], high electrical conductivity, and low cost, [143]. Graphite anodes suffer
from high capacity loss during the first cycle, when the Solid Electrolyte Interphase (SEl) is formed
(further details about SEI formation are provided in section 4.5), however following the formation of
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this passivating layer, capacity loss slows considerably, [144]. During lithiation, graphite experiences
a modest volumetric expansion that is typically 13.5%, [145].

The structure of graphite impacts its lithium ion intercalation capacity, rate of degradation and
potential [vs Li]. Graphite is formed of sheets of graphene; a single sheet of graphene consists of a 2-
d hexagonal array of atoms, and is illustrated in Figure 36a. Sheets of graphene can be combined in
parallel layers with a horizontal displacement; an illustration is provided in Figure 36b and this is
commonly known as ABAB stacking or 2H graphite.
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Figure 36: (a) Graphene sheet structure (b) ABAB stacking of graphene sheets —Source: [146]

When lithium ions intercalate into ABAB stacked graphene sheets, it transforms into AAAA stacked
graphene sheets (Stage 1), however structural transformations between ABAB, ABCA and AAAA
stacking result in distinctive plateaus of the anode potential. Each plateau corresponds with
transitions between distinct phases of structural change due to lithiation. The graphic in Figure 37
(Top) shows how structural changes affect the vacancies occupied by lithium ions as a function of
stoichiometry, and in Figure 37 (Bottom), the transitions between voltage plateaus which
correspond the stages 1-4 can be seen.
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Figure 37: Plot of graphite anode potential vs Li as a function of stoichiometry, with a graphic illustrating — Adapted
from [144,147]

LiTis01, (LTO) has also been used as an anode material because it is safe, thermally stable, and
offers high cycle life during high current operation due to a very small (<0.5%) volume change during
operation, [143]. However LTO has a high potential [1.55V vs Li], low energy capacity (175 mAh/g),
moderate lithium diffusivity and electrical conductivity [143]. Whilst the high potential of LTO limits
cell voltage, at a potential of 1.55V vs Li, lithium dendrites cannot form, increasing safety during low
temperature charging. Additionally, LTO is chemically stable with the electrolyte preventing the
formation of a SEI layer, which would slow lithium diffusion, increase resistance, and consume
lithium thereby reducing capacity. Furthermore, the low volume change prevents particle cracking at
high currents. LTO is a good anode choice for high power LIBs requiring high safety, low degradation
and a wide thermal operating window.

Significant interest has been shown in the use of silicon as an anode material due to its very high
theoretical capacity (4200 mAh/g), however lithiation and de-lithiation causes very large volumetric
changes (300% vs the 13.5% of graphite), [145] [148]. Consequently, significant particle and SElI
cracking occurs, resulting in very poor cycle life. Graphite and silicon have been blended in an
attempt to produce an anode which has a higher specific capacity, yet is structurally stable. The
addition of 10% silicon content to a graphite anode was shown to increase the reversible capacity of
the electrode to 590 mAh/g (from 372 mAh/g) without significantly increasing capacity loss, [149].

4.3.2 Cathode

An ideal cathode should possess a high average potential [vs Li] to maximize cell voltage, a high
lithium storage capability for good energy storage capability, and high diffusivity and electrical
conductivity to minimise resistance. For long life, the structure should be mechanically stable during
operation and insoluble in the electrolyte. Additionally, it should be inexpensive and only undergo
exothermic decomposition at a high temperature or not at all to prevent thermal runaway.

Early LIBs used Lithium Cobalt Oxide (LiCoO2) as a cathode material due to its good specific capacity
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(155 mAh/g) and high average potential [vs Li] (3.9V). Although LiCo0, remains popular, a great
desire exists to transition to other cathode materials as Cobalt is a very expensive material, as shown
in Figure 38, is carcinogenic accompanied by environmental issues [150]. Additionally, instability
under thermal abuse conditions can result in thermal runaway and fire, meaning it is not suitable for
all applications.
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Figure 38: Raw commodity prices for metals as of January 2016 — Source: [151]

LiNiO, was developed as a lower cost alternative, however the lattice structure is less stable with
cycling as the Ni is oxidized from the Ni?* to the Ni3* or Ni** state during de-intercalation, and the
reverse during intercalation, [152]. This structural change causes significant degradation with
cycling. Furthermore, the formation of NiO and O, leads to safety concerns. Doping LiNiO; with a
small amount of Cobalt improves structural stability as its oxidation state does not change with
cycling [152,153][154].

Doping LiNiggC0¢ 0, with a small amount of Aluminium (< 5%) to LiNiggC0¢ 1541y 050, (NCA)
significantly reduces impedance rise by preventing the build-up of a surface layer on the cathode.
When charging to high SoC, Ni*" is generated, and when this is subsequently reduced, a NiO film
forms on the cathode surface, [153]. Aluminium is inactive and therefore reduces the specific
capacity of the cathode, however morphology changes (to more spherical and dense particles)
slightly reduce the impedance though these changes are small, [155].

Alternatively, LiNiygCoq 20, can be doped with Managanese to LiNij 3300 33Mn( 330, (NMC) to
reduce the Nickel content, and hence limit issues with structural changes and surface films. The
increased structural stability improves the stability at high potentials relative to both LiNio_gCoo_zO2
and NCA, [156]. It should be noted that at low SoC and elevated temperatures Manganese can
dissolve into the electrolyte, [157]. Under thermal abuse conditions, the onset of exothermic
reactions is at a higher temperature in NCM than NCA (325°C vs 250°C), and approximately 50% less
heat is generated, [158]. Furthermore, under these thermal abuse conditions, NCM also releases less
oxygen than NCA, [158]. Consequently, NMC is typically favoured for high capacity cells with the use
of NCA restricted to low capacity cells for safety reasons.

LiFePO, (LFP) has an olivine structure, therefore its thermodynamic potential is largely independent
of intercalated Li* concentration. The material is thermally stable and does not generate O,,
therefore is less of a fire risk. The stability of the structure results in excellent cycle life, and the
material is abundant, cheap and non-toxic, [150]. Whilst the raw materials for LFP are low cost, its
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synthesis requires an inert environment, [144]. LFP particles are typically coated with carbon to
increase their electronic conductivity, and the degree of graphitisation highly influences the
electronic conductivity and hence the rate capability of the material. Furthermore, the carbon
coating acts as a nucleating agent to reduce the particle size, and helps avoid the formation of ferric
impurities which block channels of the olivine structure, [150]. However, LFP has low specific energy
density (160mAh/g) and potential (3.45V vs Li), and has poor low temperature performance but is
suitable for applications requiring high levels of safety and non-toxicity.

Whilst LiCoO, remains a popular cathode choice, the use of NCA and NMC is growing rapidly given
their lower cost, and higher capacity. Owing to their relative attributes, NCA and NCM are gaining
popularity, however the use of both technologies is controlled by patents, [15]. The properties of
the discussed cathode materials are summarised below in Table 9.

Specific Volumetric Midpoint

Material Structure Capacity Capacity V Vs Li at Comments
(mAh/g)  (mAh/cm?) c/20

Remains very
LiCoO, Layered 148 550 3.9 common, Co is very
expensive.

Safer and less
expensive than

* Layered 160-170 600 3.8 LiC00,. Capacity
dependent upon
upper voltage limit.

LiNig33Mng33C00330
- (NMC)

Similar safety to

LlNlo_s(:‘f(JNo_éZI;”o.osoz Layered 180-200 700 3.8 LiC00,, higher
capacity.
Inexpensive, safer
LiMn,0, Spinel  100-120 596 4.05 '::ga; tLe lﬁggf;tﬁ’ﬁzr
stability.
) .. Very safe. Low
LiFePOy, - (LFP) Olivine 160 589 3.45

volumetric energy.

4.3.3 Electrolyte

The purpose of an electrolyte is to carry lithium ions between the cathode and anode. An ideal
electrolyte has high ionic conductivity to maximize ion transport, yet is a poor electronic conductor.
It should have a wide electrochemical stability window, have high lithium salt solubility, and remain
within the same state throughout the thermal operating region. It should be unreactive with other
components within the battery, have a high flashpoint, be available at a reasonable cost and be non-
toxic.

The electrolyte typically consists of multiple aprotic solvents and a lithium based salt; solvents are
typically combined to take advantage of complementary characteristics to develop a solvent which is
more suited for use as a battery electrolyte. Ethylene Carbonate (EC) is a commonly used electrolyte,
however it must be mixed with another solvent such as Dimethyl Carbonate (DMC), Diethyl
Carbonate (DEC), Ethyl Methyl Carbonate (EMC) or 1,2-Dimethoxyether (DME) to achieve suitable
characteristics. For example, EC has a melting point of 36°C, therefore is unusable below this
temperature, however by combining EC with EMC, the melting point can be reduced to -43°C, [159].
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EC forms a relatively stable passivating layer on a graphite anode, thus supressing degradation from
the electrolyte reacting with the electrode materials. The most highly researched lithium salts are
LiClOy, LiAsFg, LiBF, and LiPF,, however LiPFg is almost universally used in commercial
applications [160,161]; these salts are typically not mixed due to limited choice of anions. The
electrochemical stability window of the electrolyte should be considered with respect to a battery
cathode; whilst a number of electrolytes appear to possess impressive electrochemical stability
windows, the highly oxidising nature of transition-metal containing cathode materials reduces this,
[162,163].

4.3.4 Separator

The purpose of the separator is to prevent physical contact between the anode and cathode to
impede internal short circuits, and to allow lithium ions to diffuse through. Hence, good separators
must be excellent electrical insulators, whilst simultaneously being good ionic conductors to
minimize ionic resistance contributions. Additionally, to assist with manufacturability, safety and
performance degradation, the separator should have good mechanical properties, be chemically
stable and have controllable thermal properties.

Separators are typically made of Polyethylene (PE), Polypropylene (PP) or a tri-layered combination
of the two, (PP-PE-PP), [144]. In a tri-layered separator, PE undergoes an irreversible structural
change (melting) at approximately 130°C, preventing ion transfer through the separator and hence
acting as a safety device to prevent thermal runaway. The PP has a higher melting point, and
therefore maintains better mechanical integrity at these elevated temperatures, [164]. Further,

4.3.5 Current Collectors

Current collectors facilitate electron transfer between the electrodes and terminals of the cell. As
such, current collectors should have a very high electronic conductivity, be resistant to corrosion in
the typical potential range of the anode or cathode, and given that it is inactive, it should be of
minimum mass, volume and cost.

Typically, current collectors are made of dissimilar materials for the anode and cathode; copper has
excellent properties for use as a current collector, however corrosion occurs ready at potentials of >
2V [vs Li+] [157], therefore it is only suitable for use at the anode. Aluminium is commonly used for

the positive current collector due to its stability up to 4.5V [vs Li+] (with an electrolyte consisting of

EC-DMC and LiPF¢ or LiBF,), and a good trade-off between volume, mass and cost, [165].

4.3.6 Internal Design

4.3.6.1 Electrode Selection

Complementary anodes and cathodes are selected to meet the targets of a particular cell design.
Generally, it is desirable to maximise cell potential, create a relatively flat voltage curve and have
little capacity fade and resistance rise as a result of usage. Different anode and cathode materials
can be combined to achieve the desired attributes of the battery cell, however trade-offs are
inherent in battery design. For instance, the specific energy storage capabilities of the anode and
cathode will differ, therefore a differing active mass is required. Changing the electrode mass will
result in changes to the minimum and maximum electrode stoichiometry (lithiation normalised
against maximum lithiation), which in turn will affect average cell voltage and the shape of the OCV
curve. Additionally, a change in electrode stoichiometry can have a significant impact upon cell
resistance, and degradation.

Figure 39 shows the potential of the anode, cathode and full cell between 0-100% SoC for a
Panasonic 18650 cell. Given that during a discharge, lithium ions are removed from the anode and
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intercalated into the cathode causing a rise in the anode potential, and a decay of the cathode
potential, it is evident that the anode is fully utilised. At 100% SoC the anode is almost entirely filled
with lithium, therefore the potential [vs Li+] is very close to zero, and at 0% SoC the anode is highly
devoid of lithium, hence the potential rises dramatically.
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Figure 39: Potential of anode, cathode and full cell (Panasonic 18650) where potential of anode and cathode is against a
lithium reference, and full cell potential difference is between the anode and cathode. Data acquired experimentally by
author through creation of half-cells and discharge at a C/40 rate and 25°C

To maximise the cell potential, the maximum usable cathode potential should be matched to the
lowest usable anode potential. However, the maximum potential of the cathode is limited by side-
reactions and material stability, whilst the maximum potential of the anode is limited by copper
corrosion, and the minimum potential is limited by lithium plating at low temperatures.

4.3.6.2 High Power & High Energy Cells

The suitability of a battery for a particular application is often largely defined by its specific energy
and power per unit of mass and per unit of volume. Although particular cell chemistries may be
more or less suited to use in high energy or high power battery cells, the same materials can be used
to produce cells with dramatically different characteristics.

The energy density of a cell can be improved by increasing the electrode thickness and density, and
decreasing the quantity of inactive materials such as binder, conductive agents and metallic
electrode dopants, [144,166]. These changes maximize the quantity of active material within the cell
and therefore increase the quantity of active lithium and intercalation sites, thereby increasing the
energy which can be stored. However, these changes decrease the electrode surface area, increase
the distance of solid state lithium diffusion, and reduce the structural stability and conductivity of
the electrode. Therefore, it is apparent that internal design considerations to achieve high energy
storage and high power output are largely mutually exclusive.
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High Energy Cell High Power Cell

Panasonic 18650BD Saft VL6P
Energy Density 235 Wh/kg 73.5 Wh/kg
163 Wh/L 37.8 Wh/L
Power Density (Peak) — Discharge 2461 W/kg 3,470 W/kg
1822 W/L 7,375 W/L
Power Density (Peak) - Charge 1227 W/kg 2,295 W/kg
908.75W/L 4,875 W/L
Operating Temperature -10°C — 45°C -25°C - 55°C
(within 75% of peak performance)
Cost — (Estimated) 260 S/kWh 1429 S/kWh
33.6 S/kW 19.9 - S/kW

Table 10: A comparison of the attributes of high power and high energy NCA lithium-ion battery cells — Data Sources:
Manufacturer supplied datasheets

High energy battery cells with modest power capability are far more abundant than high power cells
due to the requirements of the portable electronics segment, which is the dominant battery market,
[167]. High power battery cells are typically 30% more expensive than high energy batteries, with
the price differential increasing as higher power is demanded, [168]. This difference can partially be
attributed to economies of scale, and partially to the higher safety requirements of cells designed for
the automotive market rather than the consumer electronics market, [168]. When considering
future automotive cells, high power-cells remain more expensive per kWh as more non-active
material and labour is required; this is reflected in the estimates shown in Figure 40.
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Figure 40: Estimated cost of high-power and high-energy cells in 2020 and 2030 - [168]

4.4 Capability variation with operating conditions

This chapter examines how typical operating conditions affect battery capability, with particular
emphasis on energy capability and power availability, and the physical origin of these changes are
explored. The available capacity and effective resistance of a battery cell is a function of
temperature and current, and the effect, normalised around a point of 25°C and C/40, is shown in
Figure 41. It can be seen that as current is varied, so too is the available energy capacity. The
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available capacity during a constant current discharge can be described by the Peukert effect [169],
which is defined in Equation 35 where C, is the Peukert capacity, | is the applied current, k; is the

Peukert coefficient and t is the time in hours. The capacity of a battery with a Peukert coefficient of
1 does not vary with current; a typical coefficient for a high power LIB is approximately 1.01, whilst a
high energy LIB can have Peukert coefficient of up to 1.1, [166].
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Figure 41: Capacity variation as a function of temperature and current where temperature is normalised around 25°C
and current is normalised against a C/120 discharge — Presented data acquired experimentally from a Panasonic

18650BD cell

C, = 1"t

Equation 35

The available capacity is reduced as current increases because of the increase in diffusion resistance
which causes a greater IR drop or voltage-sag, that triggers the low voltage cut-off signifying the end

of discharge earlier [169,170].

Resistance is related to SoC via a parabolic relation; resistance rises at high and low SoC due to a rise
in diffusion resistance and charge transfer resistance, as one electrode has a high stoichiometry,
whilst the other has a low stoichiometry leading to increased resistance to lithium ion exchange,
[171]. Temperature strongly influences resistance, and in turn affects the available cell capacity in
the same way. Resistance decreases as temperature increases because the rate at which chemical
reactions occur increases [56], as does diffusivity [172,173] and electrolyte conductivity [174].

The relationship between the chemical reaction rate and temperature is described by the Arrhenius
equation [56] as per Equation 36, and this relation can also be used to describe the effect upon
electrolyte conductivity, [175]. The diffusivity variation with temperature can be given by the

Nernst-Einstein relation [176] as per Equation 37.

k, = Ae Ea/RT

i

_ nu'iRUT
zF

Equation 36

Equation 37

In the above equations, k (s) is the rate constant of chemical reactions, A (s) is an experimentally
derived constant, E, is the activation energy (J mol?), Ry is the universal gas constant (J mol* K1), Tis
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the absolute temperature (K), i is the species, D (m?s?) is the diffusion coefficient, and u (m?Vs?) is
the mobility.

Temperature also has an effect on the OCV and is defined by the Nernst equation as:

V=yo— Eln 0 Equation 38

B zF R
where V is the cell potential (V), VY is the standard cell potential, z is the number of moles of
electrons transferred per reaction, F is Faraday’s constant (C mol?) and Qg is the reaction quotient.
The effect of temperature on OCV is shown in Figure 42, and highlights the requirement to consider
temperature when estimating SoC from OCV.
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Figure 42: OCV variation with temperature - adapted from [177]

4.5 Degradation

A multitude of factors can cause capacity loss, impedance rise and catastrophic failure in lithium ion
batteries. The causes of degradation can broadly be categorised as; electro-chemical stability,
structural distortion and mechanical stress. Figure 43 provides a graphical overview of the
degradation mechanisms in lithium ion batteries. The causes and effect of each of these degradation
mechanisms are discussed below.

4.5.1 Anode Degradation

The operating potential of graphitic anodes in the charged state (below 0.3 V versus Li) is below the
electrochemical stability window of the electrolyte, resulting in reductive electrolyte decomposition
at the electrode/electrolyte interface, [144]. The decomposition products form a passivating film on
the anode surface known as the Solid Electrolyte Interphase (SEI), which prevents further reduction
of the electrolyte. The formation and stability of the SEI has a major impact upon degradation at the
anode, and consequently, the degradation of graphitic anodes has been the subject of extensive
study, [144,157,161,178-180]. Figure 44 graphically illustrates the main degradation phenomena
which occur at the anode.

The SEI, which is typically 10-100A thick, physically separates the electrode and the electrolyte, but
remains ionically conductive, [157]. The SEl is heterogeneous, and formed of different chemical
compounds which vary with the electrolyte constituents, [181]. The SEl is formed of both inorganic
(LiF, Li,0, Li,CO53) and organic (Li, EDC), polymeric and oligomeric compounds [182,183].
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The presence of an SEl layer increases the impedance of the battery due to the increased resistance
to ion diffusion. The formation of the SEl results in an irreversible capacity loss and consumption of
lithium from the electrolyte. The surface area of the anode is directly related to the irreversible
capacity loss as a result of the creation of the SEI during the first cycle of the cell, [178]. However, it
is not practical to simply minimize the surface area of the anode, as this would reduce the rate
capability of the battery due to diffusion limitations. Spherical particles were found to be the ideal
morphology as they minimized particle surface area and lithium ion diffusion path lengths, [144].
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Figure 43: lllustration of the degradation mechanisms which can occur within a lithium-ion battery - [184]

With some electrolytes, typically Propylene Carbonate (PC) based, the formed SEl layer is incomplete
or does not adequately passivate the anode. Incomplete passivation enables the intercalation of
lithium-ions and their solvation shell between graphene sheets in a process known as graphite
exfoliation. This results in the distortion of the structure and particle cracking due to gas evolution as
the electrolyte undergoes reductive decomposition. Initially, this will result in increased SEI build up
and hence increased capacity loss and impedance rise, and eventually this will lead to the formation
of inactive islands of the anode as electrical contact is lost, [178].

The SEl thickness will continue to grow after the initial cycle as the SEl is mostly, but not entirely
passivating, and constituents of the SEIl can also be electrochemically unstable. Some solvent
molecules can diffuse through the SEI to the graphite-SEl interface, where they will be reduced,
[185]. Radicals produced during the initial growth of the SEI will decompose organic products such as
the solvent, salt or unstable SEI products, and form additional radicals, causing further electrolyte
and unstable SEI product decomposition, [182]. In addition, expansion and contraction of the anode
during intercalation/delintercalation will cause the SEI to become unstable and crack, creating
additional surfaces for SEI growth, [186]. Further, cathode materials that have dissolved into the
electrolyte, such as Fe, Mn or Co, can precipitate and cause dendrite growth, [15,186].

It should be noted that the composition, porosity and thickness of the SEI can vary considerably on a
single particle, [183]. The presence of the SEl increases charge transfer resistance, as it inhibits

diffusion, [185]. Whilst higher temperatures improve the rate of lithium ion diffusion into and out of
the anode, elevated temperatures can also result in a change of the morphology and composition of
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the SEl, [144,187]. A change in morphology may result in graphite with no passivating film being
exposed to the electrolyte, causing additional SEI growth. The structure also becomes less ordered,
however this is not thought to cause significant degradation, [186]. Elevated temperatures can also
cause the SEl to dissolve and subsequently re-precipitate causing a growth in the SEI thickness,
[157].

Graphene layer SEI e Graphite exfoliation, crackipg .
©*  (gas formation, solvent co-intercalation)

CT
o

\

Electrolyte decomposition
and SEI formation

Donor solvent

! O% SEI conversion,
e I <& (%) stabilization and growth

fchq $—5 SEI dissolution, precipitation
o Ofe . . - .
$.0 oo o° Positive / Negative interactions

o oo

=% o

Lithium plating and
Oé) subsequent corrosion

—

Figure 44: Anode degradation mechanisms - [157]

The intercalation potential of a carbon based anode is close to the potential of lithium metal. At low
temperatures, where the rate of solid-phase and liquid phase diffusion is severely degraded, lithium
may plate onto the surface of the anode, [157]. Whilst this is reversible, and plated lithium oxidises
at a potential of 100mV, if the plating is not completely reversed, over time dendrites will grow, and
it is possible for dendrites to puncture the separator and cause an internal short circuit which would
result in catastrophic failure, [186].

The degradation mechanisms occurring at the anode are summarised in Table 11 below:
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Cause Effect Leads to Reduced by Enhanced by
Loss of Lithium
Electrolyte Stable SEI High
decomposition leadi C ity Fad dditi T t
position leading Increased apacity Fade (additives) emperatures
to SEl growth charge
(Continuous side transgfer Power Fade Rate decrease High SOC (low
reaction at low rate) . with time potential)
resistance
Loss of Active Stable SEI
Solvent co- . .
) ] Material (additives)
intercalation, gas )
) (Graphite )
evolution and o Capacity Fade Overcharge
. Exfoliation) Carbon pre-
subsequent cracking
formation in particles treatment
Loss of Lithium
High
Decrease of accessible Temperatures
Impedance Stable SEI P !
surface area due to . Power Fade .
. Rise (additives) .
continuous SEI growth High SOC (low
potential)
. . High cycling rate
Change in porosity due Impedance External pressure )
. High SOC (low
to volume changes, SEI  Rise Power Fade Stable SEI .
) . potential)
formation and growth (additives) High

Contact loss of active
material particles due

Loss of active

High cycling rate

. Capacity Fade External Pressure High DOD
to volume changes material Hich
during cycling &
Loss of lithium
High SOC
Decomposition of , Proper Binder
Loss of Capacity Fade
Binder . pacity Choice High
mechanical
. Temperature
stability
Impedance
rise Power Fade
Current collector .
Over-discharge
Current Collector pre-treatment
) Inhomogeneo  Enhances
corrosion o . and surface
us distribution other ageing ) Low SOC
. coating
of currentand mechanisms
potential
Low temperature
Metallic lithium plating
and subsequent Capacity fade High cycling rates
9 Loss of Li pacity Narrow potential gh cyciing
electrolyte (electrolyte) window
decomposition by y Power fade Poor cell balance
metallic Li

Geometric misfit
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4.5.2 Cathode Degradation

The degradation of the metal oxide cathode will depend upon its composition and structure.
Generally capacity fade and impedance rise at the cathode is as a result of chemical dissolution or
decomposition, structural changes during cycling and the modification of any surface film which may
form, [144]. Figure 45 provides an illustration of the different degradation mechanisms occurring at
the cathode.
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Figure 45: Summary of cathode degradation mechanisms — [157]

The cathode is subject to mechanical stress during operation due to the intercalation and removal of
lithium ions, and phase transitions (if applicable) which will distort the structure. The resulting
mechanical stress leads to particle cracking, structural disordering and could cause a loss of contact
with conductive particles and the current collector. Structural disordering and a subsequent
breakdown of the structure is a major degradation mechanism in spinel type cathodes, [188].

In LiNiO; based lithium ion batteries such as NCA and NCM, operation at elevated temperatures
(>60°C) results in the formation of inactive Ni%* and Ni*+ ions, where the proportion of inactive Ni
increases with increasing temperature, [189]. Doping NCA with a small quantity of Mg increases the
structural stability as it induces stronger and less distorted Ni-O bonds. Consequently, the formation
of inactive divalent and trivalent Ni ions is supressed, [190].

When charging to high SoC, Ni*" is generated, and when this is subsequently reduced, a NiO film
forms on the cathode surface, [153]. The addition of Al in NCA helps to suppress this effect, however
doping with Al is typically done in small quantities to prevent capacity loss as Al in an inactive
cathode material, [153]. Consequently, surface films do form [191] and are a major cause of
impedance rise at the cathode, [153,192].

The cathode operates within a voltage window (2.5-4.5V vs Li/Li+), which unlike the anode, is within
the electrochemical stability window of the electrolyte, therefore the cathode does not typically
cause electrolyte decomposition, [144]. At high cell SoC, the cathode will react with the electrolyte
resulting in the formation of a surface film [157]; the rate of generation of this surface film increases
with temperature, [193]. The thickness of the surface film has a strong effect on the impedance of
the cathode, [153].
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Elevated cathode potentials can cause corrosion of the aluminium current collector and the
oxidation of conductive particles, [157]. The operation or storage of cells containing Mn at elevated
temperatures (>50°C) results in significant degradation. Structural or chemical instability results in
the dissolution of Mn into the electrolyte. Mn is transferred to the anode through diffusion, and
reduces onto the surface, causing Mn plating and a significant increase in impedance at the anode,
[194].

4.5.3 Degradation in Hybridised Energy Storage Systems

Hochgraf et al [195] conducted a study to compare battery degradation in a PHEV between a system
consisting solely of LIBs, and one supported by SCs to form a HESS. The HESS consisted of the original
LIB pack with the addition of a SC bank and a buck/boost bi-directional dc-dc converter. A control
strategy was devised, and through simulation a modified power demand was generated for the
battery in the HESS. Six LIB cells were tested in total; two using the original power demand, two
using the derived modified power demand and two used to measure calendar ageing.

The study demonstrated a significant decrease in capacity loss and resistance rise. Given the above
discussion, this is an entirely expected finding as the cell with the modified profile had a significantly
reduced power demand, therefore experienced a lower current demand, lower energy throughput,
and smaller SoC change. The described test is not directly relevant to the investigation of
degradation in a HESS designed for automotive applications. In a real automotive application, the
addition of a SC bank and DC-DC converter to an existing battery pack will result in an over-sized
system that is prohibitive from a cost, volume and mass perspective. The beneficial attribute of high
power availability from the SC is most effectively utilised by combining the SCs with high-energy LIBs
to maximize the capabilities of the system; thus a more representative comparison would be
between a high power LIB, and a high energy LIB combined with SCs.
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Cause

Electrolyte
decomposition at high
potentials

Effect

Loss of Li

Gas Evolution
Increased charge-
transfer resistance

Leads to

Capacity Loss

Power Fade

Reduced by
Increased
electrolyte ESW

Lower upper
voltage limit

Enhanced by
Overvoltage

High Temperature

Structural disordering

Formation of
inactive species

Modified surface
structure inhibits
Li+ diffusion

Capacity Loss

Power Fade

Cathode additives

High rate

High Temperature

Particle Cracking due
to intercalation and

Reduced electrical
contact

Power Fade

Reduced rate

. r : - High Rate
extraction of lithium . . . Doping to stabilise
) Potential for active  Capacity Loss
ions ) structure
material loss
Electrolyte
High SoC
additives &

Surface film formation

Impedance Rise

Power Fade

Cathode doping

High Temperature

Loss of contact to
conductive particles

Inhomogeneous
distribution of
current and
potential

Impedance Rise

Compression

Improved binder

High rate cycling

Metal dissolution

Loss of active
material

Precipitation of
electrically
isolating species

Capacity Loss
Impedance Rise

Contributes to
anode SE|

Doping to stabilise
structure

Low SoC (low
cathode potential)

Elevated
temperature

Oxidation of
conductive particles

Reduction of
electrical contact

Impedance Rise

Electrolyte
additives

Overvoltage

Current collector
corrosion

Impedance rise

Inhomogeneous
distribution of
current and
potential

Reduction of
electrical contact

Power Fade

Enhances other
ageing
mechanisms

Current collector
pre-treatment and
surface coating

Overvoltage

Binder decomposition

Reduction of
electrical contact

Loss of mechanical
stability

Impedance Rise

Appropriate
binder choice

Overvoltage

High Temperature
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4.6 Interim Conclusion

This chapter has thus far examined how LIBs function, and has used this knowledge to explain how
and why different operating conditions affect performance and degradation. This knowledge is
required to understand how best to manipulate the design of the HESS to achieve the potential
performance benefits described in the working hypothesis.

High Power Batteries (HPBs) and High Energy Batteries (HEBs) can have significantly differing
characteristics; their resistance can vary by an order of magnitude. Battery resistance will have a
strong influence upon the most desirable HESS topology, as well as its performance, efficiency and
value. An original working hypothesis of this study is that it is possible to achieve superior
performance from a combination of high energy LIBs with supercapacitors than from high power
LIBs alone. However, the characteristics of HEBs, which stem from higher diffusion resistance, draw
doubts to this working hypothesis. HEBs have a larger resistance, which is more temperature
dependent, and a larger Peukert coefficient, therefore are more affected by high currents. Their
higher resistance results in less efficient energy storage, and greater heat generation. Whilst battery
current will be reduced in a HESS, the higher resistance may result in greater heat generation,
drawing doubts to the working hypothesis that a HESS will generate less heat. It should therefore
also not be taken as given that a HESS will have higher energy efficiency than a HPB battery system;
this will depend upon the specific cells used, the topology of the HESS and the drive cycle under
consideration.

A HESS is also hypothesised to provide superior low temperature performance to a battery only
system due to the large increase of LIB resistance at low temperatures. However, again, it should not
be taken as given as HEBs will experience a greater rise in low temperature resistance than HPB. It is
hypothesised that battery degradation will be reduced in a HESS, primarily due to reduced energy
throughput and a lower peak and RMS power demand of the battery. However, the effect of
transitioning from a HPB to a HEB must once again be considered. Whilst degradation mechanisms
dependent upon energy throughput, such as low rate continuous electrolyte decomposition, are
likely to be reduced, the effect upon degradation mechanisms dependent upon the magnitude of
current are not straightforward to predict.

The magnitude of current that will result in degradation via structural disordering, particle cracking,
and loss of contact with conductive particles will differ for HEBs and HPBs. In HEBs, for the
application of a given current, larger concentration gradients and stresses will arise, and the binder
and electrolyte additives are likely less suited to supressing these degradation mechanisms than
those found in HPBs. However, the largest factor in determining whether battery degradation is
reduced in a HESS is likely to be related to the temperature of the LIBs during operation, which is
primarily related to cell selection and system design.

4.7 Battery Model Development

4.7.1 Models in Literature

Numerous battery models exist and they can broadly be categorised as empirical or black box
models, equivalent circuit models and physics based models. Empirical models utilise extensive
datasets in a black box approach to convert a given input to an output with no consideration of the
processes occurring within the battery to cause these changes; whilst these models can be useful in
some battery management system applications where the input conditions vary little and are
known, they are unsuitable for predicting interactions between devices, and hence are unsuitable
for prediction of HESS behaviour.

68



Equivalent Circuit Models (ECMs) use combinations of passive electrical components, such as
capacitors and resistors to recreate the behaviour of a battery. The value assigned to the electrical
components typically varies with operating conditions, such as SoC and temperature. The models
are typically simple to build, and require little computational power, however they require a large
amount of data for parameterisation. Furthermore, as these models do not directly compute the
physical processes occurring within the battery, they are only valid within the operating conditions in
which they were parameterised. For instance, a model parameterised using EIS, or low current
charge/discharge data will not be valid for high current operation. Whilst the model will be capable
of recreating the effect of the dominant physical processes at low currents, these differ at high
currents. For instance, at high currents diffusion limitations will play an important role, and the
charge transfer resistance will decrease with current according to an Arrhenius relation.

A typical schematic of an ECM is shown in Figure 46 below; different systems require different
numbers of RC pairs to capture their dynamics, however three branches are not typically exceeded,
[196]. Whilst a greater number of RC pairs can be used to improve the accuracy under a particular
set of conditions, it is more difficult to assign a physical meaning to the components in question,
therefore it is more difficult to ensure these remain within a valid range [197]. Consequently, whilst
a greater set of RC pairs may provide improved accuracy for usage similar to that used for
parameterisation, the range of conditions over which the model is valid is likely to be narrower. As
ECMs do not model the specific processes occurring within a battery, and the parameters have
limited physical meaning, their use as a diagnostic or prognostic tool is limited.
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Physics based models determine the response of a battery to a given input by mathematically
modelling the processes occurring within the battery, such as redox reactions and diffusion.
Consequently, physics based models can be operated over a very large range of conditions, and are
easily adapted for use with different battery cells. Arguably, the largest challenge associated with
physics-based models is parameterisation; some models have in excess of 80 individual parameters
and some parameters may not have a physical meaning due to approximations and simplifications
made in the mathematical description of physical processes, such as charge transfer.

The fundamental governing equations for physics based models were first set out by Fuller, Newman
and Doyle for a 1D model, [199]. Many authors have subsequently added functionality to this model
such as the addition of SEl layer growth [200-204], the effect of mechanical deformation as a result
of electrochemical activity [205], and an expansion of the system to evaluate a 2D and 3D system
[206—-208]. These additions enable these models to be used to understand current flux in large form
factor cells, track the effect of degradation as a result of SEI layer growth and evaluate the effect of
different rates of cell compression.
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4.7.2 Developed Model

A battery model is developed to run alongside a supercapacitor model to evaluate the performance
of a HESS. The developed model is for a commercial Panasonic 18650BD cell, which has a cylindrical
form factor, is a high-energy cell and consists of a NCA cathode mated to a graphite anode. The
primary purpose of the model is to enable the author to simulate the performance of a HESS under a
variety of conditions. Great efforts were dedicated to the development of a physics based model as
it would enable identification of the factors limiting system performance, however, acceptable high-
current performance could not be obtained for the desired cell. An ECM was therefore used to
recreate the electrical and thermal performance of the battery cell, enabling prediction of electrical
and thermal performance of a HESS and the ability to relate cell level behaviour to module level.

Given the use case for the model, it is necessary for the model to be able to recreate the behaviour
of the cell at currents in excess of a 2C charge and 5C discharge. Consequently, a thermal model
must be incorporated as high current operation will result in an appreciable temperature rise which
will affect the electrical properties.

4.7.3 Model Structure

4.7.3.1 Electrical Model

The generic model developed by Chen et al [209] is adapted for use in the Matlab/Simulink
environment as described by Jackey et al [210]. The model consists of a voltage source and three RC
branches, each of which are a function of temperature, SoC and current. The RC branches must vary
with current to capture the decrease of charge transfer resistance with increasing current. A
schematic of the electrical circuit used in the ECM is shown in Figure 47.

R3 R2 R1

I i

Controlled Voltage Source

©

The basis of the model is an SoC dependent voltage source which defines the open circuit voltage of
the cell at a given SoC. The connected RC branches define the evolution of the over-potential of the
cell following activity, i.e the difference between OCV and the actual cell voltage. During the
application of current, the series resistance of the cell will cause an instantaneous change in voltage,
which is defined by the resistance of R,. The voltage drop across each RC branch is a function of
time, and thus the modelled cell voltage can be given as,

Veen(®) = Vocy — V(@) = Va2(t) = V3(t) — IRy

where Vocy is the open-circuit voltage, Vx is the voltage drop across RC branch x = 1-3.
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Figure 48: OCV as a function of state of charge at 25°C determined through a constant current discharge at a rate of
C/120

The pseudo-OCV was determined through a constant current charge and discharge at a rate of
C/120, and the OCV was found to differ between the charging and discharging phase as shown in
Figure 48. Between 10-60% SoC the mean difference between the charging and discharging phase is
35mV, and under 10% SoC the difference increases to a peak of 55mV. The modelling targets defined
in section 2.2 require OCV voltage estimation to be accurate to 50mV, therefore it is necessary to
use both a charging and discharging OCV lookup table.

dVOCVCh(SOC) dSOC
dVocy (SoC) _ d SocC tk (VOCVCh(SOC) - VOCV(SOC))' dt = Equation 40
dsoc | dVocyp,;(SoC) dSoC
etk (VOCVDiS(SoC) - VOCV(SOC)), <0

An instantaneous change from OCVpis to OCV¢h as the polarity of the applied current is changed
would result in numerical inconsistencies, and would likely prevent the solver convergence. To
prevent step changes in the OCV, a simple function as defined by Huria et al [197] in Equation 40, is
used to transition between charge and discharge OCV as the model transitions between positive to
negative currents. The transition speed, k, is a tuneable parameter and the effect of the function is
shown in Figure 49.

045 R
™~ : N - : H
0 Vs N : i N :
O 035 o R T 3 oS
w // : 3\\ : : 4 ] HAN :
03f N e g
02 i 1 S 0// i | L 1 \L‘_,:/( i
1 12 14 16 18 2 22 24 26 28 3
Time (s)
Uoc
: : Uocmin |:
: . Uoc max
S
-]
s
=

Time (s)

Figure 49: OCV transition between charge OCV and discharge OCV as SoC is varied - [197]
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4.7.3.2 Thermal Model
A thermal model has two distinct functions; it must determine the rate of heat generation for given
operating conditions and subsequently determine the resultant temperature change.

4.7.3.2.1 Heat Generation

There are multiple sources of heat within a lithium battery and they can broadly be categorised as
electrical losses, entropic heating, species transport or mixing heat and degradation inducing
reactions, [211]. The electrical losses are the combined losses attributable to interfacial kinetics and
ohmic losses and can be described using the over-potential as per Equation 41, where | is the applied
current (A), R is the resistance (€2) and the over potential can be defined as 1 = Vo — Vierminai-

0, (t) = I*R(t) = In(t)
The entropic heat is a result of structural changes of the electrodes as SoC varies, and under 1C
operation can contribute more than 50% of the heat generated [212—-214]. The heat generated as a
result of entropy change can be defined as per Equation 42, where T is the absolute temperature (K),
n is the number of electrons per reaction, F is Faradays constant, and AS is the entropy change
(Jmol=1K~1). The term dV /0T is commonly referred to as the entropic coefficient and varies
strongly with battery chemistry and SoC, and weakly with temperature, [215-218].

. AS oV
O =IT— =T—2
rev — R oT

The heating as a result of mixing, or more specifically the formation and breakdown of concentration
gradients, is negative during operation, positive during relaxation and provides a net zero heating
effect. This term is small in comparison to the electrical losses and entropy, [219,220]. Similarly, the
heating caused by degradation inducing effects is very small in the operating range specified by the
manufacturer, [211]. Consequently, the heat attributable to degradation and mixing is not
considered in this model and the total heat generation within the model can be given as per
Equation 43.

QTotal = Qirr + Qrev
4.7.3.2.2 Heat Transfer
Model Selection
The heat transfer model used to determine battery temperature change as a result of heat
generation and thermal boundary conditions varies in fidelity from a simple lumped model
[221,222], to a multi-lumped/pseudo 3D model [221,223,224] and a fully 3D model [175,225]. A
multi-lumped model is adopted for this study as it enables evaluation of the temperature of
segments of the jelly roll of the cell, without requiring the additional complexity of an
electrochemical model. Given that the intended use of the model is pulse load applications, it is
necessary to consider that a time delay which exists in heat reaching the cell surface from the
location at which it was generated. During the pulse, the generated heat is likely to affect
electrochemical performance due to a temperature change of the jelly roll, however the
temperature of the jelly-roll will differ from the surface temperature, particularly at short time
periods. Consequently, a lumped model that predicts surface temperature perfectly would under
predict temperature rise, which in turn would result in poor electrical performance prediction.

When considering model fidelity, it is necessary to consider the limitations of the electrical model.
An ECM is not capable of defining the generated heat attributable to the anode and cathode, nor is it
capable of defining mixing heat. However, parallel networks of the ECMs can be used to determine
current inhomogeneity when a thermal gradient is established within a cell, and hence estimate
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spatial variations of heat generation within a cell. A thermal equivalent circuit was adapted for use
with a Panasonic 18650 cylindrical battery cell. The heat transfer model considered each constituent
of the battery separately and assigned geometric and thermal properties. The jelly roll was
discretised into three segments radially, and 5 segments axially.

Model Description

Radial Outer
Radial Mid
Radial Core

Radial Radial

adial

\—/ HT HT
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Figure 50 provides a graphical representation of discretisation of the jelly-roll in the thermal model,
and the locations of heat transfer, as well as defining the ‘x’, v’ and z’ direction. Heat transfer within
the jelly roll can occur radially through the thickness of the layers in the z direction, or around
materials in the x direction. Whilst the thermal path is shortest in the z-direction, the thermal path in
the x direction through the current collectors has the highest thermal conductivity.

The rate of radial heat transfer from the core to outer discretisation can be defined for heat transfer
in the x direction and z direction using thermal resistance circuits. The rate of heat transfer in the x
direction, Qx, is only considered for the current collectors as they possess a thermal conductivity
that is two order of magnitude larger, and can be given as Equation 44, where the thermal
resistance, R, is proportional to the length in the ‘’x’ domain, and inversely proportional to the
thermal conductivity, kr, and the cross sectional area, A.

AT

0, =71
( cc/ )
(kcu * Acy) + (kar * Agp)

The rate of heat transfer in the z direction, QZ, can be given as Equation 45, where r is the radius.

2nLk,AT

B ln(rMid/rCore) + ln(router/rMid)

Z

In each radial section, the separators and electrodes are lumped together as thermal masses,
however the positive and negative CCs are considered individually to create nodes for modelling of
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heat transfer in the x-direction. Axially (y-direction) within the jelly roll, heat conduction is
considered individually for each thermal mass, namely, the electrode and separator bulk, the
positive CC and the negative CC. Additionally, the conduction between the CC and pigtail is
modelled, accounting for the differences of location, thermal mass and heat transfer area for the
anode and cathode.

4.8 Model Parameterisation & Validation

4.8.1 Electrical Model

Model parameterisation is complete using the parameter estimation toolbox in Simulink via the
layered approach as described by Jackey et al, [210]. EIS data is used to generate initial estimates for
the value of each resistor and capacitor in the circuit. The following section describes the data
required for model parameterisation and its acquisition. The use of the data in the parameter
estimation toolbox to generate RC values is not discussed due to the comprehensive details provided
by Jackey et al, [226].

4.8.1.1 OCV Data Generation

The basis for battery voltage estimation within the model is the OCV curve, and any errors in this
data will directly apply to the results provided by the model. Whilst it is impractical to do a true OCV
measurement as the SoC is changed in fine steps, a pseudo-OCV measurement can be obtained by
completing a constant current charge or discharge between 0-100% SoC at a very low rate. Figure 51
shows the voltage variation over the SoC range as current is varied between a rate of C/40 and
C/120, and the difference is quantified in Table 13. The rate was progressively decreased until
negligible changes in the voltage profile and available capacity were observed.

4 3.36
3.8 3.34
53.6
g) 3.32
3 3.4 s
S32 '
sl J 328 —Ci120 |
‘ —CI70
2.8 [ 4 3.26 C/40
0 500 1000 1500 2000 2500 2900 100 150 200 250 300
Capacity (mAh) Capacity (mAh)

As the OCV varies during charge and discharge as illustration in Figure 48, and varies with
temperature, it is necessary to generate OCV data for a number of conditions. Given the targeted
error as discussed in section 6.3.1, it was determined that a rate of C/70 would be most suitable as
to minimize steady state error, whilst maintaining acceptable test time.

Rate Maximum Difference (mV) Average Difference (mV)
C/70 6 2.7
C/40 14 5.3
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The Nernst equation (Equation 38) defines the variation of OCV as a function of temperature; for the
cell in question, experimental results showed that the maximum variation of OCV in the
parameterised temperature range was <1.5mV, therefore OCV measurements for charge and
discharge at 25°C were used throughout.

4.8.1.2 Data for RC Initial Guess & Estimation

When using the parameter estimation toolbox, it is important to provide good initial estimates for
the optimisation algorithm to find the global minima rather than local minima. GEIS is used at each
SoC breakpoint, and the data is subsequently fit to an equivalent circuit that matches Figure 47.
During fitting it is necessary to restrict the frequency to the low frequency region, (10mHz to 10Hz),
and manually set RO to the value equivalent to the x-axis intercept of a Nyquist plot of impedance.

For RC value estimation, experimental data is required where current pulses between SoC
breakpoints are separated by sufficient rest times for the cell to reach OCV, an example of the
resultant voltage profile is shown in Figure 52. As the required SoC range of validity of the model is
10-90%, 11 evenly spaced SoC breakpoints between 0 and 1 are used; whilst additional breakpoints
improve model fidelity, the time required for experimental data acquisition is greatly increased.
Ensuring the initial and final SoC of each pulse is concurrent with an SoC, current and temperature
breakpoint greatly assists with the parameter estimation process.

4.2

2361 .

]
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Saz .
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4.8.2 Thermal Model

The thermal model requires parameters describing the geometric features of the cell and material
properties. The geometric properties are determined through cell disassembly, and the usage of an
optical microscope and a Scanning Electron Microscope (SEM). Subsequently, all relevant surface
areas, thermal masses and component masses are analytically determined; comprehensive details
are provided in appendix Al. The parameters used in the model are measured where practical, and
the remainder are taken from literature as presented in Table 14 and Table 15.

Parameter -CC ‘ Anode  Separator  Cathode +CC Source(s)
Thickness um 12 90 40 60 18 Measured
Density kg m™3 8933 1350 1009 3238 2770 [146,213,227]
Thermal Wwm-lKk-' | 398 | 1.04 0.33 1.02 170 [146,213,227]
Conductivity
Heat Capacity | JKg 'K™! 385 1200 1978 975 875 [146,212,213,228]
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Cell Mass g 45.5

Can Thickness mm 0.3
Can Mass g 7.2
Pigtail Length (+ve) mm 52
Pigtail Length (-ve) mm 25
Pigtail Mass (+ve) g 0.18
Pigtail Mass (-ve) g 0.09

4.8.2.1 Cell Description

A cell was disassembled to determine the exact geometry and internal design; photographs of the
cell during disassembly are shown in Figure 53. The cathode and anode materials are coated onto
both sides of a Current Collector (CC) which is aluminium for the positive CC and copper for the
negative CC. The electrode sheets are held apart by a pair of polymer separators sheets; the stacking
arrangement is anode, separator, cathode and separator. The sheets of each material are
approximately 700mm long and 60mm wide, and are spirally wound to form the jelly-roll. The
separator sheets are slightly wider than the electrodes to prevent internal short circuits between the
layers or between the cathode and the can, and the negative current collector is slightly longer to
prevent electrode material being between the outer face of the jelly-roll and the can.

Two aluminium ‘pig-tails’ protrude from alternate ends of the jelly-roll and connect the CCs to the
positive and negative terminals of the can. As shown in Figure 53, the negative pig-tail is connected
to the negative CC at the outermost point of the jelly-roll whilst the positive pig-tail is connected
approximately 400mm along the sheet from the core. The negative pig-tail is pressed against the
base of the can, whilst the positive pigtail is physically connected to the positive terminal. The can is
made of aluminium, and the majority of the case forms the negative terminal. The positive terminal
which incorporates safety devices such as the Pressure Temperature Current (PTC) switch, is
separated from the remainder of the can by a thin insulating material. Aluminium tabs are typically
spot welded onto the positive and negative terminals for quick and convenient connection.

4.2.2 Heat Transfer Modes

AT
=7.2x107*AT

Q= (0.6547 / )
(398 * 7.2x10~7) + (170 * 1.08x10~6)

_ 2m(6x1072)(41.9)AT
" In(6.1x103/3.4x1073) +In(8.8x1073/6.1x10~3)

Q. = 16.8AT
Equation 46 and Equation 47 demonstrate that radial heat transfer is dominated by heat transfer in
the z direction. Radial heat transfer in both the x and z directions has been implemented in the

model for completeness, and flexibility for use with cells of differing geometry and finer
discretisation where heat transfer in x-direction may play a larger role.
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Figure 53: Photographs of Panasonic 18650BD cell during various stages of disassembly

4.8.3 Model Validation

Validation of the electrical parameters is complete against both similar data to that used for
parameterisation, and automotive drive cycle data for differing ESS configurations. The parameters
for the electrical model are a function of current, temperature and SoC, and therefore numerous;
parameters are provided in full in appendix A2.

The plot in Figure 54 presents experimental data for a 2C pulse charge, which was used for
parameterisation via the layered approach, with simulation data overlaid. A maximum voltage error
of 52mV is observed when at an SoC above 10%; well within the target for pulsed loading of 3%
(126mV). The parameters used for the creation of the plot are shown below in

SoC(%)  C1(F) 2 (F) C3 (F) RO(Q) RL1(Q) R2(Q) R3(Q)
0 1.25E+02 | 4.14E+04 | 6.52E+02 | 6.92E-02 | 1.20E-02 | 6.51E-03 | 2.35E-03
10 2.25E+03 | 1.38E+04 | 3.25E+02 | 5.20E-02 | 1.90E-02 | 2.12E-02 | 1.06E-02
20 2.55E+03 | 1.71E+04 | 4.28E+01 | 3.68E-02 | 6.94E-03 | 1.59E-02 | 1.59E-02
30 2.04E+03 | 3.19E+04 | 2.08E+02 | 3.86E-02 | 1.06E-02 | 4.87E-03 | 7.60E-03
40 2.59E+03 | 3.29E+04 | 2.41E+03 | 4.35E-02 | 6.08E-03 | 1.45E-02 | 7.92E-03
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50 6.57E+03 2.01E+04 2.19E+03 | 4.56E-02 | 1.32E-03 | 4.94E-02 | 1.46E-02
60 4.13E+03 6.87E+04 1.06E+02 | 3.42E-02 | 9.81E-03 | 2.76E-02 | 1.38E-02
70 3.74E+03 4.21E+04 1.62E+02 | 2.94E-02 | 1.23E-02 | 1.36E-01 | 1.59E-02
80 5.62E+03 4.04E+04 4.03E+02 | 4.62E-02 | 1.57E-02 | 8.14E-02 | 6.15E-03
20 5.47E+03 3.55E+04 1.88E+01 | 1.86E-02 | 3.08E-02 | 1.45E-01 | 4.49E-02
100 3.68E+03 4.00E+04 2.13E+01 | 2.78E-02 | 1.82E-02 | 2.42E-01 | 7.75E-02
Table 16.
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Figure 54: Comparison of experimental and simulated voltage for parameterised conditions - Experimental Conditions:

Repeated application of 2C (6A) pulse load for 10% SoC (297mAh) at 25°C, Initial SoC — 0%

SoC (%) C1(F) C2 (F) C3 (F) RO (Q2) R1(Q) R2 (Q2) R3 (QQ)
0 1.25E+02 4.14E+04 | 6.52E+02 | 6.92E-02 | 1.20E-02 | 6.51E-03 | 2.35E-03
10 2.25E+03 1.38E+04 | 3.25E+02 | 5.20E-02 | 1.90E-02 | 2.12E-02 | 1.06E-02
20 2.55E+03 1.71E+04 | 4.28E+01 | 3.68E-02 | 6.94E-03 | 1.59E-02 | 1.59E-02
30 2.04E+03 3.19E+04 | 2.08E+02 | 3.86E-02 | 1.06E-02 | 4.87E-03 | 7.60E-03
40 2.59E+03 3.29E+04 | 2.41E+03 | 4.35E-02 | 6.08E-03 | 1.45E-02 | 7.92E-03
50 6.57E+03 2.01E+04 | 2.19E+03 | 4.56E-02 | 1.32E-03 | 4.94E-02 | 1.46E-02
60 4.13E+03 6.87E+04 | 1.06E+02 | 3.42E-02 | 9.81E-03 | 2.76E-02 | 1.38E-02
70 3.74E+03 4.21E+04 | 1.62E+02 | 2.94E-02 | 1.23E-02 | 1.36E-01 | 1.59E-02
80 5.62E+03 4.04E+04 | 4.03E+02 | 4.62E-02 | 1.57E-02 | 8.14E-02 | 6.15E-03
20 5.47E+03 3.55E+04 | 1.88E+01 | 1.86E-02 | 3.08E-02 | 1.45E-01 | 4.49E-02

100 3.68E+03 4.00E+04 | 2.13E+01 | 2.78E-02 | 1.82E-02 | 2.42E-01 | 7.75E-02

The intended use of the model is for the prediction of LIB performance during drive cycles both

Table 16: Table of parameters used for the generation of Figure 54

when operating independently (Cycle 1) and when combined with SCs (Cycle 2). The current for the

two drive cycles used is shown in Figure 55 and Figure 56 (middle). Cycle 1 has higher discharge

currents and a greater switching rate and has an initial SoC deliberately selected to test the voltage

prediction during a pulse as it approaches the upper voltage limit, whilst Cycle 2 approaches the

lower limit.
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Figure 55: (Top) Comparison of experimental and simulated voltage for FTP drive cycle (Cycle 1), Initial SoC — 58%, Initial
Temperature - 25°C, (Middle) Current profile of FTP drive cycle (Cycle 1), (Bottom) Residual between experimental and
simulated voltage
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Figure 56: (Top) Comparison of experimental and simulated voltage for battery in a HESS over a drive cycle (Cycle 2),
Initial SoC — 25%, Initial Temperature - 25°C, (Middle) Current profile of a battery in a HESS over the FTP drive cycle
(Cycle 2), (Bottom) Residual between experimental and simulated voltage

Both Figure 55 and Figure 56 demonstrate that the model is capable of predicting the voltage
response of the LIB during drive cycles within the target of a 3% voltage error up to the extremities
of the voltage range. Modest changes to SoC to transition away from the limits of battery operation
result in a greatly improved voltage prediction. Cycle 2 is used as a current demand for both Figure
56 and Figure 57, with Figure 57 having a 6% greater initial SoC; comparison of the residual plots
clearly demonstrates this behaviour.
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The predicted voltage, particularly at high currents, is highly dependent upon the temperature of the
jelly-roll, thus a comparison of the predicted and experimentally measured temperature is shown in
Figure 58. Terminal temperature is generally predicted well within the +1.5°C target, however the
deviation briefly exceeds the target during high current charging events. This is likely to be
attributable to a lack of complexity in the heat generation model which cannot independently
predict heat generation at the anode and cathode.
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Figure 57: (Top) Comparison of experimental and simulated voltage for battery in a HESS over a drive cycle (Cycle 2),
Initial SoC — 31%, Initial Temperature - 25°C, (Bottom) Residual between experimental and simulated voltage
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Figure 58: (a) Comparison of experimentally determined and simulated surface temperature for a battery in a HESS over
a drive cycle (Cycle 2), Initial SoC — 25%, Initial Temperature - 25°C (b) Residual of surface temperatures
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Figure 59: Plot of simulated temperature at the positive and negative terminal and at the core of the jelly-roll during

cycle 2

The estimated temperature rise at the core is approximately 30% greater than the simulated
temperature at the negative terminal, consistent with the findings of Forgez et al [223] who inserted
a thermocouple into the core of an ‘18650’ cylindrical cell. The estimated temperature gradient
within the jelly-roll is small, with a peak of 0.15°C between the core and outer sections of the jelly-
roll during Cycle 2. These findings are consistent with the high fidelity model of Somasundaram et al
[225], albeit with a slight under-prediction of the peak thermal gradient due to reduced model
fidelity; a comparison is shown in Figure 60, (note the small scale).
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Figure 60: Temperature distribution across the radial cross section of a battery cell during a 5C discharge predicted by (a)
the developed model, (b) Somasundaram model - [225]

4.9 Modelling Conclusion

An equivalent circuit electro-thermal battery model is developed to predict electrical and thermal
performance of a LIB during automotive drive cycles both when operated alone and when in a HESS.
It is necessary for the model to predict behaviour during high current operation during which
significant heating will occur, therefore the electrical model, which accounts for variations in
current, temperature and SoC is coupled to a thermal model which determines the heat generation
and heat transfer.

The electrical model is parameterised using the ‘layered approach’ across the SoC range for currents
ranging from a 2C charge to a 5C discharge. The initial estimate used for parameter estimated is
generated through the use of EIS, and fitting is complete using the nonlinear least squares algorithm
in the parameter estimation toolbox. Heat generation due to electrical losses and entropy changes is
considered; heating as a result of chemical mixing and degradation inducing reactions is assumed to
be negligible. Heat transfer is modelled through the use of thermal equivalent circuits to predict the
internal temperature of the cell; high current pulse loads result in rapid heat generation, therefore it
is necessary to predict electrical performance using the temperature of the active material.

It has been demonstrated that the model can predict terminal voltage during a drive cycle to within
the target of a 3% voltage error over a range of SoC values and for drive cycles which exceed the
maximum current for which the model is parameterised. The thermal model predicts temperature
evolution at the positive and negative terminal well during a drive-cycle; the target of +1.5°C is
briefly exceeded during high current charge, however the typical error is much lower than the
target.

Heat generation is typically well predicted; however, the lumped resistance parameters limit the
spatial discretisation of the heat generation model. Significant improvements to the thermal model
are possible by decoupling both the constituents of the lumped series resistance parameter, and the
anode/cathode resistance. This would enable the generated heat to be distributed more
appropriately, and thus improve the prediction of the rate of change of temperature at the positive
and negative terminals.

Internal temperature prediction is consistent with the findings of Forgez et al and Somasundaram et
al. Internal thermal gradients during drive cycle operation are small for the cell under consideration,
however a significant temperature difference exists between the cell surface and the core.
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The developed electro-thermal model is parameterised in a time-efficient manner and is capable of
predicting the electrical performance of a LIB over an automotive drive cycle to within the targeted
error. A thermal model is used to predict the radial and axial temperature distribution within the
cell. The error in predicted surface temperature is typically small, however it does exceed the
targeted error briefly during high current charging. Internal temperature gradients are shown to be
consistent with the findings of other studies.
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5.0 Hybridised Energy Storage System

Motivation & Applicability to Research Questions

This chapter investigates whether it is possible to combine supercapacitors suitable for an mHEV
with high-energy batteries suitable for use in a BEV to create a Hybridised Energy Storage System
(HESS) suitable for use in a HEV. A passive HESS topology is investigated due to its low cost and
complexity and therefore high reliability. A low cost HESS is found to be capable of meeting the
electrical demands of a HEV during a drive cycle. The operating principles of HESSs are discussed and
factors limiting system performance are explored. The performance of the HESS is found to be
significantly less temperature dependent than battery-only systems, however the heat generated
suggests a requirement for thermal management. A correctly sized HESS is shown to generate less
heat than a specialised HPB ESS. The HESS degrades at a similar rate to a specialised HPB. In a HESS,
battery resistance rises faster than supercapacitor resistance; as a result, the supercapacitor
provides a greater current contribution over time, therefore the energy throughput, temperature
rise and rate of degradation of the batteries is reduced.

5.1 Introduction

It is desirable for an automaker to create a modular electrified powertrain to enable the usage of the
same base components across its portfolio of vehicles. The energy and power requirements of the
Energy Storage System (ESS) vary significantly for different vehicle types; the requirements are
summarised in Figure 1.

Vehicles classified as micro Hybrid Electric Vehicles (mHEVs) typically utilise a low voltage (48V)
energy storage module to enable high power functions, such as electronic Power Assisted Steering
(ePAS) and electric turbocharging (e-turbo). Additionally, the system is used to reduce CO, emissions
by capturing regenerative energy from the vehicle, and enabling the engine to be switched off for
extended periods of time. The ESS in a mHEV must provide or accept very high power for its size
(commonly referred to as ‘C-Rate’) for short time periods with minimal thermal management,
therefore it must have the attributes of high power, low energy, large thermal operating window,
and high cycle life.

Hybrid Electric Vehicles (HEVs) can be electrically propelled for short distances and require
significantly more power than a mHEV, therefore HEVs typically utilise high voltage ESSs (200-450V).
The HEV is less cost sensitive than the mHEV, therefore semi-active thermal management can be
used to improve system performance. Additionally, the usage profile dictates a lower cycle
requirement than a mHEV as the larger energy capacity ESS is subject to fewer cycles for a given
driving distance. Plug-in Hybrid Electric Vehicles (PHEV) have a similar use-case to HEVs, however
they must electrically propel the vehicle for longer distances and therefore require more energy and
consequently lower power density. Greater value exists in thermal management of larger battery
packs, therefore the required thermal operating window is smaller.

Battery Electric Vehicles (BEVs) require significantly more energy and power than PHEVs,
consequently larger ESSs are used. As with PHEVs, in a large ESS active thermal management
provides good value, therefore a large thermal operating window is not required. Further, a
comparatively shorter cycle life is sufficient in order to meet the vehicle life requirements.
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As the requirements of the ESS for each vehicle configuration differ, it follows that a different
battery or EDLC cell would be implemented in a module for each. However, the research and
development required for the implementation of previously unused cells is costly, resource intensive
and highly time consuming. It is therefore desirable to commonize cells across vehicle types.

SCs or High Power Battery (HPB) cells can be used to satisfy the requirements of an mHEV, and High
Energy Battery (HEB) cells can fulfil the requirements of a BEV. Whilst it is not possible to use the
same cells for a mHEV and BEV given the mutually exclusive attributes required, it is postulated that
the cells for the mHEV and BEV could be combined to create a Hybridised Energy Storage System
(HESS) for use in HEV and PHEV vehicles. This would enable automotive OEMs to adopt a modular
approach whereby high energy and high power cells can be combined and their relative numbers
scaled to meet the requirements of different vehicles.

Relatively few studies have analysed combinations of batteries and SCs for use in automotive
applications [195,229-247], and a smaller number yet examine automotive traction applications,
[237,239,243,244,247]. The studies that have considered traction applications do not consider
practical requirements in hybrid vehicles, such as cost, volume, mass and reliability, and thus
typically employ high cost and low reliability high power bi-directional DC-DC converters.

It is hypothesised that a combination of SCs and HEBs can reproduce the electrical capabilities of a
HPB in automotive applications, whilst increasing energy efficiency, thereby reducing thermal
management requirements and battery degradation. This study aims to quantify the electrical,
thermal and degradation benefits of a HESS suitable for a HEV application against a specialised
Energy Storage System (ESS).

5.2 Evaluation Conditions

5.2.1 Drive Cycle Selection

For meaningful and repeatable results, all comparisons were made using an automotive drive cycle.
The NEDC drive cycle has a combination of very slow acceleration, constant velocity operation and
long idle times compared to FTP-72, the drive cycle currently used for fuel economy and emissions
certification in the US. Although the RMS current required for a HEV to meet the demand of the
NEDC and FTP-72 drive cycles is similar (25 vs 28.5A), a comparison of Figure 61a and Figure 61b
demonstrates that the current demand for the FTP drive cycle contains peaks of significantly larger
amplitude and frequency. The FTP cycle was considered a better representation of real world usage.

Whilst both drive cycles are expected to be superseded by the WLTP drive cycle in the near future, at
the time of writing, the details of this drive cycle are yet to be finalised. Therefore, the FTP-72 drive
cycle is determined to be the most appropriate drive cycle to use.

86



Current demand over the NEDC Cycle for a HEV
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Figure 61: (a) Current request of a HEV during the NEDC drive cycle — orange line indicates the RMS current (25A), (b)
Current request of a HEV during the FTP-72 drive cycle — orange line indicates the RMS current (28.5A), (c) Voltage
evolution of a high power battery cell during the FTP drive cycle - Initial Conditions: 3.68V, 25°C

5.2.2 Drive Cycle Analysis

The Federal Test Procedure 75 (FTP-75) driving cycle is used by the Environmental Protection Agency
(EPA) to determine the ‘city driving’ fuel efficiency for the US market. It is widely regarded as the
most representative drive cycle of real world driving of the cycles currently used globally for
emissions and fuel economy certification, [248,249]. The FTP-75 drive cycle consists of three distinct
sections, the cold start phase (505s in duration), the stabilisation phase (866s in duration) and the
hot start phase (505s in duration), which is a repetition of the cold start phase, [249]. Given that the
objective of this work is capability analysis, the drive cycle was truncated by removing the hot-start
phase to reduce cycle time without compromising the potential for performance analysis. The
truncated version of the FTP-75 drive cycle is known as the FTP-72 drive cycle or the Urban
Dynamometer Driving Schedule (UDDS).

The FTP-72 drive cycle is 1369s in duration, covering a distance of 12km at an average speed of
31.5km/h. The current demand and cell voltage shown in Figure 61b and Figure 61c was measured
from a HEV and dynamically controlled by the Vehicle Supervisory Controller (VSC). It should
therefore be noted that this value is dependent upon the vehicle specifications and control strategy,
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therefore is designed around a particular ESS, and should only be used as an indicative requirement.
This exact demand profile was utilised for all ESSs tested in this work to ensure they are comparable
to a baseline.

The challenging aspects of the FTP drive cycle reside around the current peaks; the most challenging
current pulses are those immediately preceded by additional current pulses of the same direction. It
is possible to identify the most challenging parts of the drive cycle through examination of the peaks
and troughs in the plot in Figure 61c showing the voltage change of a battery within the ESS during
the drive cycle. The most severe/challenging charging event (350s), and discharging event (777s) are
preceded by a period of charging or discharging respectively, and are not the instances of maximum
charging/discharging current, suggesting that power availability is an important consideration when
designing an ESS for this drive cycle. In this context, a challenging current demand is a high current
pulse following activity which would lead to a reduced battery power availability.

5.3 System Configuration

A HESS consisting of SCs and batteries can adopt multiple topologies; these topologies can be
categorised as active, semi-active or passive. Passive systems combine SCs and batteries in parallel
and do not employ any direct control of the current provided by each device, [240,241,250-252].
Semi-active systems use a DC-DC converter to control the power contribution of either the SCs
[245,253] or batteries [254,255]. A fully active system uses two DC-DC converters to independently
control the power contribution of both the SCs and batteries, [256,257]. Multiple authors have
worked to design bi-directional DC-DC converters specifically for the HESS application, [258—260]. A
schematic of each configuration is provided in Figure 62.
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5.3.1 Passive HESS

In passive systems, SCs and batteries are connected in parallel with one another, and the output of
the parallel string is connected to the load. The current split between the battery and the SC is
controlled by the relative resistance of each device, and cannot be actively controlled. The passive
configuration does not require any control electronics unlike semi-active and fully active systems
and is therefore in general the most robust, the cheapest, and requires the least package volume.
Over a pulsed discharge, a passive HESS reduces battery current and voltage fluctuations thereby
increasing energy efficiency and reducing battery degradation. However, the contribution of battery
current to a current pulse does increase with pulse duration due to the SC voltage changing faster
than the battery voltage when energy is added or removed. As a result, both the battery current
rating and the SC energy capacity are factors that limit the maximum duration of a pulse that can be
sustained. In this configuration, only a small fraction of the energy capacity of the SC is used. Whilst
this system provides the fewest performance benefits, it is the cheapest, least complex and most
reliable, [262].

5.3.2 Semi-active HESS

The most common semi-active HESS topologies are the battery semi-active HESS and SC semi-active
HESS, where the DC-DC converter is placed on the battery pack and capacitor bank respectively. The
SC semi-active HESS enables control over the power contribution or acceptance of the SCs, and
decouples the battery and SC voltage. Given independent control over the utilisation of the SCs, a
larger proportion of their energy capacity can be used, and the duration of pulse power output or
acceptance becomes primarily dependent upon the energy storage capacity of the SC bank. Given
that the output of the SC bank can be controlled, the battery output can be kept near constant, and
the DC-DC converter does not need to be active under low current or steady state conditions.
Additionally, the SC bank can be sized to the energy and power requirements, and not to the system
voltage requirements. It has been shown by Miller et al [239] that the optimal configuration is up-
converting of a lower voltage SC bank voltage to a higher DC-bus voltage.

However, the SC semi-active HESS requires a high-power buck-boost DC-DC converter that matches
the required maximum power input and output. Further, this converter must be capable of
accepting a wide lower voltage range to maximize the usable energy from the SC bank, at a relatively
high efficiency for the HESS to maintain acceptable levels of energy efficiency, [263]. The DC-DC
converter must also have a sufficiently fast response to meet the demands of a highly transient load,
[239]. A uni-directional DC-DC converter would not allow the SC bank to be used for charge
acceptance, and hence would rapidly become depleted.

A battery semi-active HESS enables control of battery current, and hence the load can be kept within
those limits known to reduce battery degradation. Further, the required DC-DC converter power is
limited to a region between the RMS power demand and peak battery output permitted, and hence
is significantly lower than in the SC semi-active HESS topology, [262].

However, a fundamental issue with the battery semi-active HESS is that the SoC of the capacitor
bank controls the DC-bus voltage which becomes highly dynamic, resulting in inverter control
problems, [239]. Consequently, a small SoC window must be used to maintain an acceptable voltage
output. In order to provide the required energy within the SoC window the SC pack must be
oversized. In addition, in this configuration the converter must be active at all times, thereby
decreasing energy efficiency, [263].
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5.3.3 Fully-active HESS

Many topologies exist for a fully-active HESS, [260,264,265], however discussion in this work will be
limited to a topology in which a bi-directional converter is placed upon both the battery and the SC.
This configuration enables optimal usage of both the battery pack and the SC bank, and provides the
performance benefits of both the SC semi-active HESS and the battery semi-active HESS.

Whilst this system may provide the greatest control, and the best theoretical performance, it does
require two DC/DC converters, one of which must be bi-directional and high power, which increase
significantly the financial and package volume cost, [246,258,259,263].

5.3.4 Topology Selection

For appropriate topology selection, it is necessary to consider the requirements of the application.
The targeted application is a HEV which contains both an electrical powertrain and an internal
combustion engine based powertrain, and therefore the primary considerations for topology
selection for this application are cost, complexity, reliability and volume.

Very high power bidirectional DC-DC buck-boost converters (>60kW) with a wide input voltage
range, such as those required for a SC semi-active and fully active HESS are typically large, very
costly, require significant thermal management and suffer from low efficiency and reliability,
[266,267]. Consequently, it is highly desirable to avoid the use of these devices in a HEV, thus the
fully-active and SC semi-active topologies are not considered. The battery semi-active topology
suffers from large DC-bus voltage fluctuations which will result in a requirement for a large input
voltage range for the motor controller. Further, the fact that all energy is channelled through a DC-
DC converter reduces efficiency and an oversized SC bank and DC-DC converter add cost and
volume. For these reasons, a battery semi-active topology is not considered.

The passive HESS has performance benefits over a battery only system, does not substantially
increase complexity and improves system reliability via a reduction of power fade. Depending upon
system configuration, the passive HESS can be lower in cost or mass/volume than a battery only
system. Consequently, the passive HESS is the topology selected and will hereafter simply be
referred to as the HESS.

5.4 Experimental Setup

5.4.1 Cell Selection

It is the intention of this study to determine whether it is possible to replace a High Power Battery
(HPB) specialised for use in a HEV with a HESS consisting of SCs suitable for use in a mHEV and High
Energy Battery (HEB) cells suitable for use in a BEV. The Saft VL6P cell is a HPB commonly used in
HEV applications, [268-270], and was selected to represent a specialised cell for HEV applications
and provide a baseline for comparison for the HESS. The cell has an NCA cathode and a graphite
anode, each of which are relatively thin to enable continuous high power operation.

An appropriate cell for a BEV possesses high energy-density, acceptable power density and is low
cost, therefore the Panasonic 18650BD (P18650BD) cell was selected to represent the High-Energy
Battery (HEB). The P18650BD also uses an NCA cathode and a graphite anode, however with much
thicker electrodes. Given its highly successful use in the Tesla Model S, the P18650BD cell is proven
to satisfy the performance requirements of a BEV, and the cost of a single cell is estimated to be
under $2, [14]. Although the automotive industry is shifting toward large form factor high capacity
cells, the P18650BD cells were selected to determine whether an ultra low-cost system was viable.
The total commercial cost of the HESS using 13kF cells is estimated to be <40% of the cost of the HPB.
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The loxus Titan 2000F (12kF) SC cell was selected as the SC cell for use in the HESS; in addition to the
characteristics required for use in a mHEV, namely high power-density, acceptable energy density
and excellent cycle life, it possesses extremely low equivalent series resistance (ESR) which aids HESS
performance. The selected cell has activated carbon electrodes of different thickness, and uses an
electrolyte consisting a TEABF4 salt in an acetonitrile based solvent. Where discussed, this cell was
substituted with the and 3000F variant of the same cell, hereafter referred to as I3kF.

The HESS combines two series connected 12kF cells, in parallel with two parallel connected
P18650BD cells, as illustrated in Figure 63a. The performance of the HESS is to be compared with
that of a specialised HPB, and HEBs in parallel strings to analyse the benefits of adding SCs a an ESS
consisting of a particular battery cell. The HPB has a slightly higher energy capacity than the
batteries in the HESS (7Ah vs 6.4Ah), however the maximum cumulative energy change during the
FTP drive cycle is 0.08Ah, therefore this energy capacity difference is assumed to be inconsequential.

5.4.2 Equating Lab Scale Test to Module Level

In the lab-scale test, two SC cells are connected in series (2s1p), and subsequently connected in
parallel with two batteries which themselves are connected in parallel (1s2p configuration), as per
Figure 63a, because the SC cells have a lower maximum voltage. Therefore, the ratio of SC cells to
batteries in series for the lab scale test was 2:1. At a module level, this ratio would be reduced to
approximately 1.4:1. For example, a 300V module for a HEV must consist of approximately 69 cells in
series to achieve the desired voltage, and 2 parallel strings to approximately match the energy
capacity of the HPB. The maximum voltage is matched by 100 SC cells in series (assuming the use of
3V cells); the use of parallel strings of SC cells is unnecessary, as in instances where greater SC
energy is required, it is best to use a larger SC cell.

At a module level the HESS will perform differently to the lab scale setup. Primarily, the relative
resistance of the battery and SC will change, which in turn will affect the split of current between the
SC and batteries. Additionally, given the smaller ratio of SC to battery cells, each SC cell will operate
at a higher voltage for the SC bank and battery module voltage to match. The consequence of the
SCs operating at a higher voltage is that they will exhibit a higher capacitance, as capacitance is a
strong function of operating voltage, [39]. Therefore, smaller capacity SC cells are required in a
module than in a lab scale test.

A simple function cannot be given to equate the capacitance or energy of a cell in the lab scale test
to those of cells at the module level. The capacitance of the SC cells varies non-linearly with SoC, and
a change in energy storage of the SC cells will impact both the voltage change during operation, and
the energy contribution of the battery. The modelling tool developed in section 5.8 suggests that the
performance of the 3000F HESS is matched at the module level by a 2475F capacitor. The
determination of this value is discussed in section 5.8.3.

5.4.3 Experimental Setup

A test rig was created to enable the measurement of HESS and battery current, cell voltages and cell
temperatures, whilst controlling thermal boundary conditions and maintaining low and repeatable
contact resistances. The test rig for the HESS is pictured in Figure 63b.

Consistent values of contact resistances are important, as the ratio of resistance between the SCs
and batteries largely dictate the current split between the two devices. In order to compare the
performance of the system under different conditions, it is necessary that the contact resistance
does not change when cells are removed and re-connected. To maintain consistency, each time the
cells were reconnected the contact areas for the cells were polished with fine grain sand-paper and
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cleaned with isopropanol to remove foreign objects, surface impurities and oxide layers, and the
surface area and tightening torque of connections were controlled to consistent levels.

Thermocouples were connected to cell terminals using an electrically insulating, thermally
conductive boron-nitride based epoxy, (3M TC-2810), and radially across cells using Kapton tape.
Type K thermocouples with a precision of 0.1°C were used alongside a NI CompactDAQ with an
NI19213 module for data acquisition. Current measurements using a hall-effect sensor were found to
produce very noisy results at low battery currents, therefore shunt resistors were used for this
purpose. The shunt resistor used to measure battery current was placed between the SC and battery
cells as shown in Figure 63a.

The insertion of a resistor into the circuit changes the distribution of current, however efforts were
made to ensure that this effect was negligible. An oversized shunt resistor with a resistance of
1x10~*Q was utilised alongside a high resolution (16-bit) voltage measurement device (NI
CompactDAQ with an N19206 module); this combination yielded a resolution of 5.8x1072A per bit.
At the maximum anticipated battery operating temperature of 50°C, the minimum resistance of
each battery cell is 30 m(), reducing to 15m() in the 2P configuration; therefore the maximum
reduction of battery current the 0.1m() shunt resistor should cause is estimated to be 0.66%.

The FTP drive cycle testing was conducted using a Maccor Series 4000 battery cycler, and
measurements to track degradation were completed using a Biologic BC-815 potentiostat. Data for
voltage, current and temperature was acquired via a National Instruments CompactDAQ connected
to the Labview software package running on a standard desktop PC.

The system performance is strongly dependent on temperature; therefore, an Active Thermal
Management (ATM) system is developed in order to maintain the desired test temperature, thereby
largely decoupling the effect of heat generation during the test from the system performance.
Peltier elements are used to cool the battery and SC terminals; the power supplies for the Peltier
elements are controlled by Labview, which implements PID control to maintain either the cell or
battery connector temperature at the desired level. The location of the Peltier elements is marked in
Figure 63b; water cooling blocks placed directly atop the Peltier elements are required to maintain
the cooling efficiency of the Peltier elements at acceptable levels. Peltier elements operate with
efficiencies that are typically less than 15%, thus are not suited to commercial thermal management
applications, however they useful devices for lab based testing.

The ATM system is reactive and not predictive. Whilst the temperatures do deviate from the desired
level, the magnitude and duration of their deviation are greatly reduced in comparison to operation
with the ATM switched off, as shown in Figure 63c. The maximum temperature rise at the negative
terminal is reduced by 50%, and the rise of average temperature is reduced by 90%, (ATM on —
25.3°C ATM off — 28.6°C). To enable the temperature of the system to quickly return to the desired
level, a high proportional gain (K}) value is required, however the rapidly varying rate of heat
generation tends to lead to a cooling overshoot. To reduce the effect of the overshoot, the test rig is
placed within a large thermal chamber which is held at the target temperature, and a series of fans
are used to maintain a consistent level of forced convection, thus eliminating the need for bi-
directional power supplies for the Peltier elements.
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Figure 63: (a) Schematic of lab scale HESS (b) Photograph of lab scale HESS experimental setup (c) Comparative analysis
of battery temperature in the HESS using I12KF SCs with and without the active thermal management system (ATM)
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5.5 System Performance

5.5.1 HESS Performance Analysis

In a HESS, the current split between the EDLCs and batteries is a function of time, the relative
resistance of each device, and the EDLC capacity. Figure 64 (top) shows the battery current evolution
with time as a square wave current profile as applied to the HESS. Given our lab scale experimental
configuration (SC 2s1p, battery 1s2p), the instantaneous current for each battery and SC cell can be
determined by using circuit theory as:

Rg
att
/ NBatt

=Ir|1-
T (Rsc " nsc) + ((Rpatt) ™! " npar) ™t

IOBatt Equation 48
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IOSC = IT [1 - ( RSC.nSC ) _1>] Equation 49
(Rsc " nsc) + ((Rpatt) ™ * ngart)

where I (A) is the instantaneous current at the beginning of the applied step current, It (A) the
total applied current, R (Q) the equivalent series resistance and n the number of cells. The subscripts
‘Batt’ and ‘SC’ refer to the battery and SC cells respectively.

When the HESS begins at equilibrium, the battery current approximately obeys a simple quadratic
relation as a function of time during the pulse:

Igaee(®) =A-Ip-t> +B-Ip-t+1, . Equation 50
where A, B are constants fitted to experimental data, and Iy, CaN be calculated for t=0 using
Equation 48. Whilst the current of the system shown can be described using a linear function of
time, the behaviour in HESSs using smaller SCs is best described used a quadratic function of time.
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Figure 64: Comparison of HESS and battery current for 5 second square wave current pulses (top) and over the FTP drive-
cycle (bottom). ‘Battery current’ denotes the total current provided by both cells. HESS uses I13kF SCs, operated at 25°C
with an initial voltage of 3.49V

Whilst the instantaneous current split between the batteries and SCs is determined by the relative
resistance of each device, the battery current increases with time during the current pulse. The
greatest benefits arise when the SC resistance is much smaller than the battery resistance; in this
configuration, the SC ESR (0.17mQ x 2) is two orders of magnitude lower than the ESR of the
batteries (31.5mQ / 2). Therefore, over a 5 second pulse 80-95% of the current is supplied by the SC.
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As a result, the SC SoC and hence voltage will drop faster than the battery voltage. Given that the
batteries and SC are connected in parallel in the HESS, they must remain at the same voltage.
Therefore, the battery current contribution rises, simultaneously causing a decrease in the SC
current contribution, such that the voltage of the two devices matches. The rate of increase of
battery current therefore is highly dependent upon the capacity of the SCs used in the HESS. Given
an equal energy discharge, a SC of lesser capacity decreases in voltage to a greater extent as Energy
= 0.5-Capacitance-Voltage?, therefore a lower capacity SC induces a higher rate of battery current
increase during a current pulse. Following the removal of the system load, a decaying current
continues to flow from the batteries to the SC until the SC voltage matches the battery voltage.

The proportion of the total current demand over the FTP drive cycle provided by the batteries is
shown in Figure 64 (bottom), and the peak and RMS values are provided in Table 17. The HESS with
I3kF capacitors decreases the peak current of the batteries by 77% during charging and by 85%
during discharge, while the RMS current is reduced by 80% in comparison to the system current
(which is the same as the current of the HPB).

Peak Current (A) RMS Current
~ Charge | Discharge | (A)
77.4 28.5
P18650BD (HEB - 8P) 9.6 23.0 3.73
HESS 2000F Battery 10.6 17.8 3.9
HESS 3000F Battery 8.9 14.1 2.8

5.5.2 HESS Performance relative to other systems

The capability of HPBs, HEBs and HESSs to meet the current demand of the FTP drive cycle within
their limits of operation is dependent upon the initial SoC, temperature, number of cells in parallel,
and, in the case of the HESS, the size of the SCs. Figure 65 (Top) graphically demonstrates the
capability of the different types of ESSs, showing the range of SoC that can be used without
compromising power capability, at different temperatures. For example, it shows that at 10°C an 8P
HEB system will not work at any SOC, and at least 10 cells in parallel are required for a limited
operating range at this temperature. In contrast, the 3000F HESS system with just 2 battery cells in
parallel has an SOC window of 20-55% at 10°C.

The cycle is charge neutral, and the maximum charge deviation during the cycle is relatively small
(peak of 0.08Ah discharge) in comparison to the capacity of the battery cells tested. The limiting
factor is the ability of each ESS to supply current for the frequent and large current spikes whilst
remaining within safe voltage limits. The high-current pulses pose a challenge for each of the ESSs
under evaluation; the presence of a current spike leads to a temporary reduction of power
availability due to slow diffusion within the battery cell electrodes. This solid state diffusion
limitation manifests itself as an increase in resistance. Diffusion limitations can reduce the battery
power availability enough to cause sufficient increase of the battery resistance such that their
voltage reaches the safety limit before meeting the requirements of the drive cycle. In a HESS, as the
battery resistance rises due to diffusion limitations, an increasing current demand is placed on the
SC. Consequently, the SC capacity becomes an increasingly important factor in the terminal voltage
of the HESS and in determining its capabilities within safe operating limits.
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Figure 65: (Top) Experimentally determined performance map showing the ability of different energy storage systems to
meet the requirements of the FTP drive cycle in a hybrid electric vehicle as a function of state of charge, number of cells
in parallel, temperature, and in the case of the HESS, capacitor size. Different shades of blue show the performance of
the high power battery, different shades of red show the performance of the HESS, and different shades of green show
the performance of the high energy battery system. Active thermal management system is used. (Bottom) Total current
provided by batteries in HESS over the FTP drive cycle at different operating temperatures

Additionally, solid state diffusion is strongly dependent on temperature, varying according to an
Arrhenius relationship; therefore, temperature strongly affects system performance. The system

96



with the strongest temperature dependence is the HEB ESS; their thicker and denser electrodes
which improve energy density simultaneously reduce diffusivity and increase the diffusion path
length. In a 10P configuration, the window of operation for the high-energy cells is 80% smaller by
capacity at 10°C than at 40°C. The high-power cells show a weaker temperature dependence with a
window of operation that is 66% smaller; additional details are provided in Table 18.

Usable SoC Range (%) Capability at 10°C relative
to 40°C (%)
40°C 25°C
SAFTVL6P (HPB—1P)  21-94(73)  28-78(50)  38-63 (25) 34
P18650BD (HEB - 10P)  12-94 (82)  17-78 (61)  26-43 (17) 20
HESS 2000F (18650 —2P)  17-55 (38)  20-45 (25) - -
HESS 3000F (18650 — 2P) 10-68 (58) 13-61 (48) 17-55 (37) 64

The HESS shows a weaker dependence upon temperature, with the system using I13kF capacitors
exhibiting a usable SoC range that is 36% smaller by capacity at 10°C than at 40°C. At lower
temperatures battery resistance increases significantly, whereas the SC resistance remains relatively
constant, [39]. Consequently, the ratio of the relative resistance of the battery to the SCs increases,
leading to a reduction of the battery current contribution to system current. The effect is significant,
as the battery current is reduced by up to 55% when operated at 10°C compared with 40°C as
shown in Figure 65 (bottom). Therefore, in the HESS the reduced power capability of the battery
cells at low temperatures is offset by a significantly reduced battery current demand. At elevated
temperatures, the resistance of the battery cells drops considerably, whilst the resistance of the SCs
is relatively stable, thus the HESS performance increase at elevated temperatures is also less than
that of the HEB and HPB.

The battery current demand might appear similar for the HEB system and the HESS using 2000F SCs,
(similar RMS and peak values of current, shown in Table 17), however the current varies
considerably when considered in the time domain. Figure 66a shows a comparison of the battery
current over the FTP drive cycle for the HEB, HESS 2000F and HESS 3000F. The profile of the current
demand for the HEB system is a downscaled version of the FTP-72 drive cycle, however in the HESS
the SCs smoothen this load considerably, reducing the rate of current change. The histograms in
Figure 66b show that the HEB system demands a wide range of battery currents with appreciable
time spent above 10A. Comparatively, the HESS spends significantly less time providing a current of
over 10A, and a greater period of time providing less than 10A. As the batteries in the HEB ESS and
the HESS are utilised in a very different manner, the factors limiting performance differ.

The capability of the HEB system is limited by its power capability, and as discussed previously, the
power availability is particularly poor when the HEB cell is not at equilibrium due to diffusion
limitations. The HEB system is sized by adjusting the number of cells in parallel to reduce current
demand to a level where each cell has sufficient power available to meet the requirements.

The capability of the HESS is limited by SC capacity and battery power availability, which are coupled,
and by the SC ESR. Battery resistance increases as power availability is reduced, thus battery power
availability impacts the current demand placed upon the SCs as the ratio of battery to SC resistance
changes, resulting in a change in rate of SC SoC variation. Following the removal of a load, current
transfer occurs between the SC and battery at a decaying rate as necessary to maintain the two
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devices at an equal voltage. Thus, the greater the change of SC SoC, the greater the power demand
on the battery, and thus the lower the battery power availability shortly after a charge/discharge
event. A SC of greater capacity reduces SC SoC variations, improves battery power availability and

reduces battery Energy Throughput (ET).

Current(A)

o0 L —P186508D 8P |
—HESS 2000F
—— HESS 3000F
_25 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400

Time(s)

-20 -15 10 5

-20 -15 -10 -5 0 5 10 - -
Current (A) Current (A)

Figure 66: (a) Battery current comparison between HESS using 2000F and 3000F Capacitors and high-energy cells in 8P
configuration - Initial Conditions: 3.49V, 25°C, ATM on (b) Histograms showing the current distribution from a single
battery within the HEB ESS in the 8P configuration (left) and a single battery in the 13kF HESS (right)

The voltage change of the HESS mirrors the behaviour of the battery current; the voltage change
during the FTP drive cycle is significantly greater (up to 60%) with the I2kF SCs than with the I13kF
SCs. This is attributable to the increased demand placed upon the battery in the HESS using 12kF SCs
due to the lower SC capacitance and higher SC resistance.
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It is necessary to consider heat generation alongside temperature change to compare thermal
management requirements. There are multiple sources of heat within a lithium battery and they can
broadly be categorised as electrical losses, entropic heating, species transport or mixing heat and
degradation inducing reactions, [211]. In high current, pulse load applications, heat generation is
dominated by electrical losses, [219,220], therefore other sources can be neglected. The electrical
losses are the combined losses attributable to interfacial kinetics and ohmic losses and can be
determined using the over-potential as per Equation 51, where | is the applied current (A), R is the
resistance (Q2) and the over-potential can be defined as 1 = |Vierminar — Vocv |- Cumulative heat
generation over each cycled is calculated as the integral of Equation 51. The cumulative heat
generation for each ESS over the FTP drive cycle is presented in Table 19, and the measured cell
temperature is shown in Figure 67.

Qpy 1oss(8) = IPR(E) = In(t)

Battery Heat (J) SC Heat (J) Module Configuration HV Module Heat
Battery | SC (J)
HPB 2549 - 7251P 183,528
HEB 801 - 69S8P 442,152
HESS 2000F 1372 171 69S2P | 100S1P 206,453
HESS 3000F 906 158 69S52P | 100S1P 140,828

When each system is tested with the ATM system switched off, the HPB experiences the smallest
temperature increase, whilst the batteries in the HESS using 2000F SCs experience the largest.
Although the HPB generates the greatest amount of heat at the cell level, it increases in temperature
the least as the Saft VL6P cell has a significantly greater thermal mass than the P18650BD cell. The
batteries in the HESS using 2000F SCs increase in temperature the most; their ET (as presented in
Table 20) and therefore heat generation is greater than the other ESSs using the P18650BD cell. The
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temperature rise at the terminals of the SCs did not exceed 1°C for either HESS, and the vast
majority of heat generation occurs within the battery cells.

Whilst the cell level temperature rise is greatest in the HESS battery cells, at the module level the
heat generated by the HESSs is significantly less than the HEB system, and comparable to the HPB
system. The 2000F HESS configuration generates 12% more heat than the HPB ESS, whilst the 3000F
system generates 23% less heat. It can therefore be concluded that an appropriately sized HESS will
generate less heat than a HPB ESS, the bulk of the heat generation occurs within the battery cells
and therefore is more localised, and passive thermal management should suffice for the SCs. A
reduction of heat generated and increased localisation should enable thermal management system
downsizing. Additionally, reduced thermal losses demonstrate improved energy efficiency.

The ET for each ESS is similar (within 1.5%), and is shown in Table 20. As current is controlled,
differences in ET are a result of voltage change differences. In the HESSs, the ET for each battery cell
is reduced by over 80% in comparison to the total ET of the HESS. However, for both of the HESSs
the ET for each battery cell is greater than it is for the HEB system (assuming each parallel string in
the HEB system is identical).

HPB System

HEB System

HEB Single Cell

HESS 2000F System

HESS 2000F Each HEB Cell
HESS 3000F System

HESS 3000F Each HEB Cell

5.5.3 System Specification & Cost

Whilst it has been shown that the HESS can perform comparably to the specialised HPB from the
perspective of meeting the power demand of a certification drive-cycle, it is necessary to consider
the additional factors important in system design. The cost, mass and volume of the ESS are key
considerations in the adoption of HESSs in hybridised vehicles, as both an electrified and an internal
combustion engine must be integrated into a single vehicle powertrain. The battery cells used in
both tested HESSs were selected because they were highly advantageous from a cost perspective,
however the high resistance of the battery cells requires large capacity SC cells. Consequently, the
trade-off for low cost in this case is a significant increase in both mass and volume, as shown in Table
21. In the context of an executive saloon vehicle, such as a BMW 3 Series or Audi A4,
implementation of the 3000F HESS would save £398 in cell cost per vehicle, however would require
the sacrifice of 6% of the boot volume.

The cost of converting cells to modules is expected to be similar for both battery-only ESSs and
HESSs; the HESS may enable slight thermal management system downsizing (depending upon
system sizing), and the cost of additional sensors and a capacitor management system is expected to
be small. As discussed in section 5.5, it should be noted that smaller capacity SCs can be used in a
module than in the lab scale test. Additionally, it is not practical to implement the HEB ESS shown in
Table 21 primarily due to its poor performance at low temperatures.
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HPB HEB (8P) HESS 2000F HESS 3000F

[ Mass(kg)  [PYE) 25.0 45.0 54.6
12.8 10.7 31.7 44.5
1.68 6.45 1.61" 1.61"
0.87 2.13 0.40 0.79
1584 813 1063 1186

! Battery Energy Only, 2 Within SoC region where FTP cycle can be run

Customers demand greater EV driving range from second generation HEVs, thus it would follow that
a large form factor battery cell (as is the trend with EV battery selection) would be used in a HESS. In
a HESS with a large form factor battery, a significantly smaller SC cell could be used owing to the
lower battery ESR and high power capability. Cost, performance and weight/volume can be traded
off against one another by using different cell types and configurations to create a HESS with the
desired attributes.

Table 22 shows potential systems using large form factor battery cells with a target of >4.5kWh of
usable energy. Based on the results of this study, it is predicted that a HESS consisting of large form
factor battery cells and ultra-low resistance 600F SC cells provides performance that is competitive
with the HPB ESS. This configuration was selected to demonstrate that for particular requirements, a
HESS could provide a lighter and cheaper ESS than a battery only ESS.

HPB HEB HESS 2000F HESS — 600F

Confizuration 72S 3P 69S 2P 69S 1P (EIG 20Ah)  69S 1P (EIG 20Ah) & 96S
& (Saft VL6P)  (EIG 20Ah) & 96S 1P (I12kFSC) 1P (600F Low ESR SC)
74.5 62.1 59.8 53.1

38.2 59.0 59.3 41.8

Energy (kWh) 5.0 10.6 5.31 5.3
Usable Energy (kWh) 2 4.8 3.7 4.8 4.5
Cell Cost / Module (£) 4752 3179 2450 2142

1 Battery Energy Only, 2 Within assumed SoC region where FTP cycle can be run

5.6 Degradation

To evaluate the hypothesis that the HESS degrades at a similar rate to a specialised HPB, tests were
conducted to determine the capacity loss and resistance rise following prolonged usage under
typical automotive conditions. The FTP-72 drive cycle was run continuously for 1080 cycles, with
degradation measured periodically via a C/20 discharge, a pulse discharge, Electrochemical
Impedance Spectroscopy (EIS), and a high-rate discharge. All measurements were performed at
25°C, with forced convection but without active thermal management.

For each ESS, the thermal boundary conditions were controlled to mimic tab cooling at module level;
the cells were subjected to forced convection in a temperature controlled environment, and the
connections to the battery tabs and SC terminals were held at a constant temperature of 25°C. The
initial SoC used for each ESS was the mid-point of the usable SoC range in which the FTP-72 cycle
would run. Following each cycle, the cell was charged using a constant-voltage regime to the voltage
corresponding to the initial SoC for a period of two minutes to prevent voltage drift during cycling.
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In the following analysis the data provided for the HESS system is that describing the battery cells in
a 3000F HESS, as SC degradation was found to be negligible. Additionally, all analysis should be
considered qualitative rather than quantitative, as it was not performed on a statistically significant
number of samples.

5.6.1 Capacity Loss & Resistance Rise

Capacity (mAh) Capacity (mAh) Capacity (mAh) Capacity  Normalised

0 Cycles 528 Cycles 1080 Cycles Loss (mAh) Loss (%)
HPB 7660 7571 7410 250 3.3%
HEB (8P) 3020 2997 2970 50 1.7%
HESS Cell 1 3005 2897 2874 131 4.3%
HESS Cell 2 2963 2907 2884 79 2.7%

Table 23 shows the capacity loss of batteries in each ESS during degradation testing; in each case,
the capacity loss after 1080 runs of the FTP-72 cycle is modest. The capacity loss of the HPB is similar
to the average between HESS losses (3.3% vs 3.6%) indicating that the HESS has a similar rate of
degradation to the specialised HPB. As expected, the lowest capacity loss is seen in the HEB in the 8P
configuration. Since the system is oversized to meet the pulse power requirements, the ET for a
single cell was lower than that for a cell in the HESS.

Charge
Series Fitting SEI Fitting Transfer Fitting
Resistance Error (%) Resistance Error (%) Resistance Error (%)
HPB
New 0.00064 6.0 0.00257 3.9 0.0017 4.4
Aged 0.00066 7.0 0.00253 3.9 0.0020 1.1
Increase (%) | 3.1% -1.8% 15.5%
HEB (8P)
New 0.0239 1.0 0.00751 4.5 0.0191 3.9
Aged 0.0241 1.2 0.00780 3.1 0.0208 3.1
Increase (%) | 0.0% 3.8% 8.5%
HESS Cell 1
New 0.0263 0.4% 0.00407 3.4% 0.0221 1.5%
Aged 0.0279 0.3% 0.00512 2.6% 0.0239 2.0%
Increase (%) | 6.1% 25.9% 8.3%
HESS Cell 2
New 0.0259 0.48% 0.00419 5.99% 0.0219 2.10%
Aged 0.0276 0.33% 0.00499 2.59% 0.0236 1.96%
Increase (%) | 6.9% 19.1% 7.2%

In order to distinguish different forms of degradation, the series, SEl and Charge Transfer
Resistances (CTR) have been extracted from EIS measurements. The resistance values are listed in
Table 24 and the equivalent circuit used for fitting is shown in Figure 68 (Top).

In the HPB the largest increase (of 15%) is that of the charge transfer resistance which is the
resistance to intercalation/deintercalation at the electrode/electrolyte interface; the variations of
series and SEl resistances are within fitting error. Given the presence of a significant capacity loss
and limited changes in series and SEl resistances, it is hypothesised that the main degradation
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mechanism is structural disordering, [157]. Lithium ions replace divalent Nickel atoms within the
cathode, resulting in a consumption of lithium from the electrolyte, and the modified structure
restricts lithium diffusion within the cathode; these lead to capacity fade and charge transfer
resistance rise.

The HEB in the 8P configuration experiences little change in its series and SEl resistance, and a
modest increase in CTR. In comparison, the battery cells in the HESS show a similar increase in CTR,
but significantly greater rise of SEl and series resistances. This effect is expected, given that the
average temperature of the cells is greater in the HESS than in the HEB system, causing faster
reaction kinetics, and SEI growth.

EIS spectra of the new and aged cells from the HESS are shown in Figure 68 (Top). In the ‘new’ state,
the cells show similar impedance spectra, with modest but notable differences. The greater
depression of the first semi-circle for Cell 2 indicates a greater SEl resistance than Cell 1, additionally,
there is notable difference in the radius of the second semi-circle which indicates a change of charge
transfer resistance, [161]. It is clear however that, with the exception of series resistance, the
spectra of both cells in the aged state are almost identical. As the cells aged, the parallel connection
of the battery cells served to self-balance cell state-of-health and thus led to a convergence of the
two EIS spectra.

As the battery cells degrade and their resistance increases, a greater proportion of the system
resistance is attributable to the batteries, and hence the SCs provide a larger contribution to the
total system current. As shown in Figure 68 (Bottom), the reduction in current provided by the
batteries leads to a reduction in the temperature rise of the cells. This suggests that the thermal
management system for the batteries in a HESS should be sized for start of life, and not end of life as
per convention in systems with battery cells only. Furthermore, this effect should act to balance
parallel strings in the battery pack, where lower resistance cells provide more power and naturally
reduce the duty on the more degraded cells.
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Figure 68: Comparison of new and aged cells through EIS: EIS Plots (Top) of HESS (inset shows the equivalent circuit to
which data was fitted), (Mid-Left) HPB, (Mid-Right) HEB, (Bottom) Temperature and current over the FTP drive cycle at
various stages of cell aging
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5.7 Interim Conclusion

An investigation is carried out to determine whether High Energy Batteries (HEBs) suitable for use in
a Battery Electric Vehicle (BEV) can be combined with Supercapacitors (SCs) in a Hybridised Energy
Storage System (HESS) in order to replace a specialised High Power Battery (HPB) in a Hybrid Electric
Vehicle (HEV). Multiple system topologies are evaluated which can be broadly categorised as
passive, semi-active and fully-active, and a passive configuration, in which SCs are connected in
parallel with HEBs, is preferred from cost and reliability perspective.

The electrical and thermal performance of the HESS is evaluated over an automotive drive cycle
(FTP-72), using the current demand for a HEV, with appropriate thermal boundary conditions for the
application. The SoC range over which the HESS is capable of satisfying the current demand is very
similar to the specialised HPB at 25°C, (SoC Range of 48% vs 50%), and similar performance using
HEBs would require the use of a 10P configuration. A considerable variation is found between the
temperature sensitivities of the Energy Storage Systems (ESSs) considered; in comparison to system
performance at 40°C, at 10°C the SoC region of operation is reduced by 80% for the HEB ESS, 66% for
the HPB ESS, and 36% for the HESS. The performance is reduced at lower temperatures due to
increased battery resistance, however in the HESS, this is partially offset by an increased SC
contribution to the system energy throughput.

Of the ESSs considered, perhaps counterintuitively, the battery cells in the HESS experience the
greatest temperature rise. Whilst the energy throughput of each battery cell in the HESS is reduced
by over 80% with respect to the energy throughput of the HPB, the energy throughput of each cell is
greater (by 11-38% depending on SC size) than through a HEB in an 8P configuration, thus more heat
is generated per cell. However, when considering heat generation at a module level, significantly less
heat is generated by the 3000F HESS than both the HEB and HPB ESSs, enabling downsizing of the
thermal management system. Reduced thermal losses indicate that a correctly sized HESS is more
efficient than a HPB ESS.

Degradation testing of the specialised HPB and the HESS is performed by running the FTP-72 drive
cycle 1080 times. The SCs in the HESS do not degrade measurably. The capacity loss of the HPB and
HEBs in the HESS is similar (3.3 vs 3.6%). All ESSs tested experience a statistically significant increase
in charge transfer resistance, while the batteries in the HESS also experience a rise in series and SEl
resistances. It is hypothesised that the main contributor to the rise in charge transfer resistance is
structural disordering of the cathode. Given the higher temperature in the HESS cells during
degradation testing, it is hypothesised that the notable series and SEI resistance increase in the HESS
cells is a result of increased electrolyte decomposition and subsequent growth of the SEI layer.

As the batteries in the HESS degrade, their resistance increases while that of the SCs does not vary;
as a result, the SC current contribution increases, resulting in a reduction of battery current. The
temperature rise within the batteries is reduced, meaning the thermal management system for a
HESS should be sized for beginning of life rather than end of life, as is the case for battery-only
systems. Additionally, it is hypothesised that the rate of battery degradation in the HESS will
continue to decrease as battery current demand drops.

The combination of battery cells and supercapacitors in a passive system is shown to be a promising
solution for the very power demanding HEV. Based on the analysis presented here, further
optimisation of this system can be performed to suit the particular application of interest.

105



5.8 HESS Modelling
5.8.1 Model Configuration
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Figure 69: HESS model structure in Simulink

The developed HESS model combines the LIB and SC models developed in previous chapters, making
simplifications where appropriate to reduce computational requirements. When simulating the
capabilities of the lab scale system, the full fidelity battery model is used alongside the SC electrical
model only; the model structure in Simulink is shown in Figure 69. Experimental analysis showed
that SC surface temperature did not deviate by more than 1.5°C, thus the findings of the SC thermal
modelling suggests that the SC internal temperature varies by < 10°C. In the temperature range of
10-50°C, the change of SC capacitance and resistance is small in comparison to LIB changes [39],
therefore it is not necessary to implement a SC thermal model for this analysis. A resistor is added to
mimic the shunt resistor in the experimental setup.

When simulating capabilities at a HV module level, the additional resistances associated with HV
safety, such as contactors and module interconnect resistances are not considered. Consequently,
current is distributed equally between parallel strings, and each cell in the series string contributes
equally, therefore SoC and temperature is tracked for a single cell rather than computed
independently.

5.8.2 Model Validation

For validation, the HESS model is run over the FTP drive cycle across a range of SoC points, and the
predicted voltage, current split between the SCs and batteries and temperature is compared with
experimental data. Results are compared with the modelling requirements outlined in section 2.2.

A comparison of simulated and experimentally measured HESS (3000F) voltage is shown in Figure 70
(Top) and a plot of the residual is shown in Figure 70 (Bottom). The largest error occurs during rapid
transitions between high current charge and discharge, however the maximum error in the
predicted voltage is 105mV, which satisfies the target of a 3% voltage error (126mV). Predicted and
experimentally determined single battery cell current demand is shown in Figure 71, and a similar
quality prediction is achieved.

It should be noted that ‘medfilt1’ Matlab function is used to remove spikes from the residual voltage
data which are caused by discrepancies in the time domain of the simulation and experimental data
of under 100ms. To ensure the filter does not distort the true results, a manual comparison of
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maximum and minimum system voltages was carried out. The error in the maximum predicted
voltage is 69mV, (3.964 vs 4.033V), and 61mV for the minimum voltage (2.697 vs 2.636V); the
maximum filtered residual is shown to be 105mV in Figure 70 (Bottom), and occurs just prior to the
point at which the minimum voltage is reach due to a small time domain discrepancy. Therefore, it is
reasonable to state that the application of the function ‘medfiltl’ does not reduce the true error
between the calculated voltage difference between the predicted and experimentally determined
voltage.

The minimum and maximum voltage predicted by the model is compared with values measured
during experimentation in Table 25. The error in the voltage predicted by the simulation is within the
target of 3% across a range of SoC points corresponding to the SoC range over which the HESS is
capable of satisfying the demand of the FTP drive cycle whilst remaining within its voltage limits.

Minimum Voltage Maximum Voltage
SoC (%) Predicted Measured ‘ Error (%) Predicted | Measured | Error (%)
16 2.172 2.192 0.5 3.816 3.887 1.7
25 2.526 2.432 2.2 3.905 3.982 1.8
31 2.696 2.636 1.4 3.964 4.033 1.6
47 2.795 2.700 2.4 4.042 4.102 1.5
57 2.865 2.765 2.4 4.092 4.156 1.5
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Figure 71: Comparison of simulated and experimentally determined battery current within the HESS (3000F SCs), during
FTP drive cycle following the current profile shown in Figure 61b. — Initial Conditions: SoC — 31%, Temperature - 25°C
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Figure 72: Comparison of simulated and experimentally determined battery temperature within the HESS (3000F SCs),
during FTP drive cycle following the current profile shown in Figure 61b. - Initial Conditions: SoC — 31%, Temperature -
25°C

The predicted battery temperature at positive and negative terminals is compared against
experimental data in Figure 72 and presented alongside the predicted temperature at the core of
the battery. The error in temperature prediction at the negative terminal (0.9°C max) is well within
the target of +1.5°C; the steady state error is small, however the predicted rate of change of
temperature is significantly lower than the experimentally determined value. This is likely
attributable to using a lumped series resistance parameter, and hence not appropriately
apportioning the resultant heat appropriately, in particular, the heat generated in the immediate
vicinity of the terminal.

Similar behaviour is observed at the positive terminal, however a larger steady-state error
contributes to a larger deviation between the predicted and measured temperature (1.8°C max). The
larger steady state error is likely attributable to a lack of model complexity which prevents
independent prediction of heat generation at the positive and negative terminal, resulting in a
working assumption that generated heat is equally distributed between the anode and cathode,
which is known to be false [271]. The instances during which the targeted error is exceeded are very
short, thus it is taken that the model provides estimates of sufficient quality to enable the author to
use the model to answer the research questions.

The large temperature gradient between the terminals and the core are caused by poor heat
transfer between the current collectors and terminals. The consequence of this large temperature
gradient is that the electrodes will experience highly non-uniform utilisation which will result in
reduced available capacity, increased resistance for a given average temperature and increase
degradation.

5.8.3 System analysis through Simulation

5.8.3.1 Energy Capacity

Whilst the majority of the energy capacity of a HESS is provided by the batteries, the contribution of
the SC should not be neglected; as shown by Figure 73 (Left), the contribution of SC energy to HESS
energy capacity is approximately 20% for the 2000F HESS, and 30% for the 3000F HESS. The battery
Peukert coefficient remains unchanged when operated in a HESS for a constant current discharge
over a long time period. Therefore, HESS energy capacity can be determined by translating the
battery capacity curve estimated by Peukert’s law by the SC energy capacity between the upper and
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lower voltage limit. The available energy capacity of the HESS in the HV configuration (69S2P
P18650BD with 9651P SC) is similar to the HPB.
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The gravimetric energy capacity of the HESS in the HV configuration is 40-50% lower than the HPB as
shown graphically in Figure 73 (Right). The Gravimetric Energy Capacity (GEC) or the energy capacity
per kg of a HESS will always be significantly lower than that of a HEB ESS as SCs have poor specific
energy, however the combination of different cells, or a change to system requirements should
enable a HESS to have a higher GEC than a HPB ESS. An improved HESS GEC can be achieved through
an increase of battery GEC without a reduction of power capability, or via an increase of HEB power
capability which would enable SC downsizing. Therefore, counter-intuitively it is possible to increase
HESS SEC by reducing the energy capacity of the HEBs (albeit higher power) used alongside the SCs.

Additionally, the 12kF and I3kF SCs used in this study are poorly optimised for mass, with the can of
the cell contributing 25-38% to the cell mass. Significant opportunities exist to improve HESS SEC
through SC mass reduction via mechanical design optimisation. Increasing SC voltage is highly
beneficial for HESS GEC as the energy capacity of the system is increased (and is accompanied by an
increase of power capability), whilst the number of cells required and therefore mass is reduced.

5.8.3.2 Power Capability

The efficiency (EF) when a current pulse is applied can be given as Equation 52, as defined by Burke
et al [272]. A current pulse of 5 seconds is of interest in automotive applications, therefore the
maximum power capability, Pmax, for a 5 second pulse and 80% minimum efficiency is calculated
using ohm’s law.

P 1 |4

EF = = =
P+I2R 1+IR/V  Vyey

Figure 74 shows the maximum power at which an EF of over 80% could be maintained during a 5
second pulse load. Data for the P18650BD system and HESS is determined using the developed
modelling tools, whilst the capabilities of the Saft VL6P cell are determined experimentally. As
desired, it is evident that the power capability of the HEB cells is boosted significantly by the addition
of the SCs. It is interesting to note that the power capability of the HESS at 80% EF increases as SoC is
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reduced because battery resistance rises, and therefore a greater proportion of the current is
provided by the SCs which have a significantly lower resistance.
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Figure 74: 5 second pulse power resulting in a minimum efficiency of 80% - HESS & P18650BD data from model, Saft data
from experimental analysis — Initial conditions - 25°C

The power capability of the HESS is similar to that of the HPB at 25°C, however the power capability
is SoC and temperature dependent. As shown in Figure 65, the HESS is less temperature sensitive
than LIB only systems, therefore at lower temperatures HESS power capabilities decrease less than
those of HPBs, and at elevated temperatures they increase less. The HPB is 33% of the mass of the
3000F HESS, therefore whilst the power capabilities are similar, the HPB retains a three times higher
specific power capability.

5.8.3.3 Equating Lab Scale to Module Scale

As discussed in section 4.2, the HESS will perform differently at the module scale than the lab scale
setup. The relative resistance of the battery and SC will change, resulting in a change to the current
split between the SC and batteries. Furthermore, the reduced ratio of SC to LIB cells results in each
SC operating at a higher voltage, SC capacitance is a strong function of voltage. Consequently,
smaller capacity SC cells are required in a module than in a lab scale test.

SC cells of reduced capacity are accompanied by an increase in resistance, [37,38,273], therefore as
the size of the cell that is equivalent to the I3kF cell at the lab-scale is estimated for the module
level, capacitance and resistance are varied together to maintain this relationship. The capacitance
and resistance of the equivalent cell that provided near identical module performance to the I3kF
lab-scale system is determined using the model, and the results are shown in Table 26.

12kF 2000 0.28 390 308

I13kF 3000 0.26 510 410
Equivalent Cell 2471 0.2705 420 371

Table 26: Table of capacitance, resistance, mass and volume as specified by the manufacturer for 12kF and I3kF SC cells
and estimated values for the cell that would provide the equivalent performance to the I3kF when the lab-scale test is
up-scaled to the module level
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The mass and volume of the cell can be estimated by independently estimating the change in length
and hence mass of the Jelly-Roll (JR) and can of the cell assuming a constant diameter and terminal
thickness. The volume of the JR is proportional to the capacitance therefore the estimated
capacitance is used to calculate the length of the JR. The JR density is determined from the existing
cells and used to calculate the mass of the JR of the equivalent cell. Knowledge of JR length enables
determination of cell length, and hence volume, positive terminal mass and cell mass. A breakdown
of the values is provided in Table 27.

I12kF 86.7 272.0 108.1 82.7 10.7

I3kF 133.6 378.5 155.0 96.2 10.7
Equivalent Cell 109.9 322.6 131.3 87.4 10.7

Were the equivalent cell available, HESS mass and volume could be reduced by 12-14%, as shown in
Table 28. Whilst this knowledge is helpful when considering the trade-offs of a HESS relative to a LIB
ESS, the HESS remains substantially larger and heavier.

HESS 3000F 54.6 44.5

HESS Equivalent Cell 47.9 38.1
Percentage Change -12.3% -14.3%

5.8.4 Modelling Conclusions

The previously developed ECMs of a LIB and SC were combined to create a HESS model to enable
electrical and thermal prediction of HESS performance both in a low-voltage lab scale configuration,
and a high voltage module configuration. The developed HESS was shown to be capable of predicting
voltage throughout the FTP drive cycle, to within the target of 3%, across the SoC range that the
HESS is capable of meeting the current demand within safe voltage limits. Battery temperature is
predicted well within the target of +1.5°C at the negative terminal, however this target is very
briefly exceeded at the positive terminal where the maximum deviation is 1.8°C.

The energy capacity and power capability of the HESS are comparable to that of the HPB, however
the specific energy and specific power are considerably lower for the considered system
configuration. For a HESS to possess superior specific energy capacity and specific power capability
to a HPB, HEB and SC capabilities must be balanced; a HEB with a lower energy but higher power
capability will likely improve HESS specific energy by enabling SC downsizing. SC downsizing is of
particular interest because the SCs in the HESS have an energy density which is two orders of
magnitude lower than the HEBs. Increasing SC voltage will increase both the specific energy and
specific power.

As the lab-scale HESS is up-scaled to module level, the SCs can be downsized as they are operated at
a higher SoC and hence possess higher capacitance, and the relative resistance between the SCs and
LIBs is changed. The developed model predicted that the 3000F SCs used at a lab scale could be
downsized to 2471F, which in turn would lead to a HESS mass reduction of 12% and a volume
reduction of 14%.
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5.9 Suitability for use in Automotive Applications

HESS design is a trade-off between cost, performance and mass/volume and can be expressed as a
trade-off triangle following the philosophy of a Penrose triangle as per Figure 75; improving one
attribute necessitates a compromise of at least one other. In the HESS considered, a low cost
configuration was evaluated, and performance is matched to that of the HPB, therefore a
compromise is made in terms of mass/volume. Whilst the characteristics of a HESS can be altered
within specific bounds through the use of different combinations of cells, the findings within this
chapter are sufficiently generic to consider applications across different automotive traction
applications.

Performance

Performance

Figure 75: HESS configuration trade-off expressed as a Penrose triangle

This study demonstrated that a HESS is suitable for use in a HEV. The low cost system proposed
matched the performance of a specialised HPB ESS, and offers significant cost savings of
approximately £400. However, as per the trade-off triangle, this is accompanied by an increase in
volume, that is equivalent to approximately 6% of the boot space of a typical executive saloon
vehicle, though this may be partially offset by modified thermal management requirements. The use
of a HESS in a HEV fits into a wider electrification strategy by enabling the use of a battery used in a
BEV to be used in a HEV. Reducing the number of different battery cells used decreases cell purchase
cost through economies of scale, reduces R&D costs and facilities/test equipment requirements and
therefore potentially reduces time to market.

A HESS can likely be beneficial in a PHEV in a similar manner to that demonstrated for a HEV; a
greater proportion of the ESS will consist of LIBs, therefore the effect of hybridisation should be
considered in this context. The use of a HESS should decrease the rate of heat generation rise in the
LIBs as the ESS degrades, and localise heat generation to a greater degree, thereby enabling
downsizing of the thermal management system. However, charging time will be increased due to a
lower continuous power rating.

The ESS in a mHEV is highly cost and volume sensitive, therefore the suitability of a HESS for this
application will depend upon the comparative pricing of HEB, HPB and SC cells. Increased localisation
of heat in the HEBs is likely to require semi-active thermal management to control battery
degradation, increasing both system cost and volume. The use of a LIB with sufficiently high power
capability to not require semi-active thermal management in the HESS would likely be prohibitive
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from a cost perspective, but may be considered if the existing system is oversized due to
degradation concerns.

The use of a passive HESS inevitably results in a significant reduction of specific energy capacity of
the ESS, therefore HESSs are typically unsuitable for a BEV, where significant emphasis is placed
upon meeting the energy storage requirements. An increasing demand exists for increased power
capability in BEVs to enable fast charging [14,135,136,274,275], however whilst a HESS will increase
pulse power capability, it has little effect upon the continuous power capability of the ESS. The use
of a HESS may be beneficial in a BEV if it enables the use of conversion cathode batteries such as Li-S
or Li-O,.
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6.0 Conclusion & Future Work

6.1 Conclusions

The overarching motivation for this study was to determine whether the use of a Hybridised Energy
Storage System (HESS), consisting of Lithium lon Batteries (LIBs) and Supercapacitors (SC), in
automotive traction applications is beneficial in comparison to battery-only systems. Therefore, the
aim of this thesis was to develop a physical understanding of the operating process of a SC, LIB and
hence a HESS and subsequently use this knowledge to develop a HESS model to enable performance
prediction. Further, this study aimed to understand the modes of performance degradationin a
HESS and the differences in their rate and magnitude. The amassed knowledge was to be used to
determine whether a HESS should be used in automotive traction applications by comparing its
benefits and limitations against a LIB-only Energy Storage System (ESS).

Due to the large number of possible HESS topologies, efforts were focused on a passive HESS
because it is the simplest, cheapest, most robust option and its performance benefits in an
automotive context have not been previously examined in academic literature. An in-depth review
of SC and LIB operation and degradation was conducted, and the differences highlighted. This
knowledge was used to guide model development for the SC, LIBs and subsequently, the HESS.
Additionally, an experimental analysis was conducted for model validation, and to investigate
degradation, which is outside the scope of the model.

A physically meaningful Equivalent Circuit Model (ECM) is used to recreate SC electrical performance
over a range of operating conditions. A pseudo-3D high fidelity thermal model is developed using
thermal equivalent circuits to examine the occurrence of thermal gradients within SC cells, and their
effect upon electrical performance. The development of the thermal model included the derivation
of expressions to quantify differing rates of entropic heat generation in the positive and negative
electrode. The electro-thermal SC model was shown to perform excellently in predicting electrical
and thermal performance over time periods similar to those of typical automotive drive-cycles.

The high fidelity thermal model showed that thermal gradients within SCs are small, even at very
high currents due to the excellent thermal conduction between the current collectors and cell
terminals. The use of a high fidelity thermal model improved electrical performance predictions over
extended time periods as a thermal gradient that forms between the jelly-roll and the can. The
effect of temperature change upon electrical performance is greatest at very low temperatures, and
diminishes greatly at temperatures of 10°C and above.

An ECM is combined with a thermal equivalent circuit to predict LIB electrical and thermal
performance, over a range of operating conditions. The developed thermal model is capable of
predicting the internal temperature of cylindrical cells as well as the temperature difference that
occurs at the positive and negative terminals. The model was shown to predict electrical
performance over a drive cycle to within the targeted error. Cell terminal temperature was typically
predicted well, though the targeted error was exceeded briefly for high current charge events. The
predicted radial thermal gradient within the cell was shown to be consistent with the experimental
findings of other authors, and the model predictions of high fidelity models.

The developed SC and LIB models are combined to create a model of a passive HESS which mirrors
the experimental setup used for HESS testing. To reduce computational time, the high fidelity SC
thermal model is not used alongside the SC electrical model. Over the temperature range of the
model, the heat generation, and effect of temperature rise and temperature gradients is much
greater for LIBs than for SCs. The changes in SC capacitance and resistance are small in comparison
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to LIB changes, and experimental validation showed SC temperature changes to be small for the test
case of interest, the FTP drive cycle.

Experimental validation of the HESS showed that the model was capable of predicting electric
performance of the system within the targeted error over the entire SoC range for which the cell
voltage was within safe limits. As per the LIB model, temperature change was generally predicted
well, with the targeted error briefly exceeded during high current charging. The model was used to
correlate the performance of a low-voltage lab-scale setup to a high-voltage system as would be
used in an automotive traction application.

A combination of experimental analysis and use of the developed modelling tools led to the
following findings:

1.

Whilst the HESS examined in this study possessed similar energy and power to the specialised
LIB-only ESS, the gravimetric and volumetric energy and power are lower. Whilst it is possible
for the HESS to possess greater energy and power density than the specialised LIB-only ESS, a
trade-off is required between the attributes of cost, performance and mass/volume. A
reduction in mass/volume for a particular level of performance would therefore increase HESS
cost. The studies HESS was designed to be low cost; cell cost is estimated to be approximately
£400 lower.

The performance of a HESS is less temperature sensitive than a LIB-only ESS; performance is
reduced at lower temperatures due to increased battery resistance, however in the HESS, this is
partially offset by an increased SC contribution to the system energy throughput.

A correctly sized HESS will generate less heat overall than a LIB-only ESS, and the heat will be
more localised. As a result, it should be possible to downsize the thermal management system.

Performance degradation via capacity loss is similar for the HESS and LIB-only ESS, however
battery resistance rise is greater in the HESS due to increased temperature rise in each battery
cell. With appropriate thermal management, performance degradation is expected to be similar
for both the HESS and LIB-only ESS. SC degradation is negligible in comparison to battery
degradation.

The rate of degradation in a HESS reduces as battery resistance rises. A faster rise in resistance
in the LIB than in the SC results in a larger SC current demand and a reduced LIB current
demand. Consequently, heat generation and battery energy throughput is reduced, resulting in
a reduced rate of degradation.

Whilst the pulse power of the HESS and LIB-only ESS is comparable, the continuous power
rating of the HESS is lower. This is of particular importance during system sizing for a PHEV
where customer demands for fast-charging and engine-off operation.

This study demonstrated that SC cells suitable for an mHEV can be combined with battery cells
suitable for use in a BEV to create a HESS suitable for use in a HEV, thereby enabling
manufacturers to use hybridisation to implement a modular ESS across their range of electrified
vehicles.
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6.2 Future Work

The presented work explores the effect of the implementation of the simplest HESS topology in
automotive traction applications, and hence provides a foundation upon which further work may be
conducted, and a baseline for comparison. The time limitations of a 3 year funded PhD require that a
relatively narrow scope is adopted for investigation of this broad topic. Were more time available,
the author feels significant value could be added to this work in the following areas:

Model Development

e Model Order Reduction of SC Thermal Model — The high-fidelity thermal model proved to be a
useful tool for SC thermal investigations, however a reduced order model is required for
practical use in a simulation of a high voltage HESS.

e Expanded LIB model parameterisation — Parameterisation using a finer and broader SoC and
temperature discretisation will improve the range of model validity, enable low temperature
studies and improve estimation accuracy.

e Improved Heat Generation Model - Decouple lumped series resistance parameter and
anode/cathode resistance for improved estimation of rate of temperature change at battery
terminals, and improved estimation during high current charging.

e HESS Topology comparison — Use the developed models to compare the capabilities of different
topologies.

e Develop LIB degradation model — Examine effect of different HESS topologies on degradation
and track HESS performance and efficiency changes with degradation.

e Create cost models — Enable estimation of the costs of the power electronics and thermal
management system required for different HESS topologies and applications.

e Integration into full vehicle model — Determine vehicle level attribute changes where the
vehicle supervisory control is optimised for the HESS.

Experimental Analysis

e Degradation study to failure — Track performance changes as HESS degrades to failure to
determine whether the observed behaviour continues. Develop a guide for HESS sizing for end
of life, with a particular focus upon SC capacity.

e Determine compatibility with Li-S in passive configuration — Polysulphide shuttle which leads to
“infinite charging” may render Li-S incompatible for use in a passive HESS, however if
developments in Li-S technology can overcome these issues, a HESS could make conversion
chemistries viable for high power applications such as automotive applications.

Cell Analysis

Specialised SC for HESS applications — Existing SC cells are poorly suited for use in a HESS as their
mechanical design is optimised for cost and very high current applications. A cell optimised for
automotive HESS would likely have a different form factor, would be designed for a lower maximum
current and would therefore have a reduced non-active mass and volume. The resistance would be
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minimized and voltage maximized. Additional work is required to define the optimal SC design for
use in HESSs.
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Appendix

Al — Battery Heat Transfer Area Calculation
A simple Matlab script was used to define the parameters for the heat transfer model. The script is
shown below.

%% Calculate Thermal Model Parameters

%% Properties Setup
% Material Properties

Anode_thickness=75e-6; %m

Cathode thickness = 55e-6; %m

Separator thickness = 40e-6; %m

Cu_CC_Thickness = 12e-6; %m

Al CC Thickness = 18e-6; 5%m

Cathode_Density = 3238; %kg m"-3 - [213]

Anode Density = 700; %$kg m"-3 - [213]

Separator Density= 1009; %kg m"-3 - [213]

Al Density = 2770; %$kg m"-3

Cu Density = 8933; %kg m"-3

Cu_Conductivity = 398; %W m"-1K"-1

Al Conductivity = 220; SW m"-1K"-1

EandS Conductivity=0.8; %W m"-1K"-1 - anode 1.04, LFP 0.2, Sep 0.33
E_S_Heat Capacity= 1403; % J kg”-1 K°-1, LFP 750, Anode 1440 Sep 1978
Al Heat Capacity = 875; % J kg”-1 K"-1

Cu_Heat Capacity = 385; % J kg"-1 K"-1

Pigtail width= 2e-3; 2%m

Negative pigtail length = 25e-3; 3%m

Positive pigtail length =
Pigtail thickness=le-3; %m
Neg Terminal Thickness = 2e-3; %m

Can diameter = 18e-3; %m

Can Mass=4.2e-3; 5m

Can_length=60e-3; %m

Can thickness=0.3e-3; %m

Can_OD = 18e-3; %m

Can ID = Can OD - Can thickness; % Inner diameter

Can Insualtion Mass=le-3; %kg

Insulation Heat Capacity = 1015; % J kg"-1 K*-1 - Assumed PP
Insulation Conductivity=0.7; %W m"-1K"-1

% Axial Discretisation
Ax_N=5;

$Mass of Cell - Measured
M cell= 45e-3; %kg
Mass of non-jelly roll - Measured
_case=T7e-3; %kg
| tab cathode=0.18e-3; %kg
[ tab_anode=M_tab cathode*0.66;
Mass of jelly roll
JR=M cell-M case-M tab cathode-M tab anode;

R0 R R o

% Diameter of hole at middle of cell
D_in=2e-3; %m, Measured
D out=18e-3 - Can_thickness; %$Measured OD subtract can thick

% length of sep
Length=0.696; %m
Width = 0.06; 2%m

o

% Calculate lengths around spiral

% Estimate number of turns of spiral

z_rad = (D_out - D in)/2;

% Anode-Cu CC-Anode-Sep-Cathode-Al CC-Cathode-Sep

Single Layer Thickness = Anode thickness + Cu CC Thickness + Anode thickness + Separator thickness +
Cathode_thickness + Al _CC_Thickness + Cathode_thickness + Separator_thickness;

% Number of Layers - For calculation validation
Layer N=z_rad/Single Layer Thickness;

% Diameter of First Layer
L 1 thick = D in + ((Anode thickness + Cu CC Thickness + Anode thickness)*2);
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o

% Inner - First third of spiral, need length of spiral

for i = 1:21

Length i = (L 1 thick + (Single Layer Thickness*2* (i-1)))*pi;
end

Total Core_Length=Length l+Length_ 2+Length_3+Length_ 4+Length 5+Length_6+Length_7;

Total Mid Length=Length_ 8+Length 9+Length_ 10+Length 1l+Length_ 12+Length 13+Length_14;
Total Outer Length=Length 15+Length_16+Length 17+Length_18+Length_ 19+Length 20+Length 21;
Total Length=Total Outer Length+Total Mid Length+Total Core Length; % For calculation validation

%% Thermal Mass of Electrode and Sep

% Length * Width * Material thickness * 2 * density

Core Mass EandS = (Total Core Length * Width * ((Anode thickness)*2) * Anode Density)+...
(Total_Core_Length * Width * ((Cathode_thickness)*2) * Cathode_Density)+...
(Total Core Length * Width * ((Separator thickness)*2) * Separator Density);

Mid_Mass_EandS = (Total Mid_Length * Width * ((Anode_thickness)*2) * Anode_Density)+...
(Total Mid Length * Width * ((Cathode thickness)*2) * Cathode Density)+...
(Total Mid Length * Width * ((Separator_thickness)*2) * Separator Density);

Outer Mass EandS = (Total Outer Length * Width * ((Anode thickness)*2) * Anode Density)+...
(Total_Outer_ Length * Width * ((Cathode_thickness)*2) * Cathode_Density)+...
(Total Outer Length * Width * ((Separator thickness)*2) * Separator Density);

Cal EandS Mass = Core Mass EandS + Mid Mass EandS + Outer Mass EandS;

Thermal mass of CC's

Core Mass_ Al CC = (Total Core Length * Width * ((Al_CC_Thickness)*2) * Al Density);
Core Mass Cu CC = (Total Core Length * Width * ((Cu CC Thickness)*2) * Cu Density);
Mid Mass Al CC = (Total Mid Length * Width * ((Al_CC_Thickness)*2) * Al Density);

Mid Mass Cu CC = (Total Mid Length * Width * ((Cu CC Thickness)*2) * Cu Density);
Outer Mass Al CC = (Total Outer Length * Width * ((Al CC Thickness)*2) * Al Density);
Outer Mass Cu CC = (Total Outer Length * Width * ((Cu CC Thickness)*2) * Cu Density);

CC Mass = Core Mass Al CC+Core Mass Cu CC+Mid Mass Al CC+Mid Mass Cu CC+...
Outer_ Mass Al CC+Outer Mass Cu_ CC;

Calc_JR Mass = Cal_EandS_Mass + CC_Mass;

o

% Heat transfer area - axial electrode and separator

o°

Cross sectional area of Core

Core_area = pi * ((((D_out-D in)/3)+ D_in)"2 - (D_in)"2) * 0.25;
% Cross sectional area of CC

CC_Core_CSA=Total Core_Length * (Al _CC Thickness + Cu_CC_Thickness);
Cu_Core CSA=Total Core Length * (Cu CC Thickness);

Al Core CSA=Total Core Length * (Al CC Thickness);

% Cross sectional area of core - area of CC's
Core_FEandS_CSA = Core_area - CC_Core CSA;

% Cross sectional area of Core

Mid area = pi * ((2*((D_out-D_in)/3)+ D_in)”"2 - ((((D_out-D in)/3)+ D_in)"2)) * 0.25;
% Cross sectional area of CC

CC_Mid_CSA=Total Mid_Length * (Al _CC_Thickness + Cu_CC_Thickness);
Cu Mid CSA=Total Mid Length * (Cu CC Thickness);

Al Mid_CSA=Total Mid_Length * (Al _CC_Thickness);

% Cross sectional area of core - area of CC's
Mid EandS _CSA = Mid area - CC_Mid CSA;

% Cross sectional area of Core

Outer area = pi * (((D_out)”2 - ((2*((D_out-D in)/3)+ D in)"2))) * 0.25;
% Cross sectional area of CC

CC Outer CSA=Total Outer Length * (Al CC Thickness + Cu CC Thickness);
Cu_Outer CSA=Total Outer Length * (Cu_CC_Thickness) ;

Al Outer CSA=Total Outer Length * (Al CC Thickness);
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cC'e

Cross sectional area of core - area of CC's
Outer_ EandS_CSA = Outer_area - CC_Outer CSA;

Heat Transfer area between anode and Cu CC
double sided hence *2
Anode CC_Area Core=Total Core_ Length*Width*2;
Cathode CC Area Core=Total Core Length*Width*2;

Anode CC_Area Mid=Total Mid Length*Width*2;
Cathode CC Area Mid=Total Mid Length*Width*2;

Anode CC Area Outer=Total Outer Length*Width*2;
Cathode CC Area Outer=Total Outer Length*Width*2;

Radial HT
Heat transfer area CC Core to mid
Cu Radial Area=Width * Cu CC Thickness;
Al Radial_ Area=Width * Al CC_Thickness;
Pigtails & Can
CC - Pigtail - width * length
Pigtail HT Area= Pigtail width*Pigtail thickness;
$Mass = density * volume
Neg terminal mass = Al Density * (pi*((Can diameter”2)*0.25)*Neg Terminal Thickness);
Pos_terminal mass=Neg_terminal mass;

Can_axial HT Area = pi * ((Can_OD"2)-(Can_ID"2))*0.25;

Cu CC Pigtail Area = Pigtail width * Negative pigtail length;
Al CC_Pigtail Area = Pigtail width * Positive pigtail length;

convection Area & Conduction to terminals

Case Area=(pi*Can OD)* (Can length/3);

Term conduction = (10e-3 * Pigtail width); %m”2 Pigtail contact area with brass blocks
Term conduction pos = (5e-3 * Pigtail width); % Different to neg as difficult to balance contact
areas without touching tab weld during experiment - pos has less contact area

Diameters

D Core = Length 7/pi;
D Mid = Length 14/pi;
D Outer = Length 21/pi;

5% Radial Heat Transfer

Core Mid HT=(Length 7 * Width / 5); % Perimieter * Width / Discretisation

Mid Outer HT=(Length 14 * Width / 5);

Mid thick = D _Mid-D Core;

Outer thick= D Outer - D Mid;

Eg conductivity = ((190/220)*EandS Conductivity) + ((12/220)*Cu Conductivity) +
((18/220) *Al Conductivity);

% Anode to can
Neg to can_ HT_Area = (Length 21 * (Width - 24e-3) / 3) - (5e-3*12e-3); % (Exposed Area /
sation) - pigtail kapton tape area

discret

A2 — Battery Model Electrical Parameters

So
Current A -12A  -9A 3A  -15mA  15mA  3A 6A
1648 1648 1571 933 933 1713 1713 3187
102.1 10000 10154 12101 12101 4277.7 4277.7 49467
I /o521 95676 92341 80483 80483 32436 3243.6 32069
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4529.7
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197.9
3745.2
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93.8
791.1
626.7
3975.8

-15mA
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7332.0
3118.7
2103.3
4192.5
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7749.3
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4718.0
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15mA

21777.8
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71249.5

15mA
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2719.0
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3096.9
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476.8
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4548.4
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5090.7
3707.5
2340.4
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4731.6
2919.8
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6A
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60530.9
71249.5

6A
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710.0
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1535.9
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349.3
566.4
450.0
600.0

6A
124.9
2249.9
2552.6
2041.9
2587.9

140



[y
(=]

! o
N

o
[y

(=]

Current

(=]
Y

0.7

1.0

3684.6
7373.6
2764.9
8646.2
5822.1
1237.7

-15A

1947.6
65000.0
55257.6
12026.9
76577.4
59436.6
62208.4
38302.5
11170.3
56570.6
71927.0

SoC
/ Current -15A

68.1

50.5

56.8
2403.4
1005.1
1842.1
1590.4
1169.2
1392.0
1520.1
2111.1

1766.9 3886.3
2892.1 24164
2166.6 3051.5
28349 2326.0
6048.4 4520.8
5247.7 3542.2
-12A -9A
4000.0  4000.0
6044.0  6049.8
32643.4 35409.5
19803.8 23725.8
65658.3  24155.8
71994.7 67359.0
61977.7 64967.0
28535.4 15088.6
18796.1 38987.9
61539.4 59983.7
36561.3 39906.7
-12A -9A
100.0 100.0
366.1 356.3
147.5 141.7
1725.2  758.9
1184.0 38223
1900.4 1668.9
528.0 136.2
744.9 740.7
2603.3 3985.2
1146.5 737.5
988.3 76.9

5426.9
2258.1
2849.3
2418.4
1411.0
8617.3

4000.0
6049.8
30029.4
37429.3
37607.2
48272.9
60772.5
20002.2
27274.5
42434.2
62568.1

-3A
100.0
356.3
220.7
174.3

3294.6
1631.0

84.1
127.0
482.2

18.6
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6A
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208.3
2408.2
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18.8
21.3
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8.64E-04
1.12E-03
4.64E-01

-9A

1.85E-01
6.54E-02
3.56E-02
3.14E-02
3.69E-02
3.36E-02
2.57E-02
2.82E-02
3.47E-02
3.46E-02
3.88E-02

1.93E-01
7.28E-02
7.41E-03
1.41E-02
2.61E-02
4.75E-04
4.82E-03
9.27E-03
9.86E-03
8.07E-03
3.09E-03

9.31E-03
6.70E-03
5.60E-02
1.33E-02
7.44E-03
2.69E-03
8.16E-02
2.22E-02
8.64E-04
1.01E-03
4.66E-01

1.85E-01
6.45E-02
4.19E-02
3.22E-02
3.85E-02
4.67E-02
2.91E-02
2.36E-02
3.71E-02
3.41E-02
3.89E-02

4.34E-01
9.05E-03
7.58E-03
1.88E-02
6.32E-02
9.92E-04
2.45E-03
1.18E-02
1.24E-02
7.50E-03
3.08E-03

1.92E-02
3.64E-03
4.20E-02
1.20E-02
2.61E-01
1.00E-03
2.29E-01
4.32E-02
6.35E-04
1.00E-03
5.20E-01

-15mA

1.85E-01
6.45E-02
4.19E-02
3.22E-02
3.85E-02
4.67E-02
2.91E-02
2.36E-02
3.71E-02
3.41E-02
3.89E-02

-15mA

4.34E-01
9.05E-03
7.58E-03
1.88E-02
6.32E-02
9.92E-04
2.45E-03
1.18E-02
1.24E-02
7.50E-03
3.08E-03

-15mA

1.92E-02
3.64E-03
4.20E-02
1.20E-02
2.61E-01
1.00E-03
2.29E-01
4.32E-02
6.35E-04
1.00E-03
5.20E-01

15mA

7.42E-02
5.04E-02
2.73E-02
2.64E-02
4.46E-02
4.47E-02
2.62E-02
2.15E-02
3.93E-02
1.44E-02
8.25E-03

15mA

1.29E-02
1.40E-02
5.80E-03
1.39E-02
1.23E-02
9.53E-03
6.60E-03
4.22E-03
1.07E-02
3.12E-02
8.55E-03

15mA

1.66E-02
1.78E-01
2.28E-02
7.56E-03
2.61E-02
6.21E-02
2.97E-03
3.16E-03
1.50E-02
4.24E-02
6.23E-01

3A

7.42E-02
5.04E-02
2.73E-02
2.64E-02
4.46E-02
4.47E-02
2.62E-02
2.15E-02
3.93E-02
1.44E-02
8.25E-03

3A

1.29E-02
1.40E-02
5.80E-03
1.39E-02
1.23E-02
9.53E-03
6.60E-03
4.22E-03
1.07E-02
3.12E-02
8.55E-03

3A

1.66E-02
1.78E-01
2.28E-02
7.56E-03
2.61E-02
6.21E-02
2.97E-03
3.16E-03
1.50E-02
4.24E-02
6.23E-01

6A

4.96E-02
4.14E-02
2.95E-02
2.92E-02
3.62E-02
3.69E-02
2.74E-02
2.97E-02
3.70E-02
1.44E-02
8.25E-03

6A

9.31E-03
1.12E-02
5.21E-03
8.60E-03
7.77E-03
5.36E-03
6.46E-03
1.38E-02
3.49E-03
3.12E-02
8.55E-03

6A

2.00E-03
6.34E-03
1.22E-02
1.82E-03
8.70E-03
3.50E-02
7.06E-03
5.45E-02
7.63E-02
4.24E-02
6.23E-01
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SoC
/ Curre -15A
1.35E-02

4.93E-02
6.37E-03
4.57E-03
5.11E-03

nt

1.16E-03
8.07E-03
4.80E-03
5.80E-03
5.64E-03

SoC R
/ Current 15A
3.08E-01

1.03E-01
4.91E-02
4.75E-02
4.39E-02
4.32E-02
4.36E-02
4.32E-02
4.42E-02
4.57E-02
4.75E-02

-15A

1.35E-02
4.01E-02
5.23E-03
1.18E-03
6.57E-03
7.84E-03
1.07E-02
6.70E-03
1.23E-02
1.32E-02
1.10E-02

SoC
/ Current
T

-12A -9A
1.35E-02  3.82E-03
1.40E-02  7.99E-03
1.01E-02  1.50E-02
8.21E-03  9.95E-03
6.93E-03  7.49E-03
7.77E-03  9.95E-03
4.80E-03  1.06E-02
1.02E-02  1.02E-02
4.83E-03  4.83E-03
5.79E-03  6.37E-03
5.66E-03  5.96E-03

-12A -9A
1.00E+00 1.00E+00
2.33E-01  2.34E-01
5.71E-02  5.38E-02
5.07E-02  4.94E-02
4.50E-02  5.04E-02
4.32E-02  4.43E-02
4.32E-02  3.99E-02
4.33E-02 4.41E-02
4.56E-02  4.66E-02
4.59E-02  4.59E-02
4.86E-02 4.11E-02

-12A -9A
2.50E-01  2.50E-01
1.89E-03  1.24E-02
9.45E-03  1.40E-02
6.66E-02  1.04E-02
9.43E-03  1.99E-02
2.06E-03  6.11E-03
8.93E-03  7.76E-03
1.90E-02  1.29E-02
8.76E-03  1.21E-02
1.27E-02  7.60E-03
1.44E-02 1.81E-02

2.48E-03
6.69E-03
1.79E-02
1.02E-02
9.84E-03
1.22E-02
1.47E-02
2.25E-02
5.94E-03
8.79E-03
6.69E-03

-3A

1.00E+00
2.34E-01
7.68E-02
4.74E-02
5.12E-02
4.72E-02
3.70E-02
3.65E-02
5.02E-02
1.82E-02
2.92E-02

2.50E-01
1.24E-02
4.73E-03
2.55E-02
9.43E-03
1.19E-03
8.35E-03
1.58E-02
1.85E-02
2.02E-02
2.08E-02

-15mA

2.48E-03
6.69E-03
1.79E-02
1.02E-02
9.84E-03
1.22E-02
1.47E-02
2.25E-02
5.94E-03
8.79E-03
6.69E-03

-15mA

1.00E+00
2.34E-01
7.68E-02
4.74E-02
5.12E-02
4.72E-02
3.70E-02
3.65E-02
5.02E-02
1.82E-02
2.92E-02

-15mA

2.50E-01
1.24E-02
4.73E-03
2.55E-02
9.43E-03
1.19E-03
8.35E-03
1.58E-02
1.85E-02
2.02E-02
2.08E-02

15mA

2.98E-03
1.52E-02
2.06E-02
7.66E-03
7.74E-03
1.47E-02
1.25E-02
1.65E-02
6.51E-03
2.20E-02
2.00E-02

15mA

8.74E-02
5.77E-02
3.42E-02
3.74E-02
4.60E-02
3.82E-02
2.55E-02
1.72E-02
4.91E-02
1.86E-02
2.78E-02

15mA

1.44E-02
1.66E-02
5.76E-03
1.26E-02
7.80E-03
1.42E-03
1.05E-02
2.50E-02
2.18E-02
3.08E-02
1.82E-02

3A

2.98E-03
1.52E-02
2.06E-02
7.66E-03
7.74E-03
1.47E-02
1.25E-02
1.65E-02
6.51E-03
2.20E-02
2.00E-02

3A

8.74E-02
5.77E-02
3.42E-02
3.74E-02
4.60E-02
3.82E-02
2.55E-02
1.72E-02
4.91E-02
1.86E-02
2.78E-02

3A

1.44E-02
1.66E-02
5.76E-03
1.26E-02
7.80E-03
1.42E-03
1.05E-02
2.50E-02
2.18E-02
3.08E-02
1.82E-02

6A

2.03E-03
1.11E-02
1.08E-02
7.56E-03
4.44E-03
6.90E-03
1.02E-02
1.31E-02
1.10E-02
2.20E-02
2.00E-02

6A

6.92E-02
5.20E-02
3.68E-02
3.86E-02
4.35E-02
4.56E-02
3.42E-02
2.94E-02
4.62E-02
1.86E-02
2.78E-02

6A

1.20E-02
1.90E-02
6.94E-03
1.06E-02
6.08E-03
1.32E-03
9.81E-03
1.23E-02
1.57E-02
3.08E-02
1.82E-02
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SoC
/ Current

-15A

2.71E-01
5.00E-04
1.37E-01
1.51E-01
1.99E-02
1.32E-02
5.30E-02
2.40E-02
4.62E-04
3.13E-03
4.51E-01

-15A

1.35E-02
4.01E-02
5.23E-03
1.18E-03
6.57E-03
7.84E-03
1.07E-02
6.70E-03
1.23E-02
1.32E-02
1.10E-02

-12A

3.79E-02
3.49E-01
1.11E-01
1.23E-01
3.08E-02
1.64E-02
4.53E-02
3.27E-02
2.58E-02
2.97E-03
3.04E-03

-12A

1.35E-02
8.45E-02
3.01E-02
2.23E-02
1.06E-02
1.19E-02
3.71E-03
5.12E-03
6.69E-03
1.04E-02
9.29E-03

-9A

3.79E-02
5.03E-02
3.23E-01
5.55E-02
5.12E-02
2.31E-02
3.06E-02
6.56E-02
1.02E-03
4.56E-03
1.29E-03

1.35E-02
8.43E-02
2.53E-02
1.22E-02
1.14E-02
1.25E-02
7.28E-03
6.64E-03
4.03E-03
8.20E-03
1.30E-02

3.79E-02
5.03E-02
3.98E-01
7.87E-02
3.55E-02
2.36E-02
4.61E-02
4.51E-02
1.02E-03
1.12E-02
4.95E-02

1.35E-02
8.43E-02
1.64E-02
1.38E-02
1.49E-02
1.82E-02
1.79E-02
2.24E-02
7.13E-03
2.78E-02
4.34E-02

-15mA

3.79E-02
5.03E-02
3.98E-01
7.87E-02
3.55E-02
2.36E-02
4.61E-02
4.51E-02
1.02E-03
1.12E-02
4.95E-02

-15mA

1.35E-02
8.43E-02
1.64E-02
1.38E-02
1.49E-02
1.82E-02
1.79E-02
2.24E-02
7.13E-03
2.78E-02
4.34E-02

15mA

9.74E-03
3.88E-02
1.41E-02
5.90E-03
1.16E-02
4.43E-02
3.11E-02
2.77E-02
1.03E-03
1.45E-01
2.42E-01

15mA

4.50E-02
3.30E-02
2.65E-02
1.06E-02
1.12E-02
2.03E-02
3.42E-02
3.32E-02
9.85E-03
4.49E-02
7.75E-02

3A

9.74E-03
3.88E-02
1.41E-02
5.90E-03
1.16E-02
4.43E-02
3.11E-02
2.77E-02
1.03E-03
1.45E-01
2.42E-01

3A

4.50E-02
3.30E-02
2.65E-02
1.06E-02
1.12E-02
2.03E-02
3.42E-02
3.32E-02
9.85E-03
4.49E-02
7.75E-02

6A

6.51E-03
2.12E-02
1.59E-02
4.87E-03
1.45E-02
4.94E-02
2.76E-02
1.36E-01
8.14E-02
1.45E-01
2.42E-01

6A

2.35E-03
1.06E-02
1.59E-02
7.60E-03
7.92E-03
1.46E-02
1.38E-02
1.59E-02
6.15E-03
4.49E-02
7.75E-02

144



