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Abstract

A novel electrical circuit analogy is proposed to model electrochemical systems under real-
istic automotive operation conditions. The model is developed for a lithium ion battery
and is based on a pseudo 2D electrochemical model. It calculates the evolution of species
concentration distribution and di�usion for a given current load, as a result of electro-
chemical reactions. The application example is an automotive system, in which results
are obtained at a rate faster than real-time and well within the accuracy requirements of
a typical Battery Management System (BMS). This is the �rst Equivalent Circuit Net-
work (ECN)-type model that tracks directly the evolution of species inside the cell, and
includes implementation of complex electrochemical phenomena usually omitted such as
double layer capacitance and overpotentials due to mass transport limitations in the elec-
trode host material. Three networks, one for each of the three species present, electrons,
Li ions, and intercalated Li atoms, are connected through a triple species element, which
governs the conversion between species at the resulting activation, di�usion and passivat-
ing layer overpotentials. The link between the three networks is an important feature of
this model, coupling information of each of the three joining circuit networks at this node.
The model is fully thermally coupled and can account for capacity fade via a decrease
in the amount of active species and for power fade via an increase in a resistive solid
electrolyte inter-phase layer at both electrodes. The model's capability to simulate cell
behaviour under dynamic events from 0% to 100% State-of-Charge (SoC) conditions is
demonstrated with various test procedures. Examples for model output are given for vari-
ous standard battery testing load cycles as well as realistic automotive drive cycle loads.
Although cast in the framework familiar to application engineers, the model is essentially
an electrochemical battery model: all variables have a direct physical interpretation and
there is direct access to all states of the cell via the model variables (species concentrations,
potentials) for the later purpose of control systems design. Further model extensions are
easily implemented atop the current framework. The presented methodology is further
applicable for electrochemical system performance evaluation and prediction of battery
performance in any kind of portable battery-powered electronic device and application
with low computational power availability and online solution requirements.
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De�nitions

Several terms used in describing batteries and electrochemical processes are de�ned here
for the reader's convenience [4].

Energy density: the volumetric energy storage density of a battery, expressed in Watt-
hours per litre [Wh L−1]

Power density: the volumetric power density of a battery, expressed in Watts per litre
[W L−1]

Capacity: the total charge that can be obtained from a fully charged battery under
speci�ed discharge conditions, expressed in Ampere-hours [Ah]

Speci�c energy: the gravimetric energy storage density of a battery, expressed in Watt-
hours per kilogram [Wh kg−1]

Speci�c power: the gravimetric power density of a battery, expressed in Watt per kilo-
gram in [W kg−1]

C-rate: the charge or discharge current equal in Amperes to the rated capacity in Ah.
For example, the C-rate for a 3Ah cell is 3A, whilst the 3C and C/3-rates are 9 A
and 1 A, respectively

Cycle life: the number of cycles that a cell or battery can be charged and discharged
before the available capacity in [Ah] falls below speci�c performance criteria (com-
monly de�ned as 80% rated capacity).

Cut-o� voltage: the battery voltage at which the discharge is terminated; commonly
referred to as End-of-Discharge voltage, expressed in [V]

Self-discharge: the recoverable loss of capacity of a cell or battery, usually expressed as
a percentage of rated capacity lost per month at certain storage conditions.

Resistance: a quantity that describes the relationship between battery voltage and cur-
rent, expressed in Ohms [Ω]

Capacitance: a quantity that describes the relationship between battery voltage and
charge, expressed in Ohms [F]

Impedance: a frequency-dependent complex quantity that describes the relationship
between battery voltage and current, with the real and imaginary components ex-
pressed in Ohms [Ω]
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SoC: state-of-charge can be expressed in [%] of the maximum possible charge, for ex-
ample, 100% re�ects a fully-charged battery and 0% re�ects a fully discharged bat-
tery

SoH: state-of-health indicates the current (diagnostic) and future (prognostic) ability of
the battery to perform work

SoF: state-of-function indicates the cells ability to deliver a certain amount of energy or
power under the prevailing operating conditions

RuL: Remaining-useful-life refers to remaining live-time of the battery under the current
operating conditions
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Chapter 1

Introduction

1.1 Will electric vehicles win the race?

'The market is approaching a tipping point, where battery power will become
as normal as petrol or diesel. If you look back over the past three years, the
electric car market has multiplied by a factor of 25.' - Ian Robertson, BMW's
global marketing chief - 2014. [13]

Vehicle electri�cation and emission reduction of passenger transport is an exciting trend
which continues to demand great attention from vehicle manufacturers, researchers, in-
vestors and customers. Higher fuel e�ciency, improved power performance [14] and re-
duced emissions [15] are some of the many bene�ts associated with hybridisation of the
power train. These factors have already enabled a growing market penetration over the
past years.

Current market data of electric vehicle sales indicates the beginning of a signi�cant market
uptake in the last three years 2012 (120,000 PHEV/BEV), 2013 (200,000 PHEV/BEV)
and 2014 (300,000 PHEV/BEV) [16]. Extrapolation of these sales statistics results in
sales predictions in agreement with major market prognoses by ABB and Avicenne which
predict sales of 6 m electri�ed vehicles (amongst which 1−1.5 m PHEV and BEV) by 2020
[17, 18]. These predictions are conservative, with other market analyses predicting sales
of up to 2 m PHEVs and BEVs by 2020 [19]. Battery sales predictions are closely related
to these statics, which are estimated to be 20− 50 GWh by 2020 and even 75− 200 GWh
by 2025. The reason of these wide prediction ranges are uncertainties in the speed of
market uptake in di�erent uptake scenarios.

The uptake of vehicle electri�cation has been re�ected in the production portfolios of
international Original Equipment Manufacturers (OEMs), most of whom are o�ering one
or several electri�ed vehicle options. The automotive sector is notoriously competitive,
leading to OEM's o�ering a broad range of vehicles which are targeted at speci�c cus-
tomer's requirements [20]. Computer aided design, advanced forms of prototyping (e.g.
3D rapid prototyping) and modi�able full-size prototypes (e.g. the MQB platform by VW
[21]) have facilitated a cheaper and wider diversi�cation of vehicle sales portfolios [22].
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Shorter vehicle development cycles and the introduction of the `mid-cycle refresh' increase
product desirability, hence ensuring that customers continuously remain enticed to up-
grade or change their vehicles [23]. The phenomenon of this e�ectively shortened life-cycle
was �rst harnessed as a deliberate production planning strategy by Alfred P. Sloan jr.,
then head of General Motors, at a period of automobile market saturation around 1924
[24]. This diversi�cation following customer interest, as well as favourable socio-economic
and environmental conditions paved the way towards electri�cation of passenger vehicles.

Many economic drivers will determine the �nancial success of battery powered vehicles.
Firstly, the demand for vehicles in general which is highly dependent on an economy's
�nancial prosperity. At times of economic uncertainty, customers are less inclined to invest
in a new vehicle, especially a novel technology type, while at times of prosperity they will
be more likely to do so. Elon Musk, CEO of Tesla Motors, noted recently that EV's 'true
competition is not the small trickle of other (non-Tesla) electric cars being produced,
but rather the enormous �ood of gasoline cars pouring out of the world's factories every
day' [25]. It can be inferred that, although demand for vehicles worldwide might be
growing, the success of battery powered vehicles is mostly depending upon their value
proposition in comparison to conventional vehicles [26]. As such, the biggest hurdles to
be overcome are cost and the concept of range anxiety. Customers do not trust that the
battery capacity provided will su�ce for them to reach their destination. The concept
of innovation adoption life cycle is particularly applicable here. Why should you dare to
invest in a novel car where you cannot be sure about its range and lifespan? Why not
rather wait until an upgrade is developed or the success of such a vehicle is demonstrated
in-use by others?

From the perspective of customers, important aspects when considering whether to buy an
(electric) car are initial vehicle purchase price, running costs, the ability to deliver on what
is promised (range, lifetime, style, performance, safety etc.), available �nancing options
and regulatory incentives/constraints. Thorough comparative studies of these aspects
have been carried out by McKinsey & Co., Ricardo-AEA plc. and Element Energy ltd.
[19, 27, 28]. These studies agree that battery powered vehicles could overtake internal
combustion vehicles at some point in the future given good market adoption, �nancial
incentives and environmental policies (such as zero emission policies in cities). The reports
conclude that the high purchasing price, doubts over performance and safety concerns
currently hinder their uptake. A signi�cant factor of uncertainty in their analysis is
the anticipated cost reduction of low-emission vehicles and the battery technology at
their core; the battery cost to the OEM is a key component of this and accounts for the
majority cost component of an electric vehicle to a car manufacturer [29]. As batteries are
commonly purchased from third party manufacturers by the OEM, this cost component
tends to be passed on to the end car buyer, resulting in non-competitive market prices of
vehicles.

The pricing power, development and intellectual property in the relatively small battery
market of 74 bn is held mainly by Japanese (57%), South Korean (17%) and Chinese
(13%) manufacturers [30]. In moving forward, OEMs will bene�t from forming strategic
alliances with such companies. By ultimately vertically integrating the production of their
battery cells, a full understanding of the complex processes involved may be obtained and
the dependency on the cell manufacturer as a third party be avoided. Internalising sectors
of another industry has not been necessary to this extent in the automotive industry since
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the commercialisation of internal combustion engines (e.g. industrial engine manufacturer
Rapp Motorwerke merging with vehicle manufacturer Fahrzeugfabrik Eisenach to become
an internal combustion vehicle manufacturer Bayrische Motor Werke - BMW). Only by
internalising the development and manufacturing of batteries speci�cally for automot-
ive applications will OEMs be able to internalise the pro�t currently made by battery
manufacturers and o�er electric vehicles at competitive prices.

Safety has become paramount in new designs which incorporate ever more energy dense
batteries. Due to a lack of understanding of the underlying electrochemical processes
and degradation phenomena, battery packs are commonly oversized and underutilized to
ensure longevity and robust operation, leading to unnecessarily high costs. This excess
capacity provided to the user ensures that the ratings provided by the manufacturer in
terms of durability, range and life are provided by the vehicle under commonly encountered
operating conditions. More speci�cally, the battery packs tend to have an operational
State of Charge (SoC) window of 70% (10% at the top-end of the SoC range and 20% at
the bottom-end of the SoC range remain unused) [31].

When aiming to minimise over-speci�cation, complexity, cost and size of batteries, while
adhering to safety regulations, it is essential to improve the performance prediction capab-
ility of the Battery Management System (BMS). This in turn necessitates a fundamental
understanding of the electrochemical processes occurring inside the battery cells. Many
researchers have in the past aimed to build models which account for these complex phe-
nomena under a wide variety of operating conditions. There is a large range of battery
models of which the most complex incorporate equations describing the electrochemical
processes on the basis of fundamental principles. These computationally demanding mod-
els are unsuitable for in-situ implementation into a battery state observer as they are too
complex in nature for on-board evaluation. At the other extreme stands the too often
taken approach of treating the electrochemical storage device as a �black box�. The al-
gorithms inherent to this approach tend to be derived from extensive battery testing of an
implemented prototype system under various expected operating conditions. This kind of
system learning is time consuming. Furthermore, order-reduction methods lead only to
empirical models which are only accurate under the previously parametrised (laboratory)
operating conditions [32]. In answer to these two extremes, electrical engineers have de-
veloped equivalent circuit networks, which replicate the behaviour of a cell (essentially by
curve-�tting); however, not re�ecting the true understanding of processes occurring inside
the cell either and only attempting to replicate the capacitative and resistive processes.

The demand for a more sophisticated battery performance predictor gives rise to the need
for a phenomenological approach in equivalent circuit modelling which can run at the low
computational power available on vehicles. This aspect of on-line battery performance
prediction therefore requires further development and is the main focus of this thesis.

1.2 Optimising the energy chain - why we need battery

performance prediction

When evaluating the performance of the on-board energy storage system (ESS) of a
battery powered vehicle, it is useful to visualise the various steps of energy conversion
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Figure 1.1: Energy chain symbolising the conversion of energy from mains to �nally being
applied to the motor to propel the vehicle

from electrical energy provided from the grid to the vehicle, up to the ultimate load in
form of battery discharge (Figure 1.1). Electric energy is initially supplied to the vehicle
via a charger and is stored chemically in the battery. When driving , the chemical energy
stored in the battery is converted into electric energy and supplied to the motor propelling
the vehicle. During regenerative braking, kinetic energy is recovered back into electric
energy, recti�ed and stored as chemical energy in the battery for later use in propelling
the vehicle.

In order to maximise the use of the energy in the battery pack, all energy links in this
chain have to be well understood, monitored and controlled. Up to this day, the battery
pack inside vehicles is too often regarded as a �black box� with empirically predicted be-
haviour in its control software. Moving forwards, a more detailed performance prediction
is required in order to account for phenomena which will ultimately lead to a degradation
of battery performance.

The following prediction, monitoring and control tasks aim to regulate the battery and
are integral to commercial Battery Management Systems:

· Provide information on battery State of Charge (SoC), State of Health (SoH), State
of Function (SoF) and Remaining Useful Life (RUL).

· Maintain the battery in a state in which it can ful�l the immediate requirements by
maintaining operation within a safe operating envelope.

· Maintain the battery in a state in which it can ful�l the general requirements of the
application for as long as possible in future cycles.

· Provide fail safe mechanisms/limp home mode/emergency shut-down functions.

· Provide a traceable software environment where malfunctions and unforeseeable
results are reproducible in order to isolate the source of the problem.

· Predict real-time battery performance while considering accuracy, robustness and
adaptiveness to low-cost platforms onto which it is implemented.
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1.3 Objective of thesis and research questions

In this thesis the development of a new phenomenological battery modelling framework
is presented. It is obtained by combining detailed knowledge of cell electrochemistry
with the principles of electrical engineering. The mathematical equations describing the
complex phenomena during electrochemical reactions are translated into electric circuit
elements while retaining a physical meaning of each and without masking, merging or
grouping any underlying phenomena/processes. The multiple coupled battery internal
processes and phenomena are impossible to isolate and measure in practise, even in a
laboratory environment, which makes this simulation a useful tool for gaining insight into
the processes occurring during cell operation.

As the physical meaning of each circuit element in the model is retained, physical states
can be monitored easily. Knowledge thereof ultimately allows the derivation of a compact
battery performance estimator enabling the observation of any internal process in the
form of a 'transparent' model.

The visibility of detailed variables allows for optimised control and safeguarding of the
individual cells and the battery pack by the BMS, while enabling a more accurate predic-
tion of SoC, SoH, SoF and RUL. As such, this model implementation is designed to be
useful to system control engineers. Accurate SoC and SoH prediction based on the funda-
mental principles of electrochemistry will not only allow designers to better estimate the
lifetime of the battery for warranty purposes, but will also render electric vehicles more
marketable to customers as a reliable means of transportation.

1.4 Aims

The following aims have been set for the model derived in this thesis and adopted as
design criteria of the new equivalent circuit model. In Chapter 4 the previously proposed
models by other researchers will be assessed against these criteria. At the close of Chapter
5 the newly derived model will be compared against these aims to discuss the achievement
thereof and to highlight areas of further improvements.

1.4.1 New model design criteria

As batteries have become an important building block in modern technology, so has the
signi�cance of good modelling and performance prediction as part of control systems
grown. The wealth of pre-existing work will be assessed with the aim of establishing
knowledge gaps in the following system design and model capability criteria. Models
and methodologies proposed in the academic literature are assessed against these criteria
in Chapter 4, as well as against the proposed new phenomenological equivalent circuit
network at the close of Chapter 5.
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1.4.2 System development criteria

The following criteria were established with regards to system design and implementation:

· Development of a computing methodology and experimentally validated equival-
ent circuit model of a lithium ion battery over length and time scales relevant to
automotive applications which captures the relevant physics phenomena of interest

· Translation of electrochemical phenomena into electrical analogies:

� Each circuit element is to retain a physical meaning.

� Distinct circuit sections are to be associated with physical phenomena of indi-
vidual chemical species.

� Individual domains and local phenomena are to be distinguishable.

� Variables are to be observable for later implementation of control algorithms;
creation of a 'transparent' model.

� Model extensions are to be easily added.

· Prediction on the basis of on-board available live variables current, voltage and
temperature (i.e. no hardware modi�cations).

· Development of a visual implementation allowing easy parametrisation/adaptation
to di�erent cell dimensions.

· Parametrisation through a separate script with an easily modi�able parameter list.

1.4.3 Model prediction capability criteria

The models already presented in the literature cater for di�erent degrees of accuracy,
speed and scienti�c sophistication; making them suitable only for the prediction of spe-
ci�c phenomena and basic cell behaviour. In the quest for optimised battery usage and
degradation prediction in automotive applications it is essential to model the individual
electrochemical contributors leading to observable battery behaviour. Only this way can
the resulting electrical behaviour of a cell be fully replicated. The proposed model is
therefore to have the following prediction capabilities:

· Prediction of the following phenomena by developing a physics based electric equi-
valent circuit of the electrochemistry governing equations describing the processes
in the battery:

� Local chemical species concentrations and chemical/electrochemical/electric
potentials

� Electrochemical double-layer with variable capacitance as a function of local
concentration gradients
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� Passivating layer growth, with variable layer resistance and capacitance allow-
ing for the prediction of loss of active cyclable material and capacity and power
fade

� Variable charge-transfer resistance

� Variable exchange current density as a function of local concentrationStoichiometry-
dependents gradients

� Local cell characteristics to be coupled to local temperature

� Electrochemical potential to be derived on the basis of Nernst equations and
standard redox potentials, rather than empirical functions

� Di�usion limitations to mass transport

� Activation overpotential for electrochemical reactions to take place

� Spatial discretisation to allow the distinction between local e�ects occurring at
anode, cathode and separator

� Full thermal coupling at the same spatial discretisation to allow for a thermal
resolution and the evolution of local temperature as a result of the evolution
of local electrochemical properties

· Demonstration of the model capabilities in predicting battery performance under
typical automotive characteristic operating conditions

1.4.4 Research questions

Through the development of these tools and the methodology it is hoped that a number
of di�erent research questions are answered.

· What are the prediction limitations of a battery model cast in the form of an equi-
valent circuit model for automotive applications?

· What additional information can be unlocked given the same measurement inputs
as conventional black-box models?

· What improvement in prediction accuracy is enabled due to this additional inform-
ation becoming available?

Where this work aims to add value to the existing academic literature is in creating a
transparent model, allowing the observation of parameter states in lieu of control system
implementation. This is in order to allow the observation and control of performance
characteristics on the basis of fundamental operating principles. Although cast in the
framework familiar to application engineers, the model is essentially an electrochemical
battery model: all variables have a direct physical interpretation and there is direct access
to all states of the cell via the model variables (species concentrations, potentials etc.) for
the purpose of battery state control. The development of equivalent circuit networks for
each of the complex physical processes and degradation mechanisms occurring in a lith-
ium ion battery is a near exhaustive task and beyond the scope of a single PhD project.
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Rather, the approach taken here is aimed at developing the tools and methodology re-
quired to incorporate further physical processes relevant to speci�c applications. As such,
the presented methodology can be further re�ned by implementing additional degradation
mechanisms (or physical phenomena in general) atop the present framework.

1.5 Hypothesis

Based on the research questions proposed, the following are working hypotheses to be
investigated in the following thesis.

· A wealth of additional information on internal battery performance characteristics
can be extracted, given the basic live measurements available on a vehicle (current,
voltage and temperature).

· This information can be used to compute a more accurate prediction of presently
predicted battery states.

· This information allows the prediction of additional battery states, which have so
far been inaccessible. E�ects such as cell capacity and power fade can be predicted
based on physical phenomena, rather than by empirical laws.

1.6 Thesis structure

First, the operating principle of a lithium-ion battery, design and performance require-
ments in automotive applications are introduced. Subsequently, a literature research on
the current research activities and state-of-the-art in the areas of interest is presented
with the aim of assessing the gaps in the current literature. This provides the motivation
for the detailed model derivation of the new phenomenological equivalent circuit model in
the subsequent chapter. The �nal chapter presents application and results of the model
under various standard battery testing load cycles as well as realistic automotive drive
cycle loads.

· Chapter 2: Introduction to lithium-ion batteries in automotive applica-
tions

· Chapter 3: On-line battery performance estimation

· Chapter 4: Battery modelling

· Chapter 5: The new phenomenological equivalent circuit model

· Chapter 6: Model applications and results

· Chapter 7: Conclusions

· Chapter 8: Future work
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Chapter 2

Lithium-ion batteries in automotive

applications

Overview

This chapter provides an introduction to lithium-ion batteries. After presenting important
historical developments in the �eld of electrochemical science with relevance to battery
research, the basic operating principles of a lithium-ion battery are explained. The signi-
�cance of battery design criteria, such as material, cell structure and shape in meeting the
high-energy or high-power requirements of automotive applications are discussed. Finally,
an overview of the causes of degradation of electrochemical performance over extended
periods is given.

This chapter aims to communicate the complexity of electrochemical processes in batteries
and justify the need for the derivation of a phenomenological equivalent circuit model able
to describe them appropriately.

2.1 A short history of the battery

The �rst reports of electrochemical energy storage date from 250 BC, where the assembly
of iron and copper electrodes, �ooded with an organic acidic solution (probably accident-
ally!) resulted in a galvanic cell of c.a. 0.25 V and 50 mAh [33]. Scienti�c research in
the �eld of batteries has �ourished since the 18th century, when Luigi Galvani invest-
igated electrical impulses in frog muscle. Alessandro Volta's experiments with current
�ow between iron and copper metals allowed him to conclude that electricity must be
generated fundamentally from chemical species and their interactions [34, 35]. Michael
Faraday built on Volta's discoveries in the 1840s, establishing the relationship between
electrochemical and electric potential. Progress in the use of di�erent chemical agents was
made by Gaston Planté in 1859, who assembled a lead-acid cell comprising two sheets of
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lead separated by rubber strips, rolled into a spiral and submerged in a sulphuric acid
solution. By applying a potential di�erence between the lead and a lead-dioxide electrode
he was able to charge a cell for the �rst time, obtaining an open circuit potential of 2.7 V
[36]. In 1866, George Leclanché developed a zinc-carbon 'wet-cell' comprising a carbon
manganese dioxide mixture on a graphite plate as the cathode, zinc as the anode and an
ammonium chloride solution as the electrolyte - the Leclanché cell. This early discovered
combination of chemicals is still prominent in modern household-use Zinc-Carbon (ZnC)
primary cells (20%) of all portable batteries in the UK), although with vast cell capacity
improvements [37].

The predecessor to today's commercial rechargeable nickel-cadmium and nickel-iron al-
kaline batteries was developed by Waldemar Jungner around 1899 [38]. The use of alkaline
solutions allowed more freedom in the choice of electrode and casing material as alkaline
solutions were found to be less prone to undesirable side-reactions when brought into
contact with the other cell components. The work of William Grove on fuel cells from
1839 signi�cantly contributed to a better understanding of the origin of gasses in electro-
chemical reactions. The gas pressure build-up in new types of batteries had been a barrier
to higher cell capacity up to this point. This knowledge was later applied to metal-air
batteries, in particular Zinc-Air (Zn-Air) based cells [39].

In 1913 Gilbert Lewis �rst demonstrated the usefulness of lithium as an electrode material
in various experiments but it was not until the 1970s when the �rst non-rechargeable
lithium-metal cells were developed by NASA and the US Department of Energy [36]. The
contribution of John Goodenough in 1980 in developing lithium cobalt oxide cathodes in
cell assemblies represents a signi�cant milestone in lithium-ion battery battery research
and eventually led the commercialisation of LiCoO2 cells by Sony in 1991 [38].

The idea of the battery as the energy reservoir for propelling vehicles, tricycles, carts
and locomotives surfaced at a time of great inventorship when many electri�ed gadgets
and curiosities where presented to the public at the World Expositions in the 1870s, 80s
and 90s. The development of electric vehicles has, since the beginning, always been a
close collaboration between automobile manufacturers and electrochemists. The nature
of this joint e�ort in developing cells speci�cally to achieve the �nancial success of electric
vehicles has changed signi�cantly over the last 100 years. The handful of electrochemistry
scientists and enthusiasts has grown into an independent battery manufacturing industry
worth globally in excess of $70 bn, serving a vast variety of industries. The automotive
industry in the meantime turned away from this novel idea and pro�ted enormously
from developing the comparatively cheap and safe internal combustion engine. Only in
recent times has the development of electric vehicles again become focus of research and
investment. For the battery industry, the success of electric vehicles represents a one of
many growing revenue streams in a �ourishing market, whereas batteries could evolve to
be instrumental to the future of the entire automotive industry.

Today, vast improvements in the process of developing modern battery powered vehicles
have already been made. Automotive manufactures have optimised the electronic cir-
cuitry around the actual battery and harnessed the performance of the best available cell
technologies on o�er.

Knowledge of the complex and distinct design properties and behaviour of batteries is
either �ercely protected by battery manufacturers or non-existent as this information
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might not be required for the majority of their customers. The much more stringent
requirements for automotive applications have created a market situation where buyers
are to some extent dependent on their suppliers without whom their future main revenue
drivers will fail to �ourish as well as on extensive cell testing. Simultaneously, new battery
technologies appear on the market while research is catching up to fully understand the
processes inherent to already marketed cell chemistries to a standard su�cient for a
successful implementation.

This has resulted in an extreme interest in battery research to de-mystify this complex
component and to create a clear understanding of the battery as the fundamental building
block of electric powertrains.

2.2 Battery operating principle

A lithium-ion battery typically comprises porous electrodes (anode and cathode), an elec-
trically insulating separator in-between and an ionically conducting medium (electrolyte).
Both electrodes are typically an electroactive material mixed with electrically conducting
additives which are coated to an aluminium current collector (as the cathode) or a copper
current collector (as the anode). The active material of the electrode serves as a host
material into which mobile lithium-ions can be intercalated from the electrolyte or they
can be extracted. The electrolyte consists of a salt dissociated in an organic mixture of
carbonates, which immerses the anode, cathode and separator. This separator in-between
anode and cathode prevents electron transport between the electrodes through the inside
of the cell, while allowing lithium-ions to permeate.

When fully charged, a maximum amount of lithium is intercalated inside the anode.
During discharge lithium leaves the anode and is each oxidised to an electron and a
lithium-ion in an electrochemical reaction at the electrode/electrolyte interface. Equation
2.1 describes the oxidation reaction at a carbon anode C6 and states that n lithium stored
(intercalated) in the anode electrode (LiC6)participate in an electrochemical reaction, such
that

LinC6

discharge−−−−−−→←−−−−−
charge

nLi+ + n e− + LiC6, (2.1)

yielding n lithium-ions Li+, n electrons e− and remaining active host material LiC6. The
lithium-ions are released into the electrolyte, while the porous separator, which serves
as an electronic insulator between anode and cathode, forces the electrons to follow a
di�erent path to the lithium-ions through an external circuit via the current collectors.
Figure 2.1b) shows a schematic of this process. The lithium-ions travels through the
electrolyte phase by di�usion due to concentration gradients to the cathode and react
each with an electron from the external circuit. This reduction reaction at the cathode
electrode/electrolyte interface where lithium-ions and electrons are reduced to intercalated
lithium is formally expressed for a metal oxide MO2 electrode as
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Figure 2.1: Battery schematic showing the direction of intercalated lithium Lii (i = an-
ode, cathode), electron e− and lithium-ion Li+ movement during discharge. Reduction
and oxidation reactions occur at the electrode/electrolyte interfaces, which are distrib-
uted throughout the porous electrode; black: electrically conducting host material, white
circles: active material particles (which are not necessarily spherical in reality, as seen in
the bottom insets), italics: species transport phenomena and reactions
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Figure 2.2: Direction of electron and current �ux in a battery during discharge (left) and
charge (right), apostrophes indicate the de�nition by convention

LiMO2 + nLi+ + ne−
discharge−−−−−−→←−−−−−

charge
LinMO2, (2.2)

upon which the intercalated lithium di�uses from the surface of the electrode to its bulk.
Figure 2.1c) shows a schematic of this process. As a consequence of the reaction direction
during discharge, the negative electrode where the oxidation reaction is occurring is com-
monly referred to as the anode, while the electrode where the reduction reaction takes
place is called the cathode. This convention is maintained during charge, although the
reduction (cathodic) reaction is now actually occurring at the anode and the oxidation
(anodic) reaction is now actually taking place at the cathode. The e�ect of this convention
is depicted in Figure 2.2.

For consistency, the negative electrode will be referred to as the anode and the positive
electrode as the cathode during charge and discharge for the remainder of this thesis.

A voltage greater than the open circuit voltage must be applied during charge. Charging a
cell causes electrons to �ow from the cathode to the anode (Figure 2.2 right). This results
in a corresponding ionic-�ux inside the cell from cathode to anode; intercalated lithium
are oxidised at the cathode, travel through the electrolyte to the anode where they are
reduced with the electrons from the external circuit. The positive electrode is still (per
de�nition) referred to as the cathode during charging despite an oxidation reaction taking
place at its surface. Similarly, the negative electrode is still referred to as the anode,
although a reduction reaction is happening at its surface, as shown in Figure 2.2.

2.3 Battery design

Cell design parameters such as material choice, domain dimensions, cell construction and
form factor signi�cantly in�uence battery performance. For this reason, alternatives for
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each of these design aspects will be presented in the following.

2.3.1 Cell materials

In choosing electrode materials, two fundamental quantities are most signi�cant in op-
timising cell performance:

1. High speci�c cell capacity [mAh g−1] and energy density [Wh kg−1] to optimise cell
packaging, and

2. High cell open circuit potential [V] to maximise the load that can be supplied.

Much research targets the maximisation of cell capacity. For commercial cathode
materials the speci�c electrode capacity can be ∼ 120− 190 mAh g−1 [40, 41, 42, 43, 44]
while commercial anode materials achieve speci�c capacities of ∼ 372 mAh g−1 (graphite)
[45]. This di�erence in speci�c capacity indicates that cathode materials pose the capacity-
limiting aspect of a cell overall; some are therefore noted in the following:

Lithium cobalt oxide (LiCoO2) based cells are prominent in the portable electronics mar-
ket due to this chemistry's favourable high theoretical capacity of ∼ 272 mAh g−1 and
high speci�c energy of ∼ 1014 Wh kg−1. However, limited availability of cobalt has led to
relatively high costs of the material and subsequent electrode manufacture. Furthermore,
cells of this chemistry have shown early onset of degradation, which was attributed by
Belov et al. to accelerated CoO2 layer formation on the anode which increases internal cell
impedance, leading to power fade [46, 47, 48]. Amatucci et al. further related LiCoO2 cell
degradation in terms of capacity fade to the loss of active cyclable lithium, which is tied up
in the formation of the passivating layer on the CoO2 electrode [49, 50, 51, 46, 52, 53, 54].
The danger of thermal runaway as the dominant failure mode is an additional reason for
the unpopularity of this cathode chemistry in the automotive industry.

Lithium nickel oxide (LiNiO2) as a cathode material was developed to overcome the
limitation of cost [55] although at a compromise of a less ordered and less structur-
ally stable lattice material [55, 10] leading to early cell failure. This issue was ad-
dressed by doping the structure with aluminium and/or manganese, resulting in lithium
nickel cobalt aluminium oxide (LiNixCoyAlzO2) and lithium nickel cobalt manganese ox-
ide (LiNixCoyMnzO2) chemistry-based cathodes (x, y and z stand for weighted ratios of
the additives). Optimising the ratio of additives inhibits an impedance increase by the ad-
ditives and stabilises the charge-transfer reaction process at the cathode electrode surface
[56].

Lithium iron phosphate (LiFePO4) was subsequently developed as a cathode material
to optimise the electrode's characteristics in terms of thermal stability, thus reducing
the likelihood of thermal runaway [10]. Electrodes manufactured with this chemistry
have proven to be less expensive [57] and safe as no oxygen is released as part of the
electrochemical reaction, thus reducing the risk of cell �res [58, 59]. The list of cathode
chemistries in Table 2.1 represents the most popular materials and is not exhaustive.
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The most common choice for anodes are carbonaceous materials, namely graphite C6

(with a theoretical speci�c capacity ∼ 372 mAh g−1), graphitisable soft carbon (with
a theoretical speci�c capacity ∼ 235 mAh g−1), non-graphitisable hard carbon (with a
theoretical speci�c capacity ∼ 370 mAh g−1) and lithium titanate oxide (LiTi4O5) (with
a theoretical speci�c capacity of ∼ 175 mAh g−1) [60]. The later is found in low voltage
applications (due to an anode operating voltage of 1.5 V vs. Li) and exhibit favourable
safety and long life characteristics. The much larger electrode nano-structure surface,
which is not inhibited by passivating layer growth (as in the other Li-graphite chemistry
cells) allows for a signi�cantly higher charge/discharge capability of Lithium titanate cells.

Given the much higher speci�c capacity of these materials as compared to the cathode
materials, the reason for research focus on the cathode becomes apparent.

Cathode material
Theoretical

speci�c capacity
[mAh g−1]

Average
potential

[V] vs.Li/Li+

LiMn2O4 148 4.1
LiNi1/2Mn3/2O4 148 4.7

LiFePO4 170 3.45
LiCoO2 272 4.2

LiNi1/3Co1/3Mn1/3O2 272 4.0
LiNi4/5Co3/20Al1/20O2 272 3.8

Table 2.1: Comparison of selected cathode materials. The practical speci�c capacities
of electrodes made from the each chemistry will be lower (as seen in the �gure) due to
porosity, additives and binders [10]

The maximisation of the cell open circuit potential allows the user to draw a
higher power from the cell. A potential di�erence establishes at the cell terminal due
to the di�erence in potentials of each electrode. The relation between discharged cell
capacity and electrode potential is shown in Figure 2.3c). It is interesting to observe that,
during discharge, a reduction in intercalated lithium in the anode leads to an increase in
the anode electric potential, while an increase in intercalated lithium in the cathode leads
to a reduction in the cathode electric potential. The di�erence of the electrode potentials
in Figure 2.3c) results in the cell open circuit potential, shown in Figure 2.3b).
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Figure 2.3: (a) Electrode potential ranges of commercially available anode and cathode
materials, (b) cell voltage under constant (-) discharge and (- -) charge, and (c) anode and
cathode electrode potential under constant (-) discharge and (- -) charge

The electrical potential of commercial cathodes is limited primarily by loss-inducing side-
reactions and material stability. The upper limit to the electrical potential of commercial
anode materials is constrained by the stability limit of the copper current collector [61],
while the lower limit to the electrical potential limit is posed by lithium deposition/plating,
breakdown of the solid electrolyte interface and electrolyte decomposition. The poten-
tial rages of commercially available lithium-ion battery electrode chemistries is shown in
Figure 2.3a).

An optimisation of cell chemistry for a speci�c load application is essential in good battery
system design. The trade-o� between the two design criteria, cell open potential and
capacity, as well as the shape of the discharge curve have to be considered. In Figure 2.4
several open circuit voltage curves are plotted for cathode materials against capacity. It
can be seen that the OCV curve of each cathode chemistry is not constant over capacity
but decreases progressively as the cell is discharged. A �at open circuit potential curve
allows for a wide voltage operational window of the cell within its system environment,
while predicting State of Charge for such chemistries is much more challenging due the
small change in voltage over a speci�c SoC range. Changes in slope of the OCV curve
relate to the lithium concentration and lattice arrangement in the host material (causes
are discussed in more detail in Chapter 5 and pose a further signi�cant challenge to
algorithms predicting SoC.
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Figure 2.4: Various cathode electrode potentials from Table 2.1 as a function of speci�c
capacity, adapted from [1]

2.3.2 Cell internal construction

Lithium-ion batteries in modern applications are often designed speci�cally for their in-
tended application. Although cells might look relatively similar in terms of shape and
packaging, their internal design parameters such as electrode thickness, porosity, active
material structure, particle size/shape, current collector properties, electrolyte types and
additives might di�er signi�cantly. This is in order to optimise the cell to match the
system's power and energy performance requirements. The design di�erence between
high-power and high-energy cell designs is shown in in Figure 2.5a) and b).
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he system's power and energy performance requirements. The design di�erence between
high-power and

high-ener

Figure 2.5: Schematic illustrating the di�erence between high-energy and high-power
lithium-ion batteries: (a) high-energy cell, (b) high-power and (c) relation between C-
rate and attainable cell capacity. The two cell diagrams are shown at the same scale
[2]

· High-energy cells for applications such as BEVs and PHEVs, usually comprise
thicker electrodes of∼ 100−200µm (shown in Figure 2.5a) and more active material,
allowing more energy to be stored. Consequently, less electrode surface is available
for electrochemical reactions to take place and lithium-ions have to di�use over a
longer distance through the electrode before reaching a reaction site (2− 20µm).
The rate of conversion from electrochemical to electrical energy is therefore reduced,
making the cell less responsive to dynamic loads than a high-power cell.

· High-power cells incorporate thinner electrodes of∼ 35µm (shown in Figure 2.5b)
with higher porosity resulting in a large speci�c surface area. This large surface area
leads to short lithium-ion di�usion lengths through the electrodes to the reaction
sites of between 0.1 − 0.5µm. The rate of conversion of from electrochemical to
electrical energy is therefore very fast, making the cell response to a load very
responsive, although being lower in energy density.

As is shown in Figure 2.5c), the reduced transport and reaction limitations in high-power
cells allow for higher discharge currents. This makes this type of cell applicable for short-
burst type applications such as power-assist modes in HEVs. The high energy-cell, on
the other hand, is able to provide a larger discharge capacity due to the larger amount
of active material in the electrodes, making it the desired type of cell for low C-rate
applications where large battery capacity is required (i.e. BEVs and PHEVs)

18



Chapter 2. Lithium-ion batteries in automotive applications

2.3.3 Cell form factors

The three types of battery form factors commonly used in automotive applications are
cylindrical, prismatic and pouch lithium-ion cells. These designs are subject to standard-
isation as described in the IEC (International Electrotechnical Commission) ISO standard
[62].

Figure 2.6: Cell shape variations, modi�ed from [3]

· Cylindrical cells, such as those shown in Figure 2.6a), comprise a cell can, giving
them good mechanical resilience to external shocks and pressure at relatively low
manufacturing cost. Rolling the electrodes like this yields a relatively large surface
area, enabling the battery to supply larger discharge currents. Although the cells
possess a high energy density within the cylinder casing, the overall energy density
of the battery pack is relatively low due to the low packing density of the cylindrical
form factor. On the other hand, the 'empty' space between the cylinders may be used
for e�ective cooling. Given the widespread use of this cell shape, their production
costs have reduced considerably over the years in comparison to other cell shapes.
[29]

· Prismatic cells are formed of layered electrodes in the shape of a right prism,
as can be seen in Figure 2.6b). Packaging e�ciency within a module is thereby
improved, although thermal management is more di�cult in the remaining space
between the cells. Prismatic cells are more prone to bending and impact damage
due to the decreased mechanical rigidity of the casing. Increasing impact impact
resilience by increasing case thickness reduces the energy density in comparison to
cylindrical cells.

· Pouch cells are not encased in a rigid structure but in a thin polymer foil pouch,
as shown in Figure 2.6c), making this the highest energy density design. This leaves
the cells more vulnerable to impact and penetration but also allows large, �at form
factors whereby enabling a high heat �ux away from the cell. As this type of cell
does not have venting valves, a common symptom of cell failure is swelling of the cell
pouch. This is a visible and slow failure process as opposed to a build-up of pressure
within a rigid casing, followed by a sudden explosion. For this reason, this type of
cell is regarded as providing safer fail mechanisms than the former two cell types,
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Figure 2.7: Electrode chemistry characteristics (the ranges result due to the dependency
on state of charge, temperature and pressure amongst others) .

making it favourable for automotive applications. Additionally, the �at shape allows
for tightly packed cell arrangements in the vehicle body �oor and makes pouch cells
an attractive choice in modern vehicle designs.

2.4 Performance requirements on cells in automotive

applications

The demands on BEVs, HEVs and PHEVs batteries di�er substantially. This is due to
the way they are employed as an energy source in the total energy storage system of the
vehicle. Most importantly, it depends on how quickly the battery is required to be able
to respond to charge/discharge demands (i.e. the battery power availability or State-of-
Function). For HEVs the C-rate can be greater than 40 C, for PHEVs it may be around
10 C, while the charge acceptance requirements in BEVs is lowest at ∼ 1− 3 C [63]. The
higher the C-rate capability of each individual cell, the more the energy management
system will be able to call on electric propulsion and regenerative braking (REGEN)
operation, whereby increasing energy e�ciency of the vehicle powertrain. Furthermore,
short-electric-range PHEVs, for example, will require higher power-to-energy ratio cells
than BEVs because higher peak power demands will be distributed over less battery
capacity. A higher peak power per unit capacity is available in thinner electrodes, which
necessitate higher amounts of inactive electrode materials and has implications on cost,
volume, weight and cell life [64, 65, 66, 67, 68, 69, 70].

Various cell chemistries are set into this context in Figure 2.7 and it can be seen that
lithium-ion chemistry-based batteries o�er a wide range of C-rate, speci�c energy and
speci�c power. It is the high speci�c power, and hence C-rate range in combination with
high speci�c energy that make this type of battery so applicable to highly demanding
propulsion and REGEN systems in BEVs, HEVs and PHEVs. As the degree of hybridisa-
tion increases, the charge acceptance of the battery system grows in importance, justifying
the trend from NiMH to Lithium based battery chemistries. From the �gure it becomes
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apparent that no cell chemistry o�ers all the desired characteristics, but that achieving
an optimum requires trade-o�s to be made. In order to address this, cell manufacturers
continuously develop new cell chemistries as well as modi�cations of existing chemistries.

A thorough techno-economic study on optimising cell internal design and pack con�gura-
tion for electric vehicle applications was conducted by Sakti et al. [71] Challenging the fact
that most vehicle battery cost analyses treat batteries as though they were all the same
and assume a single estimate of cost per kWh of storage, this study encompasses a wide
range of design variations in cell design [72]. While �xing the cell chemistry to a Nickel
Manganese Cobalt cell, sensitivity studies are performed on electrode design (thick/thin),
packaging alternatives (prismatic/pouch/cylindrical) and capacities (size,number of elec-
trode layers, etc.) of cells inside a pack as well as pack con�guration, thermal management
and control electronics. Including the cost of material sourcing and various manufacturing
processes they demonstrate theoretical battery pack cost (k Wh−1) reduction potentials.
[71]

2.5 Degradation of Electrochemical Performance

A signi�cant challenge for battery system designers is the degradation of initially observed
performance characteristics over a cell's lifetime. Operation over extended periods of time
leads to various forms of degradation, most of which are in�uenced by operating conditions
such as temperature, cycle number and applied load, to name a few. A reduction in
cell capacity (i.e. capacity fade) and an increase in impedance (i.e. power fade) is a
primary concern in modern battery management system design, as these changes are
usually di�cult to incorporate in on-line performance estimators. This is due to the
di�culty in isolating the causes and forms of degradation, which are usually complex
and interrelated processes, such as chemical and structural changes in the electrodes,
electrolyte decomposition, the formation of passivating layers and coverage of previously
active reaction surface, the loss of cyclable lithium (and many more) [73]. Moreover, heat
generation during operation signi�cantly contributes to the acceleration of these processes.

Degradation of electrochemical performance furthermore depends on cell chemistry, geo-
metry and factors such as ambient temperature and humidity, as well as applied load
and voltage. The multitude of these contributing causes and their complex interrelation
gives rise to the need of degradation models as extensions to on-line battery performance
estimators. The derivation of a model re�ecting the electrochemical processes associated
with capacity and power fade is detailed in Chapter 5, while at this point an explanation
of the phenomena will be provided and their signi�cance on the observed electrochemical
performance shown.

2.5.1 Capacity fade

Electrochemical side-reactions occur during operation due to the additives in the electro-
lyte, namely ethylene carbonate (EC). During the �rst few cycles of a cell's lifetime, a
stable solid-electrolyte interphase is formed on the anode electrode surface by the ethyl-
ene carbonate at ∼ 0.8 V and results in a Li+ permeable, electronically insulating �lm
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Figure 2.8: Schematic showing the e�ect of degradation on cell potential over discharged
capacity in the form of capacity fade[2]

designed to prevent further electrolyte decomposition [74]. The side-reaction term de-
notes the non-perfectly reversible intercalation process side exchange current density of
this process. A major issue is that this side-reaction causes continued (slow) growth of the
passivating layer thickness, which leads to a loss in active lithium species in its build-up,
which would otherwise serve as charge/discharge capacity while travelling between the
anode and cathode. Capacity fade manifests itself due to:

· a loss of cyclable lithium due to side-reactions tying up lithium-ions in the passiv-
ating layer which no longer participate in the redox shuttle

· a loss of active material due to a) local contact losses due to binder decomposition,
conductive additive oxidation, current collector corrosion or host material expansion
during intercalation, b) host electrode structural breakdown leading to changes in
material properties or c) dissolution of the electrode metal from the lattice.

These causes contribute to an irreversible loss of capacity, leading to a changing cycle
path over the cell's lifetime [75] and consequently a reduction in attainable cell capacity
which is illustrated in Figure 2.8.

2.5.2 Power fade

Over extended periods of cell operation, the e�ect of increased passivating layer thickness
leads to an increase in cell impedance. This increase in impedance has a greater impact
at high C-rates, meaning that the power capability of the cell is reduced. This e�ect is
referred to as power fade, although strictly speaking it is potential fade. Multiple causes
may contribute to the increase in passivating layer thickness:

· a loss of local contact due to a progressive reduction of active electrode material
and conductive additives which are consumed by the passivating layer build-up
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Figure 2.9: Schematic showing the e�ect of degradation on cell potential over discharged
capacity in the form of internal impedance increase (leading to a power fade) [2]

· a reduction of the electrode reaction surface due to the reduction of host material
porosity as passivating layers grow

· structural changes of the host materials such as bulk phase transitions which a�ects
reaction kinetics and species transport properties

· changes of electrolyte properties due to local decomposition and solvent evaporation
resulting in a change in solvent concentration

· structural changes of the separator, leading to a reduction in porosity

· current collector corrosion leading to increased ohmic resistance

The capacity loss due to passivating layer build-up subsequently causes an internal cell
impedance increase, leading to a reduction in useful potential; which (at a constant cur-
rent) manifests itself in a reduction in available power, which is shown in Figure 2.9.
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Chapter 3

On-line battery performance estimation

Overview

In this chapter the operational tasks of Battery Management Systems are discussed and
important state and control parameters highlighted. Furthermore, the building blocks
to on-board BMSs are introduced, di�erentiating the computational model of the bat-
tery and the decision logic module. The former predicts cell performance states during
operating while the latter aims to maintain the cell close or at optimum operating con-
ditions while maximising the cell permissible operating envelope. Finally, the limitations
of modern on-board battery performance predictors are set into the context of the tech-
nical capabilities of the constituent components, sampling, sensing, subsequent parameter
errors and prediction quality due to the lack of suitable battery models.

This chapter aims to communicate the main shortcoming of modern BMSs in terms of
the quality of the implemented battery performance algorithms, thus justifying the need
for the development of a phenomenological equivalent circuit.

3.1 Introduction

When optimising battery usage it is necessary to adequately predict performance states
given current and previous operating conditions. State parameters of particular im-
portance in battery monitoring and control are battery State-of-Charge, State-of-Health,
State-of-Function and Remaining useful Life [76]. The ultimate goal of the battery con-
trol system is to harness remaining energy such that it is utilised in the most energy
e�cient manner, while simultaneously ensuring that individual cells are protected from
degradation, and operation is maintained within allowable operating thresholds [77, 78].

The estimation of remaining capacity of a battery is not straightforward, as this requires
the cell electrochemistry to be in equilibrium [79]. However, it is during operation that
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Figure 3.1: Schematic showing the relation between battery State-of-Charge and residual
lithium concentration in anode and cathode at (red) 80% SoC and (blue) 20% SoC [2]

vehicle engineers wish to estimate the remaining energy capacity to propel the vehicle.
Ultimately, the vehicle should be able to provide up-to-date information about remaining
drivable distance, which is to be dynamically updated depending on drive style, temper-
ature and other factors. Sampling, sensing and subsequent parameter errors present a
signi�cant challenge in this �eld [80] and many examples of poor accuracy and reliability
of SoC prediction are reported in the literature [81].

3.2 Tasks of the battery management system

Battery packs in automotive applications comprise many identical cells connected together
to form a large power source. The complexity of such a system necessitates the prediction,
management and control of each of the constituent cells by means of a Battery Manage-
ment System. The aim of the BMS is to maximise individual cell usage while mitigating
cell degradation. This is achieved by continuously adjusting each cell's operating point to
an optimum condition. The function of a BMS in automotive applications is multifaceted
but of particular importance are the following tasks:

(A) Cell performance state prediction aiming to quantify the following during op-
eration:

· Cell capacity refers to the total available capacity of the cell under consideration of
its cycling history. It represents the reference point for State-of-Charge estimation
and tends to decline over the cell's live-cycle due to various forms of degradation.
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· State-of-Charge is the percentage of the residual battery capacity in its present
state compared to the maximum rated capacity available [82, 83, 84, 85]. The
residual capacity of the cell is directly related to the amount of lithium concentration
in the anode and the cathode, which is also called the stoichiometric state. A
comparison of the stoichiometric state and SoC for a cell at 80% SoC and at 20% SoC
is shown in Figure 3.1. Accurate SoC prediction is essential in achieving optimised
energy usage and maximum driving range.

The most simplistic SoC prediction algorithms utilise look-up tables with previously
stored data on SoC (possibly also as a function of temperature) [86, 87, 88]. SoC is
not only a function of voltage but also of may other factors (such as charge-discharge
rate, temperature, hysteresis and self-discharge), which means the the size, accur-
acy and complexity of these look-up tables can render such models unsuitable for
online performance prediction [89]. The prediction and monitoring of causes of cell
degradation make this estimation problem even more complex. Rapid assessment
of state of charge is especially important in high power batteries in order to prevent
the battery being over-charged or over-discharged during high power, short duration
events. Failure to do so results in highly accelerated aging. In such applications,
coulomb counting is often used in addition to look-up tables with algorithms used
to determine when the additional use of look-up tables is most likely to produce
more reliable results.

· State-of-Function refers to a battery's ability to deliver a certain amount of energy
or power under the prevailing operating conditions; also referred to as the 'cranking'
ability. This power or energy availability measure is essential in managing the
storage device together with other components in the vehicle, for example an engine.
The immediately available power must be estimated as it forms an important input
for the vehicle supervisory control to determine the propulsion options available
to the driver. Battery SoF is particularly important in hybrid applications where
decisions must be made by the vehicle control system on which sources of power
will be used at a given instant to satisfy driver demand.

· State-of-Health is a concept describing the general condition and cell history of a
battery and its ability to deliver the speci�ed requirements. The concept of state-
of-health is much talked about in industry but usually ambiguously or not de�ned.
State-of-Health (SoH) concerns battery degradation and relates cell performance to
the nominal (rated) and end (failure) states [90], given its usage history [91, 92].
It has been shown that certain operating conditions signi�cantly contribute to the
deterioration of performance of the cell, such as discharge/charge rate, temperat-
ure, overcharge and over-discharge [93, 94, 85]. The resulting degradation due to
these aforementioned operating conditions is detectable in the form of changing
charge/discharge characteristics. Ultimately, the cell responds di�erently over time
to the same load. Control engineers accordingly have to account for these changes
and ensure the updating of the `new' battery performance characteristics. In order
to avoid signi�cant changes in battery performance, battery manufacturers recom-
mend pre-de�ned operating conditions and safe usage envelopes, outside of which
battery characteristics become too di�cult or even statistically impossible to pre-
dict. Within these bounds manufacturers are con�dent that battery performance
evolution and remaining lifetime can be predicted over the cell's lifetime.
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· Remaining Useful Life (RUL) is a derivative of the SoH prediction, and denotes
the estimated remaining life-time of the battery under the current operating con-
ditions before the available capacity has fallen below a certain End-of-Life (EoL)
threshold.

(B) Cell performance state monitoring is essential in order to re-adjust the battery
operating point towards its optimum operating point within the Safe Operating
Area (SOA). This is in order to maintain the maximum possible RUL under the
characteristic operating conditions in the long run and the optimum SoF given a
speci�c operating condition. In order to do so, several parameters are continuously
monitored and readjusted:

· Discharge current is related to the internal ionic current between the electrode
pairs. Di�usion limitations in the mass transport of ionic species in a battery and
thermal safety boundaries limit the instantaneously available current.

· A temperature increase during operation results from several heat generation
sources. Lithium-ion batteries have been shown to be particularly sensitive to tem-
perature, which can cause a signi�cant acceleration of degradation processes. In
particular, excessive temperatures can lead to an acceleration of the electrochemical
reaction processes, resulting in even more heat being generated; a process called
thermal runaway. If uncontrolled, this is a very dangerous phenomenon, which can
lead to leakage of electrolyte, �re and even explosion of the cell. On the other
hand, if a cell is operated at very low temperatures the electrochemical kinetics is
reduced, which leads to locally excessive species concentrations and can potentially
cause lithium plating at the electrode surfaces.

· Cell terminal voltage depends on the cell SoC and establishes due to the di�erence
between anode and cathode electrical potentials. Battery over-charge leads to an
excessively large concentration of lithium in the anode while over-discharge leads
to an excessively large concentration of lithium in the cathode. This in turn leads
to a sharp increase in cell impedance as the already full electrode opposes further
intercalation; �nally leading to lithium plating on the electrode surfaces.

3.3 Technical capabilities of the Battery Management

System

In assessing battery performance algorithms for automotive applications, the technical
capabilities of commercial BMS system have to be considered. The platform consists of
complex measurement electronics and master controllers containing various monitoring
algorithms. Voltage, current and temperature are parameters which may be measured at
cell level, cell string level or pack level, depending on system complexity, cost constraints
and accuracy requirements. Their respective sampling rate is crucial in accurately pre-
dicting cell response to dynamic phenomena at small time-scales. Since cost is a critical
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Requirements Examples of fundamental requirements

Functional requirements Real-time prediction capability through high-speed

computation; transmission of large volumes of data; scalability

for modular battery system (series/parallel con�guration, from

light to heavy duty commercial vehicles); adaptability to

di�erent chemistries

Diagnostic requirements Monitoring of safety-related functions; diagnostic capability at

service station; monitoring of the relevant driving safety

functions;

Economic requirements Maintainability, re-usability due to adaptation; memory

optimized code; modular design; long life cycle;

Organisational

requirements

Development across distributed locations; modular framework;

traceability of faults

Table 3.1: Important requirements for BMS computation platform speci�cally in auto-
motive applications [11, 12]

design criterion in commercial systems, a trade-o� between cell-level monitoring (more
accurate/more expensive) and string- or pack-level (less accurate/less expensive) sensor
positioning has to be considered. This is a problem particularly for automotive applica-
tions with many thousands of cells (e.g. Tesla S with pack sizes containing up to 7104
cells).

It has been reported that commercial automotive sensors provide voltage measurements
at an accuracy range between 10 mV to 30 mV at sampling rates of 0.1 s (limited also
by the Controller Area Network (CAN) transmission rate) [11]. The accuracy of cur-
rent measurements poses a greater challenge. Current is most commonly measured using
hall sensors or current shunts, the latter with the safety implication of not being phys-
ically separable from the current paths. The shunt characteristic resistance causes a
potential drop and therefore heat generation, whereby reducing the overall pack energy
e�ciency. Hall sensors represent a non-invasive alternative, albeit being a more expensive
and temperature-dependent component and requiring regular re-calibration. Their accur-
acy is limited especially at low currents. For these reasons current shunts are implemented
much more frequently.

The increase in requirements on battery state prediction is not matched by a growth
in on-line computing power and memory. This gives rise to the need for lean predic-
tion algorithms, reduced-order models and the avoidance of complex iterative solution
procedures, which inherently require computational power. The functional, diagnostic,
economic and organisational requirements on the BMS computation platform are sum-
marised in Table 3.1. A more detailed assessment of the state-of the-art in BMS designs
is not part of the scope of this work. Rather, focus in this thesis is the development of
the battery model.
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3.4 Components of the Battery Management System

The on-board vehicle energy system is complex as several sub-systems are coordinated,
monitored and controlled simultaneously at a low error margin and at low computational
power. The software environment containing the on-board real-time running battery
model is the Battery Monitoring Unit, nested within the Battery Management System.
The BMU is a microprocessor unit incorporating a self-updating battery model and a
decision logic module.

· The computational model of the battery consists of the battery model and
the state predictor. Its task is to simulate SoC, SoH, SoF and RUL given measured
values of current, voltage and temperature at discrete time steps. This is done either
on a cell level, but can also be in a more lumped method for cell strings and other
cell arrangements. Di�erent degrees of sophistication in the prediction capabilities
exist, depending on the degree of electri�cation of the vehicle. Depending on the
prediction algorithm, the battery performance parameters are updated iteratively
upon the arrival of new data samples. Central to the battery performance estimator
is the battery state-of-charge prediction which is a topic of particular interest in the
battery performance literature. In reviews by Piller et al. and Pop et al. common
methods are presented, namely [95, 96, 97, 89].

Empirical/Tabulated data relationship models - the comparison of measured terminal
voltage to pre-determined thresholds and look-up tables.

Equivalent circuit models - the emulation of overall cell behaviour by equivalent
circuit elements.

Electrochemistry models - the solution of the electrochemical equations governing
the physical processes occurring in the cell.

· The decision logic module contains an algorithm comparing the output provided
by the battery state predictor are pre-de�ned allowable operating states. The de-
cision logic module readjusts the battery operating point towards its optimum. It
furthermore provides error messages to the Battery Control Unit (BCU) and initi-
ates shut down and other safety procedures. It is programmed to drive the system
in a loop towards recommended operating envelopes, cut o� regimes, temperature
limitations, and safety boundary conditions.

Central to the monitoring and control of the battery is the actual battery model. Several
di�erent methodologies are adopted in industry. The di�erent models relevant to auto-
motive applications are discussed in Chapter 4 where they are assessed against the design
criteria laid out in Chapter 1.

3.5 Interim conclusion

This chapter presented several important functions and features of modern Battery Man-
agement Systems. Sampling, sensing, subsequent parameter errors and the lack of suitable
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battery models have been identi�ed as a signi�cant challenge in this �eld while this thesis
focusses on addressing the software-related shortcomings of commonly implemented bat-
tery performance prediction algorithms. Hardware-related problems and solutions have
been the focus of other researchers' work and are beyond the scope of this thesis.
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Battery modelling

Overview

Various battery models, previously presented in the literature, are discussed in this chap-
ter. Rather than discussing the technical details of each, emphasis is placed on their
strengths and weaknesses to single out successful attempts at phenomenological descrip-
tions. Particularly those methods most suitable for modelling lithium-ion battery perfor-
mance in automotive applications are presented. Strengths and limitations in terms of
output accuracy/speed, parametrisation and solution procedure are discussed.

Finally, the capabilities of the most advanced phenomenological equivalent circuit models
are assessed against the proposed design criteria (from Chapter 1), to segregate speci�c
areas of further development. These form the basis of the development of the new model
in Chapter 5.

4.1 Introduction

Predicting battery performance has been a focus of research for a long time. The main
challenge faced is that batteries are electrochemical devices exhibiting complex, non-linear
behaviour which depends on a multitude of internal and external factors.

There are many di�erent kinds of models achieving di�erent degrees of accuracy at dif-
ferent levels of complexity. Although these models are commonly presented as alterna-
tives achieving the same goal, they are derived from di�erent principles, require di�erent
parametrisation methodologies and deliver di�erent levels of high-�delity of outputs. An
overview of the states and parameters of particular interest to automotive energy man-
agement and a typical information �ow between the these parameters within the BMS is
shown in Figure 4.1.
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Figure 4.1: Schematic showing the state prediction information inter-relations [4]

The aim of all battery performance prediction tools is to establish a quanti�ed relationship
between a set of input parameters (V, I, T ) and a set of output parameters, where the
information depth of the output in turn depends on the chosen battery model. The
process of relating an input to a predicted output requires numerical computation of the
relation in form of a transfer function, be that on a vehicle BMS or on a computer. The
relation between input and output can also be de�ned directly using pre-stored data, which
then takes the form of a multiplication matrix. This approach masks the electrochemical
phenomena inside the cell and only mimics overall cell voltage behaviour during operation.

When discussing di�erent battery models, researchers often distinguish between analytical
solutions of electrochemical models, direct measurement methods, book-keeping methods
and Electrochemical Impedance Spectroscopy parametrised Equivalent Circuit Models
(ECNs).

4.2 Electrochemical models

The electrochemical modelling e�orts of researchers in the �eld of Li/Li-ion battery sys-
tems are commonly based on the isothermal electrochemical model developed by Doyle
et al. [98] for galvanostatic discharge. A macro-homogeneous porous electrode theory ap-
proach, developed in 1972 by Newman [99] shown in Figure 4.2, to describe the potential
variations in the solid and solution phases was adopted by Gomadam [100]. In this model
the material balance in the solution phase is described using concentrated solution theory
and in the solid phase using a Fickian di�usion equation in spherical coordinates (Figure
4.2). The details of this model will be discussed in detail in Chapter 5 as this forms the
fundamental basis of the newly proposed phenomenological equivalent circuit model.

Con�ning only to isothermal conditions, Doyle validated this model by demonstrating
good agreement with experimental data [101]. Later, Pals and Newman [102], Song and
Evans [103] and Wang et al. [104] extended this model to include an energy balance in
order to predict cell temperature under non-isothermal conditions. Pals and Newman [102]
used an average heat generation method while Song and Evans [103] and Gu [104] used
local heat generation terms, including ion di�usion, dissipation, buoyancy, ion production
and consumption. An electrochemical-thermal model using local heat generation terms
has been shown to be more accurate [100] and includes all the features of the isothermal
model developed by Doyle et al. [98] as well as the additional energy balance included
by Song and Evans [103] and Gu [104]; however, this accuracy comes at the cost of
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Figure 4.2: Doyle/Newman pseudo 2D single-particle model

requiring more computing power and time. Due to the high computational demands,
the challenging parametrisation requirements and the low simulation speed these kinds of
models and derivatives thereof [105, 106] are valuable for system optimisation and BMS
design prior to implementation but too complex for in-situ operation.

Simpli�cations of the full electrochemical model have been proposed to overcome the
challenges of solution speed for systems integration. One of these is the consideration
of only surface Li+ concentration and average bulk concentration in the solid phase to
determine the remaining battery capacity using the Polynomial approximation Particle
model (PP) [107]. Dao et al. further reduced simulation complexity by approximating
electrolyte phase concentration gradients by applying Galerkin's method [108]. Electrode
and electrolyte over-potentials were then obtained, assuming a constant current density
as a function of concentration within the respective phase. The Single Particle (SP) and
Multi-Particle (MP) models are recognized as a further approximations of the complex
nature of the materials involved, whereby assuming sponge-like structures made up of
spheres of solid phase material containing the active species [109, 110]. The major im-
plication of this model is that the electrolyte phase concentration gradients and resulting
potential changes are negligible, making this model unsuitable for high C-rate applica-
tions, and that the concentration in the solid phase can be approximated by a parabolic
pro�le. [109, 110]
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4.3 Empirical law/tabulated battery models

Fully discretised and coupled electrochemical models are far too complex, computationally
expensive and di�cult to parametrise for on-board automotive battery performance pre-
diction. For this reason, the most commonly implemented battery performance estimation
algorithms are based on empirical relationships of input and output given certain operat-
ing conditions and constraints [5]. These empirical models are simplistic representations
which run much faster, although at the expense of accuracy. These models do not include
knowledge of the underlying thermodynamic and electrochemical phenomena. Model
variants based on empirical relations are therefore unable to predict time-dependant cell
chemistry-related behaviour, thermal and degradation e�ects. Furthermore, the output
of these kinds of models is only valid at the operating conditions at which the origi-
nal parametrisation dataset was obtained making them unsuitable for advanced battery
performance prediction. Several such models are presented in the following.

4.3.1 Peukert equation

One of the �rst empirical models was presented by W. Peukert in 1897, who developed a
model relating cell capacity of a lead-acid battery to the rate of discharge [111]. The Peuk-
ert equation describes the dependence of battery discharge capacity on applied current
with Peukert's coe�cient C as

C = KI1−n, (4.1)

where I is the actual discharge current and n and K are experimentally obtained constants
based on maximum discharge current I1 over discharge time t1 and minimum discharge
current I2 over discharge time t2, according to

n =
ln
(
t2
t1

)
ln
(
I1
I2

) , (4.2)

and

K = In
1 t1 = In

2 t2. (4.3)

Peukert, followed by other researchers, demonstrated that the available cell capacity de-
creases when increasing the discharge current by using di�erent lead-acid batteries of var-
ious capacities and shapes. The unsuitability of Peukert's equation for chemistries other
than lead-acid was demonstrated by Chan et al. [112]. However, Doer�e and Sharkh,
[113] aimed to disprove Chan's conclusions by applying the methodology to lithium-ion
batteries, although only for constant current discharge tests.
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One limitation to the Peukert equation is that it is mathematically indeterminate for
small currents and changing current direction, which means current direction changes
cannot be represented by this function. Researchers have since modi�ed this method for
non-constant discharge rates by proposing a cumbersome solution with di�erent �tted
Peukert coe�cients over pre-determined SoC ranges [114] .

Han et al. proposed an adaptive Kalman Filter for SoC estimation in conjunction with
a Peukert equation, which was extended by He et al. for SoC predictions in automotive
applications [115]. Although formulation improvements have been made [116], models
based on this methodology still su�er the signi�cant drawback of being only valid for the
speci�c operating conditions for which they were parametrised. It is extremely time inten-
sive to populate the required look-up tables containing a depth and variety of operating
conditions and state combinations required to make reliable state predictions, especially
in automotive applications.

4.3.2 Shepherd model and Tremblay implementation

The Shepherd model is popular in automotive battery estimators and commonly imple-
mented in combination with a Peukert equation-based estimator to predict cell voltage
under a varying load. Battery terminal voltage is obtained as: v

Vbat = Vconst −KiQ−RbatIbat, (4.4)

where Vconst is a constant potential, for example taken to be the voltage of the battery when
fully charged in [V], Rbat is the ohmic resistance of the cell in [Ω], Ki is the polarisation
resistance in [Ω] andQ is the discharged battery capacity in [Ah]. The cell ohmic resistance
is de�ned empirically as:

Rbat = R0 +KR +KR
1

1−Q
, (4.5)

where the total battery ohmic resistance is composed of R0, the internal battery resistance
at full charge, KR the electrolyte resistance at full charge and the ratio of amount of
discharged capacity Q to full battery capacity. The problem of algebraic loops in the
solution of the Shepherd equation with only SoC as a state variable was addressed by
Plett et al. in [117, 118]. Building on their approach, O. Tremblay investigated di�erent
cell chemistries in addition to incorporating voltage dynamics e�ects under varying loads
and Open Circuit Voltage as a function of State of Charge [5]. He aimed to provide
a straightforward procedure for extracting battery characteristic parameters from the
manufacturers supplied discharge curve for populating the simple model. This ease of
parametrisation ultimately led to the adoption of this model as a basic building block
representing a battery in Matlab/Simulink.
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Figure 4.3: Battery model as proposed by Tremblay [5]

This type of circuit has been implemented for example in [119, 120] to investigate power
generation systems using lithium-ion battery grid storage. The exponential dependence
on State of Charge was further developed by To�ghi and Kalantar [121] who replaced it
by a series resistance and short and long transient dipoles, achieving improved dynamic
response time and lower simulation overshoots.

However, several limitations reduce the applicability of the Shepherd methodology for
automotive implementation. Firstly, the internal resistance of the cell is assumed constant
during charge and discharge as well as independent of charge/discharge rate. Furthermore,
results are highly depended on the accuracy of the supplied charge/discharge curve. This
renders this model unsuitable for dynamic and high C-rate applications where detailed
electrochemical parameter evolution is of interest. Fundamentally, this model is not based
on the electrochemical behaviour of the cell but rather emulates the cell voltage given a
load input.

4.4 Semi-empirical models

Direct measurement methods enable the evaluation of battery performance parameters
which are part of the live input parameter set from measurable physical properties (volt-
age, current and temperature). These methods are the intermediate step between the live
battery measurements and the actual transfer function relating measurable battery char-
acteristics to immeasurable performance indicators. These measurement methods form
the basis of semi-empirical models.

4.4.1 Open Circuit Voltage based models

The Open Circuit Voltage (OCV) method assumes a predictable relationship between
SoC and OCV. It therefore represents a very simple, fast SoC prediction methodology.
An example for a recently published advanced form of OCV-SoC estimation is given in
Equation 4.6 [122].
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OCV(z) = K0 + K1
1

1 + eα1(z−β1)
+ K2

1

1 + eα2(z−β2)
+ K3

1

1 + eα3(z−β3)
(4.6)

+K4
1

1 + eα4(z−β4)
+ K5z

Where variable z represented the State of Charge, K0∼5 are linear parameters, and α0∼4

and β0∼4 are non-linear parameters. As can be seen, this equation establishes an empirical
relation between OCV and State of Charge. Similar functions have prior to this been
published by Chen et al., Hu et al., Plett et al. and Szumanowski [123, 124, 125, 126].

A signi�cant drawback rendering this method impractical for automotive applications is
the required long rest periods to obtain an OCV measurements. Reduced rest periods may
result in inaccurate predictions as the cell may not having fully returned to equilibrium
conditions. For some cell chemistries with large hysteresis e�ects, such as LiFePO4, the
cell might never return to an equilibrium condition. Moreover, the relationship between
SoC and OCV is highly dependent on chemistry (and usually not linear!), temperature,
C-rate and many other factors; making this method often unreliable. The implementation
of look-up OCV-SoC data obtained under multiple operating conditions in the algorithm
yields a more computationally expensive solution than other methods presented in the
following, while only resulting in an interpolated, performance prediction [127].

As previously, it is a major shortcoming of this methodology that the battery is treated
entirely as a 'black box' and no information can be obtained about any fundamental
electrochemical processes allowing a detailed control of the battery.

4.4.2 Electromotive force based models

The Electro-Motive Force (EMF) of a cell relates to its thermodynamic state, which
changes over its SoC range. The cell thermodynamic state de�nes cell characteristics such
as open circuit voltage, charge transfer overpotential, di�usion limitations and relaxation
time [128]. Unterrieder et al. recently demonstrated an SoC prediction methodology based
on forecasting OCV during discharge [129, 130]. Basing their approach on electrochemical
impedance measurements, Waag and Coleman et al. [131, 6] have presented derivative
methodologies for EMF prediction.

37



Chapter 4. Battery modelling

Figure 4.4: Schematic showing EMF voltage relaxation towards OCV upon load removal
[6]

This method relates the time taken for the terminal voltage to reach open circuit potential
due to the cell EMF at a certain SoC, as shown in Figure 4.4. Again, this method
approximates the system as a black box and only relates the ultimate output, SoC, to
input parameters current, voltage and temperature. No true prediction of SoH or any
intrinsic variable evolution indicating degradation can therefore be inferred.

4.4.3 Book-keeping based models

Book-keeping methods refer to current measurements and integration of 'the charge passed
over a time interval'. It is therefore also referred to as 'coulomb-counting'. The accuracy
of the resulting SoC prediction is dependent upon temperature, battery history, C-rate
and cycle life [132]. With previously stored experimental data, several phenomena occur-
ring during the life of a battery can be empirically compensated for by applying ageing
correction factors.

Book-keeping methods are usually combined with OCV measurements during resting
periods to reset and re�ne the initial SoC measurement upon which the following in-
operando predictions are based.

4.5 Equivalent Circuit Network models

Equivalent circuit models are a visual and intuitive variant of battery models which make
them a popular choice for control engineers without expert knowledge of the electrochem-
ical processes of a battery. They aim to reproduce the voltage behaviour under load by
replacing the mathematical laws of electrochemistry by electric circuit equivalents. An
advantage of type of model is that battery performance can be simulated as part of the
embedding circuit. These models range from 'lumped' networks to more sophisticated
circuit networks. Examples of such models are presented in the following.
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4.5.1 Passive elements circuit networks with voltage sources

The equivalent electronic network may, for example, consist of linear passive elements,
such as resistors, capacitors and inductors, to account for the internal resistance of a cell
[133]. Using only these parameters, an ECN model generally fails to describe the intrin-
sic battery performance states. In an attempt to account for these, various equivalent
circuit models have been proposed, consisting of linear passive elements in combination
with ideal voltage sources which are parametrised by interpolating pre-stored data of
electrode potential; making this model strongly dependent on the quality of its a priori
parametrisation [134, 135]. The complexity of coupled phenomena under real-life oper-
ating conditions means that it is unlikely that the voltage source is able to emulate cell
behaviour accurately. Examples of circuits with pre-populated voltage sources are the
RINT, RC and Thevenin model and further derivations thereof.

(A) The RINT model

The basic form of the RINT model was as �rst proposed by the Idaho National Engineering
and Environmental Laboratory [136]. It consists of an ideal voltage source Voc, populated
by an empirical battery open-circuit voltage data table and an internal resistance R0,
both functions of temperature. A potential di�erence between the cell terminals re�ects
the terminal voltage Vbat under application of a current Ibat.

The main limitations of the RINT model lie in its strong dependency on pre-populated
look-up tables and the therefore limited applicability in real world dynamic operating
conditions. The oversimpli�cation of the electrochemical processes inside the battery
and the lack of capacitive response of the system was demonstrated by Johnson et al.
[137, 138].

Figure 4.5: RINT equivalent circuit model example implementation

Vbat = Voc − IbatR0, (4.7)

(B) The RC circuit model

The RC circuit model, made popular by the company `SAFT Batteries', combines capac-
itive and resistive elements to achieve battery characteristic behaviour under load. Two
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capacitors and three resistors are arranged as shown in Figure 4.6. This model was created
in the attempt of associating a physical meaning to each electric element. Electrochem-
ical reaction capacitance (more speci�cally double-layer capacitance, which is discussed
in Chapter 5) is represented by a small capacitor Cc. Remaining battery capacity in is
represented by the `bulk' capacitor Cb.

Figure 4.6: RC equivalent circuit model example implementation

Equation 4.8 represents the transfer function equivalent to the circuit model depicted in
Figure 4.6.

[Vbat] =
[

Rc

Re+Rc

Re

Re+Rc

] [ Vb

Vc

]
+

[
Rt −

ReRc

Re +Rc

]
[Ibat] (4.8)

Its implementation into the popular vehicle drivetrain modelling software ADVISOR [138]
has contributed to the widespread use of this model. As with previous equivalent models
in this chapter, the electrochemical processes are lumped, no distinction can be made
between local processes and only the cell's overall voltage response is replicated.

(C) The Thevenin circuit model

The Thevenin circuit model takes the form of a parallel-series arrangement of constant
resistor and capacitor elements. An ideal battery open circuit voltage source Voc is ar-
ranged in series with internal resistance R0 and a parallel couple, Cth and Rth, contributing
transient capacitive response and polarisation overpotential resistance respectively.

Figure 4.7: Thevenin equivalent circuit example implementation
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This circuit can be written in the form of a transfer function as:

Vbat = Voc − Vth − IbatR0, (4.9)

where

Vth = − Vth

RthCth

+
Ibat

Cth

. (4.10)

Similar to the previously introduced models, the fundamental processes occurring during
operation are masked, rendering this methodology unsuitable for the purpose of accurate
battery state and degradation prediction.

4.5.2 Advanced equivalent battery modelling - state of the art

Signi�cant contributions in the development of phenomenologically meaningful equiva-
lent circuit were made by researchers such as Rael, Bergveld and Prada [139, 4, 140, 141].
Identifying that electrochemical analytical solutions of partial di�erential equations is not
suitable for in-situ battery performance prediction, they developed modelling methodolo-
gies for equivalent circuit elements describing physical processes [4, 140, 139]. Their work
therefore forms the starting point of the model development presented in this thesis. On
the basis of the isothermal pseudo 2D battery mathematical model proposed by M. Doyle,
T.F Fuller and J. Newman [98, 106] and extended by Smith and Wang [142], they aimed
to describe the electrochemical phenomena in the cell given four basic unknown system
variables: ionic concentration of the electrolyte cl and the associated electrolyte potential
φl, lithium concentration of each electrode cs and the associated electrode potentials φs.

Several assumptions and simpli�cations limit the applicability of their model variants to
low C-rate applications. For example, the model proposed by Rael et al. assumes isother-
mal conditions during operation [139], while the model proposed by Bergveld assumes a
homogeneous temperature distribution throughout the model with no thermal gradients
[4].

These models are limited to low charge/discharge rates not only because of heir isothermal
or thermally homogeneous evaluation but these models do not, so far, account for di�usion
limitations to mass transport in the electrodes and electrolyte and only have constant
passivating layer resistances and double-layer capacitances.

This means that the model predicts an immediate availability of intercalated lithium
partaking in electrochemical reactions, whereby overestimating power capability. These
factors contribute to the inability of these models in predicting highly dynamic and high
C-rate load cycles accurately.

A good attempt at establishing a physics based equivalent circuit was presented by
Bergveld who developed a circuit system describing the thermodynamics and charge trans-
fer kinetics [4]. He transformed the mathematical descriptions governing the physical
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phenomena into electrical equivalents. However, a shortcoming of this model is that it
does not allow for local temperature variations (and gradients), does not include a passi-
vating or variable double-layers and does not account for any degradation features, such
as capacity fade or power fade.

To the author's knowledge, Bergveld's work represents the best attempt at retaining
physically meaningful individual circuit elements and circuit representations of govern-
ing electrochemistry equations in distinct domains. The mentioned simpli�cations ren-
der the proposed model, which was developed speci�cally for small portable electronics
applications (low C-rate, continuous charge/discharge), unsuitable for highly dynamic
automotive-type loads.

4.6 Adaptive system methods

To utilise the advantages provided by di�erent methods and to arrive at a globally op-
timised estimation, several modelling methods may be combined into hybrid algorithms.
The objective is to arrive at superior estimation e�ciency and accuracy as compared to
the individual estimation algorithms [143, 97, 144]. Various adaptive systems enhancing
the accuracy of state predictors have been developed for this purpose. These were im-
plemented in an iterative loop with the battery model in order to re�ne its parameters
continuously.

One popular variant is the combination of coulomb-counting with the EMF method. Pop
et al. implemented this real time estimator, which combines a direct measurement of
EMF of the battery during rest periods to set the initial SoC with coulomb-counting
during charge/discharge which builds upon the initial rest SoC value. He introduced a
simple empirical correction factor which accounts for degradation by adjusting the model
parameters.

Wang et al. [144] proposed another type of hybrid method in combining coulomb-counting
with a Kalman �lter, in a methodology he termed 'the Kalman Ah method'. In this
method, a Kalman �lter is applied to the initial SoC value, which is used for the subse-
quent coulomb-counting procedure. By ensuring this initial convergence to the true SoC
value, Wang achieved an average SoC estimation error of 2.5% as compared to an average
estimation error of 11.4% when using only the standard coulomb-counting method [144].

Finally, Kim and Cho applied an Extended Kalman Filter (EKF) and a per-unit (PU)
system to a battery model parameter estimation algorithm in order to track SoC evolution
as a function of cell-life [143]. In their model, parameters are empirically adjusted by a
'degradation' factor.

In this active research �eld, further variants of adaptive system methodologies have been
coupled to battery models and include back propagation (BP), neural networks [145],
radial basis functions (RBF), fuzzy logic methods [146], support vector machine strategies
[147], fuzzy neural networks [148, 149] and various derivatives of Kalman �lters [147, 87,
148, 88, 117, 150, 125, 151].
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4.7 State-of-Health estimators

In order to assess on-line battery performance deterioration for each consecutive cycle,
several methods have been proposed. An easily and cheaply implementable method is the
comparison of discharged capacity (through coulomb-counting) for the same cut-o� volt-
age with previous cycles. This measure quanti�es SoH as the amount of remaining capacity
of the cell as compared to the �rst cycle. A drawback of this method is the requirement
of comparable charging/discharging conditions allowing the comparison between cycles
during rest periods. This means this method is unable to provide continuously updating
SoH predictions.

Sauer at al. distinguishes three methodologies for degradation modelling [152]: physical-
chemical processes modelling, coulomb-counting with weighting to adjust for degradation
during adverse operating conditions, and a special event-oriented concept that utilizes pat-
tern recognition to identify severe operation conditions. The drawback of the proposed
detailed physical-chemical model is the dependence on a speci�c cell chemistry, extensive
parametrisation with experiments and considerable computational power requirements,
which make it unsuitable for on-line evaluation. The coulomb-counting method is based
on an empirical degradation readjustment factor which means this model treats the age-
ing process, again, as a �black-box� problem. Similarly, the adverse pattern recognising
algorithm requires extensive testing of the proposed adverse operating conditions. Not
only will the resulting forms of degradation be dependent on the operating conditions
under which they occur but also on the characteristics of the cell used in collecting the
parametrisation data.

Many methods have been proposed in the literature but there is disagreement over which
forms of degradation exist, what the underlying causes are and how these are related
[91, 153, 154]. A majority of the proposed models relate experimental data obtained
under idealistic operating conditions and simple load cycles to calendar life estimations
[155]. Such models may rely on statistical or mathematical methods [146, 156, 157] or are
established on the basis of semi-empirical correlations [158].

In automotive applications SoH is often estimated from a single measurement of either
cell impedance or cell conductance [125]. One proposed approach is the formulation of a
weighted function of SoH of several cell parameters, all of which vary with cell age [90].
Capacity fade as an important aspect of SoC has been investigated by Bhangu et al. [159],
who employed an extended Kalman �lter, estimating capacity loss due to a reduction in
the bulk capacitance. Do et al. [160] combined a modi�ed Randles circuit with extended
Kalman �lter in a real-time identi�cation method. In doing so the number of additional
RC-pairs resulted in divergence issues and overly optimistic results, as well as yielding an
equivalent circuit model containing circuit elements with no physical meaning.

4.8 Commercial automotive implementations

A common form of battery performance prediction is shown in Figure 4.8. It has to be
noted that when implementing such an estimation procedure, limitations and errors arise
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from the di�erent sampling rates of current, voltage and temperature. This is due to
the fact that all these parameters are communicated to the BMS on the Controller Area
Network bus (CAN-bus) where parts of each piece of information is lined up in successive
'packages' along one single information path rather than in parallel information channels.
Online measurements obtained at the same time therefore do not necessarily arrive at the
BMS at the same time, leading to estimation error [11].

The most commonly implemented SoC models are based on the coulomb-counting method
combined with OCV-SoC look-up tables, allowing a recalibration of the initial SoC esti-
mate during rest periods [161]. The accuracy of coulomb counting based models depends
on the quality of live measurements on the vehicle during operation. Most commonly,
current is obtained via a voltage measurement across a shunt resistor connected in series
with the battery system, which is then converted into a current reading [161]. To re-
duce losses in the power drawn from modern automotive battery packs the shunt resistors
are becoming substantially smaller resulting in a much smaller voltage drop across and
therefore larger rounding errors. The measurement accuracy and sampling rate of this
shunt resistor voltage is the principal source of inaccuracies in methods based on coulomb
counting [161].

A common implementation example is depicted in Figure 4.8. In this example an on-
line optimisation algorithm is applied to calculate SoC and SoH by continuously reit-
erating several empirical cell characteristic parameter functions: nominal capacitance
Cn = f1(SoC, T, SoH), series resistance Rs = f2(SoC, T, SoH), parallel resistance Rp =
f3(SoC, T, SoH), and parallel capacitance Cp = f4(SoC, T, SoH).

dSoc (t)

dt
=

Ibat (t)

Cn

(4.11)

dVp (t)

dt
= −Vp (t)

RpCp

+
Ib (t)

Cp

(4.12)

Vbat (t) = OCV (t)− Vp (t)−RsIb (t) (4.13)

SoHc (t) =
Cn (t)

Cn (0)
(4.14)

SoHp (t) =
Rs (0)

Rs (t)
(4.15)
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Figure 4.8: Example of an online parameter iteration algorithm implementation with
nested SOC and SoH estimator

Again, this method masks the ion algorithm implementation with itlex electrochemical
processes inside the cell and no insight is possible into the individual physical processes.
Therefore, such a model does not su�ce for advanced battery management control algo-
rithms where more fundamental performance states are required for precise control of the
battery.

4.9 Model parametrisation methods

4.9.1 Charge/discharge pulse test produces

Researchers exploring simple equivalent circuits commonly employ current pulse tests,
such as the HPPC (Hybrid Pulse Power Characterisation procedure [136]) and various
other pulse current discharge tests, to parametrise their models. While helpful in quan-
tifying relative changes in comparison to previously collected parameters, the depth of
information on the cell to be extracted using these procedures is very limited and su�-
cient only for very simple equivalent circuit models.
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4.9.2 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a powerful tool which can be used to
investigate the characteristic behaviour of a cell. A cell impedance measurement generally
involves the excitation of the cell with a known electrical stimulus (current or voltage), and
measuring the electrochemical system response to this perturbation (voltage or current,
respectively). A commonly used procedure, shown in Figure 4.9a), is the application
of a single-frequency sinusoidal signal (although other excitation signal shapes can be
used [162]), and the subsequent measurement of the phase and amplitude of the resulting
signal.

The resulting impedance measurement is a complex ratio of stimulus and response mea-
surement as a function of frequency. The response may be presented in the form of Bode
plots (magnitude versus frequency and phase angle versus frequency) or Nyquist diagrams
(imaginary versus real part). Information can be deduced on several intrinsic electrochem-
ical properties, such as internal impedance, di�usion and charge transfer characteristics.

An example of this is shown in Figure 4.9b). Impedance response is recorded as a lumped
cell response of anode and cathode, whereby summing the e�ect of various internal char-
acteristic processes. This makes the distinction of anodic and cathodic contributions and
the attribution of frequency ranges to individual phenomena challenging. By conducting
half cell experiments, the cell overall impedance response can be distinguished into the
separate responses of cathode (Figure 4.9c) and anode (Figure 4.9d). Di�erent physical
processes of (I) series resistance with respect to the reference electrode, (II) double-layer
and charge-transfer phenomena and (III) di�usion phenomena of lithium-ion through the
electrolyte and of intercalated lithium through each electrode material are represented
by shaded regions in Figures 4.9c) and 4.9d). Such half-cell data is only accessible by
measuring impedance with respect to a third (reference) electrode. The insertion of such
an electrode, however, means a disturbance of the cell structure and can lead to a distor-
tion of the cell's impedance response. As can be seen, each electrode contributes di�erent
amounts of impedance along the scanning frequency range; a feature which is masked
completely when testing the complete cell. The fact that electrochemical phenomena
cannot always be distinguished as originating from anode or cathode presents a limita-
tion to the usefulness of this technique. The processes occurring inside the cell di�er
and therefore have to be accounted for separately for meaningful performance prediction.
In-situ measurement of battery EIS is impractical in automotive applications as well as
most portable battery systems, an very accurate frequency sweep signal has to be applied
and a very accurate measurement of the system response recorded in order to compute
meaningful system impedance data.

4.10 Interim conclusion

State-of-Charge and State-of-Health prediction is an active research �eld both in academia
and industry. While some researchers aim to arrive at a performance estimate from previ-
ously collected data given similar operating conditions, others arrive at state estimations
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Figure 4.9: (a) Schematic describing the process of EIS given a sinusoidal signal. Each
dot in the �gures represents an impedance measurement at a di�erent frequency (b)
example whole cell impedance response, (c) positive electrode impedance contribution
and (d) negative electrode impedance contribution). Several electrochemical phenomena
are indicated: (I) series resistance with respect to the reference electrode, (II) intercalation
phenomena (e.g. charge transfer, double-layer) and, (III) di�usion of lithium-ion in the
electrolyte and of intercalated lithium in the solid electrode; modi�ed from [2]
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via complex mathematical modelling of the internal electrochemical processes. The objec-
tive of all estimators is to provide accurate and useful information on states as quickly to
the control unit managing the battery. The e�ectiveness of the methods presented above
depends, amongst other things, on the reliability and timeliness of the measurement data
serving as the input to the model. In the following, the state-of-the-art modelling method-
ologies are assessed against the design criteria for the new equivalent circuit model.

When revisiting the design criteria laid out in Chapter 1, it becomes clear from the
description of the various models above that none completely satisfy the design criteria.

· Electrochemical models, although representing the electrochemical processes and
phenomena most accurately, are too computationally expensive for on-board bat-
tery performance prediction. Even reduced-order models thereof still require the it-
erative numerical solution of mathematical equations, which requires large amounts
of computational power. The extension of full electrochemical analytical models
with the required additional physical phenomena associated with cell degradation
increases the computational cost even further.

· Empirical and semi-empirical model based estimations, on the other hand do not
provide the required depth of information required to accurately predict electro-
chemical phenomena occurring during operation. They mimic the overall cell re-
sponse to a load, which prohibits the evaluation of detailed processes associated
with degradation.

· In the �eld of advanced Equivalent Circuit Models, some signi�cant steps have been
taken towards unifying the electrochemical phenomena encapsulated in full electro-
chemical models and the bene�ts of simplifying the system in an ECN approach.
However, many of the desired features of the model as well as degradation mecha-
nisms have not been included in previously presented models.

In assessing the capabilities of the most advanced phenomenological equivalent circuit
models against the proposed design criteria (Chapter 1), the following areas of further
development remain which will be addressed in Chapter 5.

1. Structuring the model into clearly de�ned physics based sub-circuits governing
individual species' phenomena

2. Derivation of an equivalent circuit element governed by electrochemical reaction
process phenomena which links the individual circuits

(a) allowing for locally variable passivating layer thickness, resistance and ca-
pacitance, depending on local electrochemistry and temperature

(b) allowing for locally variable double-layer capacitance and potential, de-
pending on local electrochemistry and temperature

3. Extension of previous work in phenomenological equivalent circuit modelling by
including thus far excluded phenomena
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(a) allowing for local temperature and the subsequent dependency of local elec-
trochemical processes

(b) allowing for capacity fade through loss of cyclable lithium and for power
fade through increase of internal impedance

4. Removal of any empirical dependencies in the model

5. Coupling of all phenomenological analogies to local heat generation

6. Structuring of the model in the form of a visual representation/layout of the
network and ability to extend to aid future adaptation/modi�cations/extension
and system-level implementation by system engineers

A more detailed table with a literature assessment may be found in the Appendix.
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The new Equivalent Circuit Model

Overview

This chapter presents the derivation of the new phenomenological equivalent circuit model.
The underlying thermodynamic and electrochemical principles are discussed allowing the
derivation of the the �nal equations for electrochemical and electrical potentials and other
physical processes which are implemented in the model. A distinction is made between
the electrical modelling domain, which includes the species circuit networks governing the
charged species (lithium-ions and electrons) in electrolyte and external circuit respect-
ively, and the chemical modelling domain, including the species circuit network governing
uncharged intercalated lithium inside the electrodes.

The signi�cance of electrochemical driving forces leading to a (useful) electrical cell po-
tential are discussed and the contribution of various overpotentials to a reduction in useful
cell potential examined.

Subsequently, a methodology for representing the electrochemical reaction process in a
single electrical element is presented. This link is introduced in the form of the Triple
Species Element and serves as the connection between the electrical and the chemical
domains, linking the three separate transport circuits of electrons, intercalated lithium
and lithium-ions in the electrode and the electrolyte domain respectively. This element
is also shown to account for various overpotentials during operation which are signi�cant
in predicting local ine�ciencies and the onset of degradation.

Species transport in the electrodes and electrolyte are thereafter discussed and the ex-
pressions for circuit elements derived, allowing a phenomenological representation of the
entire system. The model is locally coupled to a thermal model, allowing for local heat
generation at each discretisation in the system. Furthermore, expressions for circuit ele-
ments representing variable double layers and passivating layers on each electrode surface
are derived.

Finally, degradation mechanisms in the form of capacity and power fade are included as
features of this new model.
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5.1 Operating principle in detail

The operating principle of lithium-ion batteries, which was already brie�y discussed in
Chapter 3, is the same for all chemistries, although electrode materials, electrolyte and
other composites may vary, and cell geometric designs might be optimised for speci�c
applications. In principle, an electrochemical cell provides a potential by electrically
harnessing the di�erence between electrochemical potentials of anode and cathode.

Both electrodes in the system are electronic conductors, each with an electrical potential,
φi, due to the electrochemical potential, µ̄i, of lithium stored in it. As a design feature,
the chemical potential µi of the intercalated anode is always larger than that of the
cathode. The resulting di�erence in chemical potentials between the electrodes acts as
the driving force for electrochemical reactions, enabling spontaneous de-intercalation of
Li+ from the anode and intercalation into the cathode when the external circuit is closed.
This electrochemical driving force is present when the cell terminals are connected, as
the cathode chemical potential is always below that of the anode, even when the cell is
fully discharged. Uncontrolled (spontaneous) discharge due to cell shorting must therefore
be avoided. The useful battery electric potential results from the di�erence in electrical
potentials between the electrodes and is called the cell open circuit potential Voc.

Upon discharge the anode which is at a higher chemical potential µa than the cathode
µc, releases lithium-ions Li+ into the electrolyte, thereby increasing its electrical potential
φa towards equilibrium with respect to Li/Li+. These lithium-ions move to the cathode,
towards the more favourable thermodynamic state (with lower chemical potential); the
cathode electrical potential φc of which is therefore decreased. The resulting ionic �ux
from anode to cathode in turn occurs simultaneously to an electron (e−) �ux in the
external circuit. This discharge process is illustrated in 5.1. The process of absorbing a
lithium-ion into an electrode is referred to as intercalation or lithiation, while the process
of releasing a lithium-ion into the electrolyte is called de-intercalation or de-lithiation.

Figure 5.1: Schematic describing the discharge process with lithium oxidation occurring
at the anode and Li+ reduction taking place at the cathode. Here, each electrode is
represented by a single sphere, while radii might di�er between the two materials. Dotted
lines: reaction product/reactant; blue lines: concentration gradients; red star: reaction
site.
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Figure 5.2: Overview of modelling domains, species networks and phases in the system, at
an electrode/current collector interface; the porous electrode is represented by a multitude
of spheres

5.2 Potentials driving electrochemical reactions

As discussed in Section 5.1, the operating principles of a lithium-ion cell are de�ned by
electrochemical and electrical potentials. As a potential is applied to the terminals the
intercalated lithium participates in electrochemical reactions and ionic and electron �uxes
establish. Di�erent potentials and resulting overpotentials result during these reduction
and oxidation reactions. Figure 5.2 shows the regions in which electrical potentials apply
and the regions where electrochemical potentials apply. It can be seen that, as soon as a
intercalated lithium has de-lithiated from an electrode it becomes a species with electrical
charge (i.e. a negatively charged electron or a positively charged lithium-ion) while the
intercalated lithium inside the particles represent an uncharged species.

5.2.1 Electrochemical potentials

The chemical potential µi in [J mol−1] of a species i is a measure of energy of a chem-
ical depending on its activity and its standard chemical potential , also called redox
potential µ0

i in [J mol−1]. Deviations of activity ai away from its equilibrium condition aeq
i

in [mol m−3] are encapsulated in the activity chemical potential term. The standard
electrochemical potential is independent of the applied charge but is a function only of
temperature and pressure. It can be considered a material energy property.

µi = µ0
i + RT ln

(
ai
aeq
i

)
, (5.1)

where R is Boltzmann's constant in [J mol−1K−1] and T is temperature in [K].
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Peter Debye and Erich Hueckel predicted that an activity ai is proportional to the species
concentration ci in [mol m−3] by a dimensionless activity coe�cient γ (assumed to be unity
throughout, which holds for ideal solutions of pure substances in condensed phases [163]).
They assumed further that average species concentration is equal to its molar amount mi

in [mol] in the occupied control volume Vi in [m3], which allows the formulation of the
activity Equality 5.2. This relation is important in the modelling of species concentrations
at all locations in the system, which the �nal model has to be capable of.

ai = γci =
γmi

Vi
(5.2)

As an electron �ux establishes during cell operation, an electrical charge appears on each
electrode. Each species therefore has an additional potential ziFφi, resulting in an overall
electrostatic potential. It can be seen that the charged electrochemical potential term
in equation 5.3 establishes due to an electrical charge with electrical potential φi on a
species with valence zi.

µe,i = ziFφi, (5.3)

and F is Faraday's constant in [C mol−1]. The electrochemical potential µ̄i in [J mol−1]
is de�ned as the sum of the chemical potential (Eq. 5.1) and the electrostatic potential
(Eq. 5.3) due to a charge being present on the species. Equation 5.2 can be substituted
for species activity in order to arrive at an expression for electrochemical potential of a
polarised electrode as a function of local species concentration.

µ̄i = µi + µe,i (5.4)

= µ0
i + RT ln

(
ci
ceq
i

)
+ ziFφi,

where Equation 5.4 can be expressed for all species participating in a reaction at each
reaction site. Under the absence of a charge, there is no electrostatic potential (µ̄e,i = 0)
and after a su�cient rest period the system reaches equilibrium where each species concen-
tration and activity locally reaches equilibrium values (ci = ceq

i , ai = aeq
i ). Consequently,

under equilibrium conditions, the electrochemical potential is therefore equal to the chem-
ical potential.

The meaning of the terms in Equation 5.1 do not hold for electrons which have no 'chem-
ical' activity. Simplifying the principles of atomic physics of electron density a constant
electrochemical potential is assumed for electrons which is independent of charge density.

From the described nature of the potentials the following can therefore be summarised
for the three species involved in a lithium-ion battery insertion system: intercalated
lithium, lithium-ions and electrons:
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· for a charged species in a non-equilibrium system: µ̄i = µ0
i + RT ln

(
ai
arefi

)
+

ziFφi Applies to intercalated lithium, lithium-ions (not electrons, which have no
activity).

· for an uncharged species in a non-equilibrium system: µ̄i = µi + RT ln
(

ai
arefi

)
Applies to intercalated lithium, lithium-ions (not electrons, which have no activ-
ity).

· for an uncharged species in equilibrium: µ̄i = µi Applies to intercalated lithium,
lithium-ions and electrons.

· for the special case of electrons µ̄e− = µe−−Fφe− as a concentration formulation
does not apply there.

5.2.2 Species reactions and interactions

A lithium-ion battery provides a useful electrical potential by harnessing the change in
electrochemical potentials during reactions. These reactions take place due to favourable
thermodynamic energy states which provide the driving force to electrochemical reactions.
Since these are directly related to the electrical potential of each electrode in the system,
they represent the link between chemical domain and electrical domain. The equations
presented in this section arrive at the building blocks of the equivalent circuit model, and
therefore their meaning, signi�cance and calculation is discussed in detail here.

The change in electrochemical potentials of the reacting species represents the driving force
of a spontaneous reaction and is also referred to as the change in free electrochemical

energy 4Ḡ of a reaction in [J mol−1]. Like in any energy-cascade system a reaction
will only occur if it is thermodynamically favourable, meaning only if the electrochemical
potential of the oxidised species is lower than that of the reduced species. If a reduction
reaction reaction (= at the cathode) during discharge is considered, the change in potential
of the reduced lithium-ions and electrons must be greater than that of the intercalated
lithium for the reaction to occur spontaneously. At the same time, an oxidising (de-
lithiation) reaction (= at the anode), will only occur if it is thermodynamically favourable
i.e. if the electrochemical potential of the intercalated lithium is greater than that of the
lithium-ions and electrons combined. Equation 5.5 illustrates this process at the hand of
a reduction reaction at the cathode.

4ḠRed = µ̄Red − (µ̄Ox + nµ̄e−) (5.5)

= µRed − (µOx + nµe−) +���
���:

0
zRedFφRed − (zOxFφOx + nze−Fφe−)

= 4GRed − (zOxFφOx + nze−Fφe−)

where 4GRed is the change in free energy , the valence of the oxidised species is
(zOx = +n), that of the reduced species is (zRed = 1− n) and n the number of electrons
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participating in the reaction. Recalling that ze− = 1, charge neutrality in the electro-
lyte is therefore satis�ed, such that

∑
i

zici = 0. Substitution of these valence numbers

into Equation 5.5 allows the reformulation of the change in electrical potential from the
reduced to the oxidised species.

4ḠRed = 4GRed − (nFφOx − nFφe−) (5.6)

As previously discussed, only the oxidising products (lithium-ions and electrons) have a
charge, the former being transferred into the electrolyte and the latter being transported
via the electronically conducting electrode additives and current collectors. This allows the
substitution of the liquid (electrolyte) electrical potential φl for the oxidising product φOx

(i.e. lithium-ion) electrical potential and the substitution of electrode electrical potential
φs for the electron potential φe− , resulting in Equation 5.7.

4ḠRed = 4GRed −
(
nFφl − nFφs

)
(5.7)

The change in free energy 4GRed, which already emerged in Equation 5.5 denotes the
change in electrochemical potential under the absence of a charge, while the change in
free electrochemical energy is evaluated under the presence of a charge. Their di�erence
is therefore the potential di�erence across the electrode/electrolyte interface nF

(
φl − φs

)
due to the applied potential.

nF
(
φl − φs

)
= 4GRed −4ḠRed (5.8)

which can be expanded to allow the observation of chemical potentials µRed, µOx and µe−

which is important for the later implementation of di�usion limitations of these species
(see Section 5.3).

nF
(
φl − φs

)
= µRed − µOx − nµe− −4ḠRed (5.9)

he potentials in Equations 5.8 - 5.9 are visualised in the form of an equivalent circuit
in Figure 5.3. The top diagram represents Equation 5.9. The chemical potentials are
represented by capacitors as each can then e�ectively represent an electrically replenished
chemical store of species at the reaction site which behaves capacitively. The expression
for their capacitance is derived in Section 5.7. The change in free electrochemical energy
4ḠRed is represented by a voltage source as it represents a quantity resulting from the
interaction of several species at the reaction site, leading to a reduction in useful interface
potential di�erence. A double layer capacitor Cdl is arranged in parallel, which will be
discussed in Section 5.6. Similarly, in the bottom half of Figure 5.3, Equation 5.8 is visu-
alised, where the chemical potential contributions are lumped and therefore represented
by a voltage source adopting their potential sum.
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Figure 5.3: Equivalent circuit implementation of intercalation site chemical potentials and
changes in free energy. Top �gure: Equation 5.9, Bottom �gure: Equation 5.8. Capacit-
ances represent chemical potentials of individual species, voltage sources represent changes
in free electrochemical energy of the reacting species. The direction of electrochemical
reaction current (i.e. species �ux Jch ) is shown. The units of all chemical potentials is
[J mol−1], while the unit of chemical �ux is [mol s−1]. Arrows indicate a positive direction
of a potential
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It can be seen that, once the charge on this system is removed (i.e. Jch = 0) and
equilibrium has been reached (no balancing between the lower branches and the double
layer branches), there is no driving force for the species either to reduce or to oxidise,
such that µ̄Red = µ̄Ox + nµ̄e− . This means that under equilibrium conditions the free
electrochemical energy 4ḠRed = 0, which reduces Equation 5.7 to:

0 = 4GRed − nF
(
φl − φs

)
(5.10)

4GRed = nF
(
φl − φs

)
The electrical potential di�erence across the electrode/electrolyte interface is now only
dependent on the chemical potentials of the intercalated species. This is analogous to the
potential characteristics previously summarised at the end of Section 5.2.1.

The above energy relations are expressed at the hand of a reduction reaction at the
cathode, which is de�ned as a reaction in the positive direction. Simultaneously, an
oxidation reaction must occur at the anode, accepting lithium-ions into the electrode in
order for the redox couple to be complete. This oxidation reaction therefore occurs in the
opposite direction to the reaction at the reducing electrode, which manifests itself in a
negative sign as shown in Equations 5.11 - 5.12.

4GOx = −4GRed (5.11)

4ḠOx = −4ḠRed (5.12)

Analogous to Equation 5.8 the electrical potential di�erence across the electrode/electro-
lyte interface at the anode can be expressed as

4GOx −4ḠOx = nF
(
φs − φl

)
, (5.13)

where the opposite direction of the reaction can be seen to result in a reversal in order of
liquid (electrolyte) electrical potential φl and solid (electrode) electrical potential φs.

The change in free electrochemical energy during the reduction reaction on the cathode
4GRed and the oxidation reaction at the anode 4GOx gives rise to a lithium-ion �ux
from the anode to the cathode. This is driven by the attraction towards the more electro-
chemically favourable intercalation state but also by lithium-ion and intercalated lithium
concentration gradients which establish due to di�usion limitations. The chemical �ux
Jch in [mol s−1], occurs at each electrode/electrolyte interface provided there is a driving
force (i.e. a thermodynamically favouring change in free electrochemical energy) [73].

Jch = as (ka)1−α (kc)
α (ab

Ox

)α (
ab

Red

)1−α
{

exp

(
αa

RT
4ḠOx

)
− exp

(
− αc

RT
4ḠRed

)}
(5.14)

Where ab
Red is the bulk activity of the reduced species, ab

Ox is the surface activity of the
oxidising species and αa and αc are the anodic/cathodic transfer coe�cients (also called
symmetry factor), where (0 < αa + αc < 1). Equation
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5.2.3 Electrical potentials

As mentioned previously, it is the di�erence in electrical potentials observed across the
electrode/electrolyte interface at anode φa and cathode φc which ultimately provides a
useful cell potential between the terminals.

The electrical potential of the electrode in units of [V] is linked to its chemical potential
in units of [J mol−1] (which caused it) by a factor of 1/nF, where n is the number of
electrons partaking in each reaction (in this thesis unity).

To prove this, the units of the individual products resulting in an electrical potential are
segregated in equation 5.15.

φ = µn−1F−1 ≡
[

J

mol

] [
C

mol

]−1

≡
[

J

C

]
≡ [V] (5.15)

With the conversion factor one can retrieve further electrical equivalents to chemical
quantities, such as the relation between electron �ux (i.e. current) in units of [A] and
ionic-�ux (i.e. chemical species �ux) in the units of [mol s−1].

I = nFJch ≡
[

C

mol

] [
mol

s

]
≡
[

C

s

]
≡ [A] (5.16)

As previously mentioned, 4ḠRed = 4ḠOx = 0 once the charge on a system is removed
and equilibrium has been reached. This allows for the equilibrium electrical potential of
each electrode to be expressed as a function of the change in free energy.

Eeq =

(
φl − φs

)
nF

=
4GRed

nF
=
4GOx

nF
, (5.17)

which can be shown to have units of [V], given the units of the products of which it is
comprised.

Eeq = 4GOxn
−1F−1 ≡

[
J

mol

] [
C

mol

]−1

≡
[

J

C

]
≡ [V] (5.18)

The electrode equilibrium potential Eeq depends on the instantaneous electrical operating
conditions of the electrode as well as the transient electrochemical properties. In the
following, the constituents of equilibrium electrode potential are explored for a reduction
reaction at the cathode.
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Eeq =
4GRed

nF
, (5.19)

which allows for the expression of electrical potential di�erence across the electrode/elec-
trolyte interface

(
φl − φs

)
as

(
φl − φs

)
=
4GRed

nF
− 4ḠRed

nF
(5.20)

= Eeq − 4ḠRed

nF
,

Equation 5.20 can be expanded to allow the observation of chemical potentials µRed,
µOx and µe− which is important for the later implementation of di�usion limitations of
lithium-ions and intercalated lithium (Section 5.3).

(
φl − φs

)
=

µRed

nF
− µOx

nF
− nµe−

nF
− 4ḠRed

nF
(5.21)

Analogous to Figure 5.3 one can visualise Equations 5.20 - 5.21 in the form of an equi-
valent circuit (shown in Figure 5.4), this time composed of electrical potentials, where
capacitors denote separate species' electrical potential while voltage sources represent the
overpotentials establishing during each reaction process. The direction of the electrical
current is indicated.

The last term in Equations 5.21 is also referred to as the activation overpotential ηact.
It represents an 'energy-hurdle' to be overcome in order to a reaction to take place. It is
only present when an electrochemical reaction takes place and can be expressed according
to Prada et al. [140]:

ηact =
4ḠRed

nF
= −4ḠOx

nF
(5.22)

=
RT

αnF
ln
(
ξ +

√
ξ2 + 1

)
where

ξ =
rs

6εsi0asδ
Ibat (5.23)
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Figure 5.4: Equivalent circuit implementation of intercalation site electrical potentials
and changes in free energy. Top �gure: Equation 5.21, Bottom �gure: Equation 5.20.
Capacitances represent electrical potentials of individual species, voltage sources represent
potential di�erences due to changes in free electrochemical energy of the reacting species.
A double layer capacitor Cdl is arranged in parallel, which will be discussed in Section
5.6. The direction of electrical current Ibat is shown. The units of all electrical potentials
is [V], while the unit of electrical current is [A]. Arrows indicate a positive direction of a
potential
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5.3 Lithium di�usion in the electrodes and electrolyte

In the following, the time dependencies of the above electrochemical and electrical quant-
ities is discussed. Almost none are available instantaneously but experience a time delay
due to mass and charge transport limitations. This is the reason for the dynamic response
of a cell to varying loads and relaxation phenomena when the load is removed. It is there-
fore important to investigate their origin and to implement the associated phenomena in
the model.

Since the species involved in the reactions have a mass and are physically di�using through
electrodes and electrolytes, limitations to mass di�usion have to be accounted for. In the
following, di�usion overpotentials as part of the overall electrode potential are discussed
during discharge. The oxidising species are therefore Li+ and e− while the reduced species
is the intercalated lithium Lii. As the lithium is reduced into the cathode, its intercalated
lithium concentration increases. The notion of stoichiometry is used to quantify the ratio
of concentration or activity of the reduced and oxidised species and can theoretically vary
from complete lattice site occupation (at which xi = 1), to complete lattice site vacancy
(at which xi = 0).

The stoichiometry xi (or molar fraction) of the intercalation electrode i is a function of
the ratio of activities of intercalated lithium aLii and lithium-ions aLi+ . Using the linear
relation between activity and concentration (Equation 5.2) this ratio can be expressed in
terms of concentrations of the reduced and the oxidised species.

xi =
aLii

aLii + aLi+
(5.24)

=
cLii

cLii + cLi+

However, in practice only a range of stochiometries can be achieved for anode and cathode
materials, depending on the capabilities of the lattice materials. This ratio is directly
related to the electrode SoC such that

SoCi =
cLii

cLii + cLi+
· 100 (5.25)

which is equal to the state of charge at the opposite electrode as mass has to be conserved
in an ideal system. These quantities apply to the bulk, meaning the material deep within
the electrode, which the intercalated lithium has to reach by di�usion. Limitations to
di�usion of, both, intercalated lithium in the electrodes and lithium-ions in the electrolyte
are critical to the power capability of a cell. These di�usion limitations de�ne how quickly
charge can be obtained from the cell, as Li+ has to di�use from the core of the host lattice
to the surface to participate in the reaction and hence release an electron.

Due to these transport limitations, concentration gradients establish both inside the elec-
trodes and the electrolyte, especially when high loads are applied. This results in local
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Li+ accumulation or depletion for short durations until the concentration gradient bal-
ances the local inhomogeneity. This means the bulk species properties may temporarily
deviate from the surface properties where the intercalation process occurs. This local
concentration non-equilibrium causes local surface activity variations, in turn causing a
potential drop. Hence, under non-equilibrium conditions the apparent electrode potential
is not equal the equilibrium potential, i.e.

(
φl − φs

)
6= Eeq

i 6= Eeq∗
i and Equation 5.17

has to be modi�ed to include surface activity properties rather than quantities relating
to bulk properties.

It has been shown that these local concentration imbalances during lithiation and de-
lithiation stem from electrical and elastic interaction forces between the Li+ ions and the
host atoms leading to phase changes. These have to be accounted for by including extra
interaction energy terms [164]. The interaction energies are incorporated by including the
term Ui, a dimensionless attraction energy coe�cient inherent to the electrode material,
resulting in the stoichiometry-independent interaction energy term RTUi in [J mol−1]. The
addition of the term RTζi in [J mol−1] allows for a stoichiometry-dependent interaction
energy term [164].

Eeq
i = E0

i +
RT

nF

[
ln

(
as
i

as
Lii

)
− Uixi + ζi

]
(5.26)

The signi�cance of the individual terms of this equation can be seen in Figure 5.5 at
the example of a LiNi1/3Co1/3Mn1/3O2 cathode and a LiC6 anode. The experimental
data curve for the cathode was obtained as the di�erence of an 0.05 C discharge voltage
measurement and the (graphite) anode equilibrium potential as obtained from Doyle
et al.'s [165] empirical equation which is widely used in the literature and was derived
with half-cell experiments. The empirical function for the cathode was derived via curve
�tting of individual data points. The curve of electrode equilibrium potential with no
interaction energy was obtained using the �rst two terms of Equation 5.26. The potential
curve including attraction energy (i.e. including all terms of Equation 5.26) was �tted
over distinct ranges of stoichiometry with the parameters given in Table 5.1.
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Figure 5.5: (a) LiNi1/3Co1/3Mn1/3O2cathode equilibrium potentials as function of stoi-
chiometry, (b) LiC6 anode equilibrium potentials as function of stoichiometry, (c) error
of cathode equilibrium potential predictions as function of stoichiometry, and (d) error of
cathode equilibrium potential predictions as function of stoichiometry, phases are indic-
ated by Roman letters
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Species

Phase Cathode

i = MO2

Anode

i = C6

Standard redox potential [V] E0
Lii 4.13 0.11

Stoichiometry-dependent interaction energy coe�cient [-] Ui,I
Ui,II
Ui,III
Ui,IV

6.0
-1.0
-0.2

0.6

-0.10
0.10

0.35

Stoichiometry-independent interaction energy coe�cient [-] ζi,I
ζi,II
ζi,III
ζi,IV

5.95
-0.71
-0.19

0.25

-0.07
-0.02

0.03

Phase-transition stoichiometry [-] xi,I→II

xi,II→III

xi,III→IV

0.95
0.65

0.55

0.25

0.18

Anode equilibrium potential equation [142]

Eeq
a = 8.00229 + 5.0647xa − 12.578x0.5

a − 8.6322× 10−4x−1
a +

2.1765× 10−5x1.5
a − 0.46016× exp (15× (0.06− xa))−

0.55364× exp (−2.4326× (xa − 0.92))

Cathode equilibrium potential equation

Eeq
c = 6.45737× 109x1.5

c − 7.72071× 109x1
c + 4.39471× 109x1.5

c

−9.69912× 108x2
c − 2.61703476× 108x−0.5

c + 1.91844× 105x−2
c

+4.91232× 105 × ln (xc)− 1.38471× 107 × ln
(
x2

c

)
+ 9.37309× 109 × ln

(
x−1

c

)
+1.21487× 106 × ln

(
x−2

c

)
+ 3.00017× 107 × exp (xc)− 1.61690× 109 × exp (−xc)

−3.89311× 104 × tan (xc)− 1.38662× 109

Table 5.1: Parametrisation of Equation 5.26 for anode and cathode electrode equilibrium
potential; subscripts I-IV stand for phases #I to #IV along the electrode potential curve
as indicated in Figure 5.5

A smooth phase transition of the thermodynamics-based equilibrium curves (Equation
5.26) is ensured by the following relation between the stoichiometry-independent interac-
tion energy coe�cients of each phase j of each electrode i.

ζi,j+1 = (Ui,j+1 − Ui,j) · xi,j→j+1 + ζi,j (5.27)

It can be seen from Figure 5.5 that several of the characteristic features of the experiment-
ally obtained anode and cathode equilibrium potential curves are missing, especially in
the curve of potential calculated from thermodynamic principles excluding the interaction
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energy terms. Both the curve of potential calculated from thermodynamic principles in-
cluding the interaction energy terms as well as the empirically �tted function are in much
better agreement with the experimental potential curves. Phase transitions are visible
as changes in slope on the equilibrium potential curves. For the equations including the
attraction energy terms, these are known to be de�ned by speci�c stoichiometry ranges.
The de�nition of distinct phases and transition points implies the following simpli�cation:
a species cannot present in two adjacent phases at any point [166, 164]; however, this im-
plication is not only very di�cult to experimentally verify but also unlikely to be accurate.
The equilibrium potential errors of cathode and anode are shown in the second row of
Figure 5.5 and are evaluated as the di�erence of the predicted and the experimentally
obtained equilibrium potentials. It can clearly be seen that the thermodynamic calcula-
tion under the omission of the interaction energy terms yields the worst prediction. The
reason for the discrepancy of the predictions under the inclusion of the interaction energy
terms stems from the fact that there are, indeed, species co-existing in two phases, as was
also investigated by Wu et al. [167]. The error of the prediction according to the �tted
equilibrium potential equation originates in the number of terms used in the function. A
higher number of terms naturally yields a better curve-�t, although not a better physical
understanding of the underlying phenomena.

In order to avoid the piece-wise �t of equilibrium potential over the stoichiometric inter-
vals, the continuous empirical function was preferred for implementation in the model.
This decision is supported by the fact that this method is not only su�ciently accurate
(see Figure 5.5) but also only requires a single low-rate discharge and one of the two elec-
trode's empirical equilibrium potential equations from half cell experiments, commonly a
carbon anode; the potential equation of which is readily available in the literature. The
electrode/electrolyte interface electrical potential can now be expressed as

(
φl − φs

)
i

= Eeq∗
i + ηact, (5.28)

where Eeq∗
i is the apparent equilibrium potential, accounting for di�usion of Li+ in the

electrolyte and di�usion of Lii in the electrode. It is formulated according to Equation
6.1. For the detailed expansion see the Appendix.

Eeq∗
i = E0

Lii +
RT

nF

[
ln

(
as

i

as
Lii

)
− Uixi + ζi

]
(5.29)

+
RT

nF
ln

(
as

Li+

aeq
Li+

)

= Eeq
i +

RT

nF
ln

(
as
ia

b
Lii

as
Liia

b
i

)
+

RT

nF
ln

(
as

Li+

aeq
Li+

)
= Eeq

i + ηd
Lii +

RT

nF
ln

(
as

Li+

aeq
Li+

)
= Eeq

i + ηd
Lii + ηd

Li+

Together with overpotentials due to lithium di�usion in the electrode ηd
Lii and in the

the electrolyte ηd
Li+

, the apparent equilibrium potential Eeq∗
i is a function of the equi-

librium potential Eeq
i , which itself is a function of the standard redox potential E0

i , the
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stoichiometry-dependent attraction energy RTUixi and the stoichiometry-independent at-
traction energy RTζi. The individual terms of Equation 6.1 are summarised on the left
hand side of Table 5.2 and are set opposite their chemical equivalents (using the 1/nF
conversion factor).

Substitution of Equation 5.28 into Equation 6.1 yields the electrode potential which es-
tablishes across the reaction site interface (i.e. φl − φs). This is visualised in Figure 5.6.
It can be seen in the �gure that the di�erence between real electrode potential Eeq∗

i and
the equilibrium electrode potential Eeq

i is the sum of all overpotentials ηd
Lii + ηd

Li+
+ ηact,

in other words the charge-transfer overpotential ηct
i of a species reaction.

The useful potential to be obtained from each electrode (resulting in the overall useful
potential between the cell tabs) is reduced by the charge transfer overpotential.

(
φl − φs

)
i

= Eeq
i + ηd

Lii + ηd
Li+ + ηact︸ ︷︷ ︸ (5.30)

Eeq
i + ηct

i (5.31)

Together, the di�usion overpotential contributions of both species (Li+ and Lii) result
in a potential drop in the process of extracting energy from the cell, whereby reducing
the energy provided by the cell. Thus, correctly accounting for the potential drop is
essential in a model used in dynamic applications (such as automotive). The model
described in this section therefore evaluates change transfer overpotential as a sum of
all its constituents.

The described overpotentials establish as soon as a current is allowed to �ow between
anode and cathode and electrochemical reactions occur. This net current Ibat between
an electrode pair is composed of the cathodic current contribution from the reduction
reaction iRed and the anodic current contribution from the oxidation reaction iOx; both
of which occur at their respective charge-transfer overpotentials [73].

Ibat = (iRed − iOx) as = i0as

[(
as

Red

ab
Red

)
exp

(
αaF

RT
ηct

)
−
(
as

Ox

ab
Ox

)
exp

(
−α

cF

RT
ηct

)]
(5.32)

where i0 is the exchange current density of a charge-transfer reaction in [A m−2] and the
ratios of surface and bulk quantities represent reduction and oxidation product di�usion
in the electrodes.

The exchange current density term i0, which denotes the reaction current �owing at zero
overpotential, distinguishes in reduction (cathodic) and oxidation (anodic) current density
(and therefore only dependent on bulk properties). It is a function of the electrode material
and interface properties, the anodic ka and the cathodic kc charge transfer coe�cients in
[m mol−0.5 s−1], the activity of the oxidised species ab

Ox in the electrolyte and the activity
of the reduced species in the electrode ab

Red.
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Figure 5.6: Visualisation of the complete real electrode potential equation in the electrical
domain

For the charge transfer reaction at each electrode i surface, the exchange current density
i0Lii [168, 4] can be expressed as:

i0Lii = nFaLii (ka)α
a

(kc)
αc (

ab
i

)αc (
ab

Lii

)αa

(5.33)

Ibat (Equation 5.32) can be more conveniently expressed in terms of surface and bulk
concentrations (instead of activities) by using the proportionality between activity and
concentration given by Equation 5.2.

Ibat = (iRed − iOx) as = i0as

[(
cs

Red

cb
Red

)
exp

(
αaF

RT
ηct

)
−
(
cs

Ox

cb
Ox

)
exp

(
−α

cF

RT
ηct

)]
(5.34)

The assumption that reduction/oxidation surface and bulk species concentrations are
equal at any time

(
cs

Red = cb
Red and cs

Ox = cb
Ox

)
leads to a simpli�cation of Equation 5.34,

known as the Butler-Volmer equation (Equation 5.35). This simpli�cation implies that
there are no mass transport limitations between bulk and surface locations, and therefore
no resulting di�usion overpotentials as part of the charge transfer overpotentials. The
only remaining contribution to the charge transfer overpotential is therefore activation
overpotential, leading to ηct = ηact. Equation 5.34 simpli�es accordingly to

Ibat = (iRed − iOx) as = i0as

[
exp

(
αF

RT
ηact

)
− exp

(
−αF

RT
ηact

)]
(5.35)

68



Chapter 5. The new Equivalent Circuit Model

Figure 5.7: Current-overpotential characteristics of cathode and anode (red), compared
to the Butler-Volmer prediction (ηd = 0) (blue)

Under the assumptions of the Butler-Volmer equation, the surface quantities in Equations
5.32 - 5.34 are de�ned as being equal to bulk concentrations. The di�erence in current-
overpotential behaviour of the the surface-bulk distinction and the simpli�ed Butler-
Volmer assumption is shown in Figure 5.7. It can be seen that the assumption of no mass
transport overpotential losses is only valid for relatively low currents. At high currents,
the cell response to a load becomes dominated by di�usion limitations. This means models
based on the Butler-Volmer equation alone are inadequate for predicting of cell behaviour
under high C-rates and dynamic loads. Due to the importance of predicting cell behaviour
under such conditions the full current-overpotential equation is implemented in this model
(Equation 5.34) rather than the simpli�ed Butler-Volmer equation (Equation 5.35). The
regions beyond which the Butler-Volmer approximation ceases to be accurate as mass
transport limitations become dominant are indicated in Figure 5.7.

5.4 The passivating layer

Upon �rst assembly of a cell with a carbon anode a passivating solid electrolyte in-
terphase (SEI) layer forms at the electrode surface. This layer prevents the direct contact
between electrode and electrolyte and the decomposition of the solid intercalation mat-
rix. The �rst establishment of a homogeneous layer is therefore crucial for a long term
performance of the battery and stable charge transfer reactions over the entire electrode
surface. For this reason the �rst cycles of a cell's life are usually performed under tightly
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controlled operating conditions as part of the manufacturing process before the cell is ac-
tually sold. Throughout operation, the passivating layer continues to grow slowly at the
electrode/electrolyte interface due to the presence of continuous parasitic side-reactions.
In order to account for its e�ects on battery performance, a layer of thickness δpl

i is con-
sidered to physically separate reactants and products, acting as a resistance against the
charge transfer reactions. As a measure of cell degradation with cycling, the layer thick-
ness and resistance are considered to increase at a rate depending on the exchange current
and temperature. Also as a result of parasitic reactions, active lithium can be deposited
at the layer irreversibly, such that it no longer participates in the reaction process, leading
to capacity fade. The presence of a passivating layer also introduces an e�ective resist-
ance Rpl

i ,contributing to an increase in cell internal impedance, and thus causing power
fade. Prada et al.'s approach is adopted in describing the e�ects of this layer [141]. The
passivating layer overpotential is the voltage drop over the layer:

ηpl
i = −itR

pl
i

as

(5.36)

where

Rpl
i =

δpl

κpl
(5.37)

The resistance posed by this layer increases at a rate depending on the exchange current
and temperature. In doing so, cyclable lithium is bound to the layer and no longer par-
ticipates in the redox shuttle; manifesting itself in capacity fade. The resistance increase
also contributes to an increase in cell internal impedance, observable as power fade. Both
of these concepts are included in this model and are discussed in detail in Section 5.9.

5.5 The triple species element

The electrical electrode/electrolyte interface potential accounts for overpotentials due to
di�usion in the electrodes and the electrolyte, due to thermodynamic reaction activation
and due to passivating layer losses (Equation 5.38).

A new circuit element termed the Triple Species Element encapsulates the following
equation:

(
φl − φs

)
i

= Eeq
i + ηd

Lii + ηd
Li+ + ηact

i + ηpl
i (5.38)

The Triple Species Element (TSE) encapsulates the process of the electrochem-
ical reaction and, as such, serves as the link between the electrical and the chemical
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domains, connecting the three separate transport circuits of electrons, the reduced
species (intercalated lithium) in the electrodes and the oxidized species (lithium-ions)
in the electrolyte. It therefore represents the link between the electrochemical reaction
in response to a load.

Equation 5.38 can be interpreted with the help of electric circuit elements. Figure 5.8a)
shows the constituent electrode potential losses included in the proposed model as well
as (b) the introduction of the TSE. The electrode equilibrium potential is reduced by all
present overpotentials which act as losses. A capacitor is placed in parallel with the TSE
to represent the double-layer capacitance at the reaction site and is discussed in Section
5.6.

5.6 The electrochemical double layer

The vicinity of the electrochemical charge-transfer process taking place is called the elec-
trochemical double layer. The double layer forms at the interface of an electrical conductor
and a ionically conducting electrolyte, in this case electrolyte, due to the local charge in-
homogeneities, which occur as soon as a cell is �rst assembled and the components come
into contact. It is a concept used to visualise the ionic environment in the vicinity of a
charged electrode/electrolyte interface and may be more thought of as a region than a
solid material layer.

The theory of a layer forming due to charged electrons immersed in electrolyte repelling
co-ions of the charge while attracting counter-ions [169, 73] was presented by Hermann von
Helmholtz in 1879. He derived that a layer of polarity of an atomic distance establishes
at the interface of electrode and electrolyte [170].

He suggested that this ionic layer stores charge and that the local potential changes
linearly from the electrode potential φs to the electrolyte potential φl over the Helmholtz
distance δH, as shown in Figure 5.9a). In Helmholtz layer theory it is assumed that the
capacitance of the dielectric ionic layer is constant, meaning it can simply be represented
by a capacitor element, such that it behaves similarly to a dielectric capacitor.

In this simpli�ed description of the double layer, the capacitance CH is independent of
the charge density and a function of the dielectric constant of the electrolyte as well as
the double-layer (or in this case Helmholtz layer) thickness. The model simpli�es many
of the complex processes occurring in the vicinity of the electrode/electrolyte interface,
such as adsorption onto the surface and interaction between solvent dipole moments and
the electrode.

The Helmoltz layer theory was further modi�ed by Gouy and Chapman [171, 172], by
modelling anion and cation distribution in a non-linear way; They included a non-linear
capacitance element CG−C, as shown in Figure 5.9b) accounting for thermal motion of
electrolyte anions and cations. The continuous distribution thereof in the electrolyte away
from the electrode solid surface is called the di�use layer. Their proposed exponential
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Figure 5.8: (a) Electrode/electrolyte interface potential including di�usion overpotentials,
activation overpotential and passivating layer overpotential, and (b) Triple Species Ele-
ment representation of Equation 5.38 representing the link between the electron, lithium-
ion and intercalated lithium networks
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Figure 5.9: Schematic of double-layer models (a) the Helmholtz model, (b) the
Gouy�Chapman model, and (c) the Stern model, showing the inner Helmholtz plane
(IHP) and outer Helmholtz plane (OHP)

anion and cation distribution model resulted in an overestimation of capacitance in the
location of a point charge at the electrode surface.

Aiming to overcome the problem of exponential capacitance at the electrode surface, Stern
[173] integrated the two previous modelling approaches, proposing that the double layer
is formed by a Helmholtz layer in series with a Gouy-Chapman layer, as shown in Figure
5.9c). The former, called a compact or Stern layer, contains adsorbed ions. He de�ned
the regions occupied by the two types of adsorbed ions by further distinguishing the inner
Helmholtz plane and the outer Helmholtz plane.

This �eld of research has been very active in the past and many more theories have been
o�ered, although disagreement remains as to what the double layer actually is, where it
is and what it depends on [73, 164, 174]. A challenging aspect in modelling the region
at the interface of the electrode and the electrolyte is that the physical phenomena are
near-impossible to experimentally verify. As soon as a reference electrode is inserted to
investigate local properties, it itself has an e�ect on the electrochemical processes taking
place. Furthermore, the de�nition of the location of 'bulk' electrolyte poses challenges in
the analysis in that there is disagreement where the screening length ends in the region
of the reaction site. Although the e�ect of polarity in the vicinity of the interface ceases
to a�ect the ionic movement further away from the surface it is di�cult to de�ne where
this non-linearly decreasing potential region ends.

The vicinity of the double-layer at the electrode-electrolyte interface is where the elec-
trochemical charge-transport process takes place. The high ionic concentrations that
are inherent to the double layer are expected to a�ect ionic transport to and from the
interface.

The following represents the simplest version of the Gouy-Chapman model. Only uni-
valent ions are considered and the electrolyte assumed to be charge neutral, such that
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there is an equal number of positive and negative ions.

The distance over which the potential drop ηdl
i due to the presence of the double layer

occurs, is characterised by the Debye length λ [175, 176]. The Debye length in turn
is a function of electrolyte lithium-ion concentration cLi+ , the applied current, and the
ionic conductivity of the double layer �lm κdl in [S m−1]. This means that, the more
concentrated the bulk electrolyte, the smaller the Debye length, meaning the screening is
more e�ective.

The double-layer overpotential is therefore a function of only the electrolyte properties
and is independent of electrical potential of the electrode.

ηdl
i =

λi
κdl
i

, (5.39)

where

λ =

√
RTε0εr

2(nF)2cLi+
, (5.40)

where ε0 is the the permittivity of free space and εr is the dielectric constant in [F m−1].

Oldham et al. [172] re�ned the expressions �rst proposed by Kornyshev [177] for elec-
trode/electrolyte interfaces, by relating the electrical potential di�erence between the
electrode/electrolyte interface φl(0) and the bulk electrolyte φl(∞) to the charge density
q on the interface as a sum of an inner layer potential drop (�rst term of Equation 5.41),
depending on particle size of a lithium-ion rLi+ and an outer layer potential drop (second
term of Equation 5.41).

φl(0)− φl(∞)

q
=
rLi+

ε0εr

+
2RT

nFq
arcsin

{
q√

8RTε0εrcLi+(x)

}
(5.41)

This equation can be expressed as two capacitors in series, thus the overall capacitance
of the double layer being the inverse of the sum of the reciprocals of the two constituting
layers; the inner and the outer.

1

Cdl

=
φl(0)− φl(∞)

q
(5.42)

=
φl(0)− φl (λ)

q
+
φl(λ)− φl (∞)

q

=
1

Cinner

+
1

Couter

,

where the capacitances of the inner layer capacitance can be formulated as
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Cinner =
ε0εr

rLi+
(5.43)

and the outer layers can be obtained by factoring Equation 5.40 out of Equation 5.41 as

Couter =

√
ε0εr

λ

q√
8RTcLi+(x) arcsin

{
q√

8RTε0εrcLi+ (x)

} . (5.44)

It can be seen that only the outer layer capacitance varies as a function of lithium-ion
concentration away from the reaction site, while the inner layer is described by a linear
relationship between distance and capacitance. Equation 5.42 of this Gouy-Chapman
modi�cation proposed by Oldham et al. is plotted in Figure 5.10 for the Kokam 5 Ah cell
(Parameters: εr = 0.177 nF m−1, rLi+ = 1.00 nm, cLii(∞) = 1200 mol m−1and T = 298 K).

Figure 5.10: Inner and outer double layer capacitance contribution as a function of stored
charge at the solid-electrode interface under the assumption of constant electrolyte density
for a Kokam 5 Ah cell

In Figure 5.10, the capacitance contributions from the inner and the outer layer are
distinguished. For the case of an un-polarised double-layer (the point of zero charge)
the capacitance of the layer minimises, as can be seen by the vertical axis intersection in
Figure 5.10. Under this condition, the Equation 5.41 for the overall layer capacitance at
each electrode/electrolyte interface simpli�es to

Cdl
i =

ε0εr

rLi+ + λi
. (5.45)

As has been shown previously in Figures 5.4 - 5.6, the double-layer capacitance is arranged
in parallel with with the apparent electrode potential in the circuit arrangement.
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5.7 Species transport in the electrode and electrolyte

Up to this point only the electrochemical phenomena at the reaction site have been dis-
cussed. In the following, the physical processes associated with mass transport between
bulk and interface locations will be discussed. This allows the derivation of electrical cir-
cuit equivalents which encapsulate the capacitative and resistive nature of electrochemical
species transport in electrodes and electrolyte. Expressions re�ecting the physical phe-
nomena will be derived allowing the representation of the system in an equivalent circuit
while retaining a logical phenomenological correspondence to the physical phenomena.

5.7.1 Species transport in the electrolyte

As a current is applied, a concentration gradient of lithium-ion in the electrolyte phase
establishes, resulting in relative ionic motion from high to low concentration regions,
encapsulated by a separate sub-circuit representing di�usion in the electrolyte. The �ux
of a species as a result of such concentration gradients can be described by Fick's �rst
law,

Ji(x, t) = −Di
δci(x, t)

δx
(5.46)

such that particles di�use away from regions of high concentration to regions of low
concentration. In general, a space-varying �ux leads to a change in local concentration
with time, as given by Fick's second law:

δci(x, t)

δt
= Di

δ2ci(x, t)

δx2
(5.47)

When modelling species transport to or away from intercalation or de-intercalation sites,
a source/sink term jLi in [A m−3], denoting the consumption/production of species at the
electrode/electrolyte interface has to be included in Equation 5.47; This term represents
additional mass entering or leaving the respective species circuit and applies at each
electrode/electrolyte interface.

For example, as a charge is applied, the negative species �ux due to a positive concen-
tration gradient of the to-be-reduced (intercalated lithium) species in the cathode leads
to a positive concentration gradient in the electrolyte next to it of the already oxidised
species (lithium-ions), in turn leading to a species �ux there. Di�usion of lithium-ion in
the electrolyte can be formulated as

∂
(
εlcLi+

)
∂t

=
∂

∂x

(
Deff

Li+
∂

∂x
cLi+

)
+

1− t0+
F

jLi, (5.48)

where ε is the electrolyte volume fraction and t0+ is the ion transport number [73]. The
ion transport number, also called the transference number, is the fraction of total current
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carried in an electrolyte by a given ion. Typically, salts in aqueous solution have trans-
ference numbers near 0.5, meaning each species (ions and cations) carries roughly half of
the current [73].

The boundary conditions in the electrical domain re�ect the fact that Li+ is contained in
the electrolyte only.

∂cLi+

∂x

∣∣∣∣
x=0

=
∂cLi+

∂x

∣∣∣∣
x=L

= 0. (5.49)

The e�ective electrolyte di�usion coe�cient of lithium-ions Deff
Li+ in [m2 s−1] is a function

of the weighted average of the di�usion coe�cient DLi+ of the anions and the cations in
either the separator or the electrodes and εl is the volume fraction of the electrolyte phase.

Deff
Li+ = DLi+ε

l (5.50)

5.7.2 Species transport in the electrodes

This methodology can be applied for di�usion in the radial direction for the purpose of
species transport modelling in the spherical electrode particles. The species transported
in the sub-circuit describing the electrodes is uncharged intercalated lithium Lii.

∂cLii

∂t
=
DLii

r2

∂

∂r

(
r2∂cLii

∂r

)
, (5.51)

where i denotes the respective electrode domain and DLii is the respective electrode dif-
fusion coe�cient in [m2 s−1].

The boundary condition in this case re�ects the fact that the intercalated lithium can only
be produced/consumed by reactions at the electrode/electrolyte interface of area as. They
are converted from/into Li+, as speci�ed by Equation 5.48 and appear in the source/-
sink term jLi at the electrode/electrolyte interface. The boundary conditions re�ect the
symmetry of geometry chosen for spherical particles in Equation 5.51.

∂cLii

∂r

∣∣∣
r=0

= 0,−DLii
∂cLii

∂r

∣∣∣
r=rS

=
jLi

asF
(5.52)

5.7.3 Phenomenological electric circuit elements derivation

The transport phenomena of lithium-ions in electrolyte and intercalated lithium in elec-
trodes are translated into phenomenological electric circuit elements in the following.
These form the building blocks of the sub-circuits governing the transport of the indi-
vidual species, which will �nally be assembled into a complete circuit network governing
the electrochemical reactions between them.
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As lithium-ions are positively and electrons are negatively charged species, the cir-
cuit element governing their transport are formulated to re�ect electrical quantities in
[V] , [A] , [Ω] and [F]. Intercalated lithium represents an uncharged chemical species,
hence the formulation of the circuit governing its transport to re�ect electrochemical/-
chemical quantities in [J mol−1] , [mol s−1] , [J s mol−2] and [mol2 J−1]. The TSE repres-
ents the translation node where chemical quantities are linked to electrical quantities
by a conversion factor of 1/nF.

The low-frequency phenomenon of mass transport by di�usion is commonly modelled
in equivalent circuit models by RC pair arrangements. Such �tted resistor-capacitor
networks are, however, not derived from the physical phenomena in a cell. Not only this,
it also makes those models less �exible outside their parametrisation regime, which makes
this approach unsuitable for the purpose of this thesis. Here, each electrical analogy is
to retain its physical meaning, hence the values of all resistors and capacitors are to be
functions of fundamental electrochemical parameters unlike in previous ECN models.

The RC pair arrangement implemented for mass transport in the chemical and electrical
domains is shown in the electrode (in spherical coordinates) and in the electrolyte (in
Cartesian coordinates) in Figure 5.11. The values of the resistors and capacitors in each
domain are derived in the following.

In the chemical domain, the charge on the capacitor corresponds to the molar amount mi

of the species present within a shell volume and the potential drop across the capacitor
corresponds to the specie's electrochemical potential µ̄i. In the case of an electrical �eld
being present the additional potential of the capacitor is equal to the electrostatic poten-
tial. The resulting potential across the entire element then amounts to the electrochemical
potential as the sum of chemical potential and electrostatic potential, as shown in Figure
5.12.

The de�nition of capacitance of a species is derived in the following in the chemical
domain in [mol2 J−1] following an analogy to a dielectric capacitor. As stated previously,
activity ai tends to be proportional to molar content mi by ai(x) = γmi(x)/mref(x) . This
allows the substitution of molar amount mi, using the fact that concentration is equal
to mi(x)/ (∆x)3 to obtain the chemical (superscript = 'ch') capacitance Cch(x, t) as a
function of concentration in a control volume.

The chemical capacitance as a result of local species particle concentration is therefore

1

Cch (mi)
=

∂µ̄i
∂mi

=
∂

∂mi

(
µ0
i + RT ln

(
mi

mref
i

))
=

RT

mi

(5.53)

This methodology is applied to the chemical capacitance in [mol2 J−1] in the intercalated
lithium transport network inside the electrodes, which is in this case in polar coordinates;
resulting in the chemical capacitance of a shell-shaped volume at distance rj from the
particle centre.
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Figure 5.11: Resistor and capacitor (RC) elements integration for (top) lithium-ion trans-
port in the electrolyte in Cartesian coordinates in the electrical domain, and (bottom)
intercalated lithium transport inside the electrodes in the chemical domain in spherical
coordinates
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Figure 5.12: Capacitor electrical equivalent of the electrochemical potential µ̄i of spe-
cies i consisting of the chemical potential µi in its' uncharged state and the additional
electrostatic potential ziFφi due to a charge being applied to the species

Cch
Lii (rj) =

cLii (rj)

RT (xj)
· 4

3
π (rj − rj−1)3 (5.54)

where j is a counter through the spatial discretisation points. This equation is valid for
transport through both electrodes i. The temperature inside the particle is considered
homogeneous and taken to be equal to the surface temperature T (xj) of each particle. A
detailed discussion of the thermal model is provided in Section 5.10.

Using Equations 5.15 - 5.16, the expression for the electrical capacitance of discretised
electrolyte volumes with lithium-ions can be derived in Cartesian coordinates in [F] in
the electrical domain by applying the 1/nF conversion factor. Although the assumption
is made in this model that the amount of species particles participating in each reaction
is equal (nLi+ = nLii = n) these n-terms are included in the following derivations to allow
future adaptation to species reactions obeying di�erent reaction ratios.

Cel
Li+ (xj) =

cLi+ (xj)

RT (xj) (nF)2 · (xj − xj−1)As (5.55)

The local species concentration variations in the electrodes lead to species �uxes to and
away from the interface. Transport from a region with high electrochemical potential to
a region with low electrochemical potential can be expressed as [178]:

Jch
i (rj) = −Dci (rj)

RT (xj)

∂µ̄i
∂r
· (rj − rj−1) (5.56)

The chemical �ux can be considered as the result of an electrochemical potential gradient
across a chemical resistance such that

Jch
i (rj) = − 1

Rch
i (rj)

· ∂µ̄i
∂r

. (5.57)

Equating Equations 5.56 and 5.57 allows the derivation of an expression of Rch
Lii (rj) as a

resistance in [J s mol−2] to an intercalated lithium �ux inside the electrodes.
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Rch
Lii (rj) =

RT (rj)

cLii (rj)DLii

· (rj − rj−1)−1 (5.58)

Analogous to the methodology applied for deriving chemical capacitances, Equation 5.15
is used to obtain the expression for resistance in [Ω] to a �ux of lithium-ions though
electrolyte in the electrical domain and in Cartesian coordinates:

Rel
Li+ (xj) =

RT (xj) · (nF)2

cLi+ (xj)DLi+
· (xj − xj−1)−1 . (5.59)

The expressions for Rel and Cel allow the calculation of an RC time as 4x2/D which is
in accordance with derivations by Horno et al. [179].

Derivative quantities of energy and power can be derived easily using these fundamental
electrical and chemical expressions and are summarised in Table 5.3.

Electrical domain Chemical domain

Quantity Symbol Unit Quantity Symbol Unit

Electrical potential V V Electrochemical potential µ̄ J mol−1

Electron �ux (current) I A Chemical �ux Jch mol s−1

Electrical power P el = V I W Chemical power P ch = µ̄Jch W
Charge amount Q = It C Molar amount m = Jcht mol
Electrical energy Eel = P elt J Chemical energy Ech = P cht J

Electrical capacitance Cel = QV −1 F Chemical capacitance Cch = mµ̄−1 mol2 J−1

Electrical resistance Rel = V I−1 Ω Chemical resistance Rch = µ̄
(
Jch
)−1

Js mol−2

Table 5.3: Analogy between the electrical and chemical domains

5.8 Charge conservation

Charge has to be conserved in the electrolyte as part of the chemically balanced reaction
at the anode and the cathode. Equation 5.60 is therefore adopted

∂

∂x

(
κeff ∂

∂x
φl

)
+

∂

∂x

(
κeff

D

∂

∂x
cLi+

)
+ jLi = 0, (5.60)

where κeff is the electrolyte e�ective ionic conductivity in [S m−1] and κeff
D is the electrolyte

ionic conductivity in [A m−1]. As previously, jLi represents the source/sink term due to
the conversion of chemical species which enter/leave the electrolyte.

Furthermore, it is assumed that there is no �ux of the species out of the control volume,
meaning the domain potential gradient at the boundary [x = 0, L] must be zero.

∂φl

∂x

∣∣∣∣
x=0

=
∂φl

∂x

∣∣∣∣
x=L

= 0 (5.61)
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The electrolyte ionic conductivity κeff
D is in itself a function of the concentration of the

species in the electrolyte.

κeff
D =

2RTκeff

F

(
t0+ − 1

)(
1 +

d ln f±
d ln ci

)
(5.62)

and,
κeff = κεp

Li+ , (5.63)

where the electrolyte ionic conductivity in the bulk electrolyte κ was obtained experi-
mentally by Smith & Wang et al. [142].

κ = 15.8cLi+ exp
(
−13472 · c1.4

Li+

)
(5.64)

Charge also has to be conserved inside the electrodes. The source/sink term links the
electrode and electrolyte domains (Equations 5.60-5.65). This expression applies to both
electrodes

∂

∂x

(
σeff

Lii

∂

∂x
φs

Lii

)
= jLi (5.65)

Note that a �xed sign jLi acts as a source in one domain and as a sink in the other.
At the electrode/current collector interfaces there is a charge �ux which is a function of
the drawn current (Equation 5.66). At the separator the boundary conditions for the
conservation of charge in the electrodes (Equation 5.67) can be deduced as

−σeff
a

∂φs
a

∂x

∣∣∣
x=0

= σeff
c +

∂φs
c

∂x

∣∣∣
x=L

=
I

As

(5.66)

∂φs
a

∂x

∣∣∣
x=L−

=
∂φs

c

∂x

∣∣∣
x=L−L+

= 0 (5.67)

where the e�ective electronic conductivities σeff
Lii in [S m−1] for each electrode are de�ned

as

σeff
Lii = σLiiεLii (5.68)

The equivalent circuits for the sub-systems (intercalated lithium, lithium-ions and elec-
trons) are combined, as shown in Figure 5.13. As can be seen the TSE links the e− circuit
containing an electron transport resistance Re−

el , the intercalated lithium circuits in the
electrodes and the lithium-ion circuit in the electrolyte.
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Figure 5.13: Triple Species Element (TSE) implementation with sample sub-circuits for
electron, intercalated lithium and lithium-ion transport
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5.9 Degradation through passivating layer growth

As discussed previously, one of the main reasons for cell degradation is through passivating
layer growth due to side-reactions, leading to an increase in internal impedance and a loss
in cyclable lithium. These unwanted side-reactions are observable as a passivating layer
exchange current density ipl. The total exchange current density it in [A m−2] therefore
has to be di�erentiated in exchange current density from useful electrochemical reaction
iint and from the parasitic side-reaction ipl leading to the growth of the passivating layer.

it,i = iint,i + ipl
i (5.69)

The assumption is made that the process of passivating layer growth is irreversible, as it
has been shown that the reverse reaction contributes less than 1% of exchange current
density [175].

Under this assumption the current-overpotential equation for the side-reaction exchange
current density ipl

i for the passivating layers on each electrode simpli�es according to the
Tafel equation [73]:

ipl
i = −i0i as,i exp

(
F

2RT
ηpl
i

)
. (5.70)

It is often assumed in the literature that the passivating layer growth at the cathode is
negligible [180]. For generality and versatility of the model, however, both anode and
cathode layer growths are included although their rate of growths are likely to di�er
greatly.

The side-reaction exchange current density through the passivating layer leads to a po-
tential drop ηpl

i and therefore a reduction of useful potential. As could be seen previously
from its de�nition in Equation 5.36, ηpl

i is a function of reaction interface area as, pas-
sivating layer resistance Rpl in [Ω] and the total exchange current density. The total
current e�ectively causes passivating layer growth and yields the side-reaction exchange
current, while a fraction (determined by the value of as) of the total current is lost in the
side-reaction. The rate of passivating layer growth can be expressed according to [141]:

d

dt
Rpl
i =

1

κpl
i Si

d

dt
δpl
i , (5.71)

where

Si = 3εs,iδ
pl
i

as,i

rs,i

(5.72)
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The rate of growth of the passivating layer thickness is related to the magnitude of the
side-reaction current density, the layer's density ρpl

i in [kg m−3] and the molar weight of
the new precipitate Mpl

i in [kg mol−1].

d

dt
δpl
i = − i

pl
i

2F

Mpl
i

ρpl
i

(5.73)

This integral of passivating layer side-reaction current density represents the amount of
cumulative capacity lost due to electroactive material being tied up in the interface region.
It no longer participates in the electrochemical shuttle between anode and cathode and
presents a quanti�able capacity loss to the system.

Qpl
i = −

tˆ

0

Lˆ

0

ipl
i dx dt (5.74)

5.10 Heat generation

The electrochemical processes inside the cell cause various types of heat generation and
absorption leading to a local temperature change, which in turn a�ects material properties.
The temperature dependence of reaction rates is commonly formulated with an Arrhenius
law:

Ψ = Ψref exp

[
EΨ

act

R

(
1

Tref

− 1

T

)]
(5.75)

Each property Ψ at temperature T is a function of its reference value Ψref at its ref-
erence temperature Tref in [K], while activation energy EΨ

act in [J mol−1] represents the
temperature sensitivity of the property.

Heat generation and absorption in a cell during operation is due to a combination of reac-
tion heat (qr), ohmic heat from ionic transport though the electrode and electrolyte phase
(qj), ohmic heat due to the contact resistance between the electrodes and the respective
current collectors (qc) and entropic heating due to phase changes of the electrode matrices
during intercalation/de-intercalation, (qe) all in [J]. Conservation of thermal energy in
the cell therefore dictates a balance between heat accumulation, convective dissipation
and heat generation terms:

ρCp
∂T

∂t
=

∂

∂t

(
k
∂T

∂x

)
+ (qr + qj + qc + qe) , (5.76)

with boundary conditions [W m−2 K−1]
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∂T

∂x

∣∣∣∣
x=0

=
∂T

∂x

∣∣∣∣
x=L

=
h

k
Ao (T − Tamb) , (5.77)

where ρ is the density of the respective domain in [kg m−1], Cp is the speci�c heat capacity
in [J kg−1 K−1], k is the thermal conductivity in [W m−1 K−1], h is the convective heat
transfer coe�cient between free air in [W m−2 K−1], Ao is the convective surface area
exposed to the cooling medium and Tamb is the free stream temperature of the surrounding
space.

The process of the electrochemical reaction is associated with a heat generation term,
referred to as the reaction heat, which is due to the total reaction current overcoming the
cell charge-transfer overpotential. This heat generation term includes the contribution
from the passivating layers, as these are part of the charge-transfer overpotentials. As
there is no reaction taking place in the separator domain, this equation does not apply
here.

qr = as

x+dxˆ

x

it
(
φs − φl − Eeq

i

)
dx (5.78)

Local ohmic heat dissipation arises from the current in each domain with �nite conduct-
ivity. The �rst term on the right hand side of Equation 5.79 represents the ohmic heat
dissipation in the electrodes; the second and third terms represents those in the elec-
trolyte phase. Note that while the �rst and second terms are always positive, the third
term is generally negative, since the transport of lithium-ions in the electrolyte leads to
a reduction of ionic current in that domain.

qj = as

x+dxˆ

x

[
σeff

Lii

(
∂φs

∂x

)2

+ κeff
Li+

(
∂φl

∂x

)2

+ κeff
D

(
∂ ln cLi+

∂x

)(
∂φl

∂x

)]
dx (5.79)

The contact resistance between electrodes and current collectors, including the e�ect of
binders, gives rise to a further heat term which is applicable only at those locations in
the electrode pair.

qc = (Ibat)
2 Ric

Aic

(5.80)

Host material phase transitions during lithiation and de-lithiation to both electrodes gives
rise to a reversible heating term, the entropic heat. It is the only heat term which in itself
is a function of temperature.

qe = asitT
∂Eeq

i

∂T
(5.81)
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5.11 Assembly of the model

The complete electrochemical model is illustrated diagrammatically in an example imple-
mentation of a LiNixCoyMnzO2 cathode and a LiC6 anode electrode pair in Figure 5.14,
as comprising of three particles in each electrode and three discretisation elements in the
separator. All circuit equations are implemented as derived above, including a temper-
ature dependency of the following parameters and functions according to an Arrhenius
law: exchange current densities i0, di�usion coe�cients in the electrolyte DLi+ , di�usion
coe�cient in the electrodes DLii, ionic conductivities κLii and double layer capacitances
Ddl
i .

Circuit layout: The cathode is shown on the right hand side of the model, the anode is
shown on the left hand side with the separator region in-between. In this arrangement the
anode particle closest to the separator is discharged �rst, followed by the particles further
away. Similarly, the cathode particles closest to the separator are charged �rst, followed
by the particles further away. This allows for the prediction of concentration gradients
across the electrode thickness and consequently gradients of all other electrochemical and
thermal properties. The electrolyte domain is discretised at each particle location and
through the separator, again allowing for species concentration gradients due to mass
transport limitations to be predicted across the cell. Ohmic contact resistances Rel

e−

represent the electronic ohmic loss though the cathode aluminium current collector and
the anode copper current collector as well as the electronically conducting additives of
both electrodes.

Modelling domains: The sub-circuits governing the transport of uncharged species i.e.
intercalated lithium is modelled in the chemical modelling domain. Intercalated lithium
has a chemical (rather than electrical) potential as it has not yet participated in an
electrochemical reaction. Inside the electrodes, resistances oppose the species �ux to or
from each particle shell to the next and to the electrode/electrolyte interface where the
reaction takes place. The potential contained in each shell is represented by capacitances.
The intercalated lithium sub-circuits therefore govern the transport and conservation of
chemical quantities, such as chemical potential in

[
J mol−1

]
, chemical �ux in [mol sec−1],

chemical resistance in [J s mol−2] and chemical capacitance in [mol2 J−1].

The sub-circuits governing the transport of charged species i.e. (negative) electrons and
(positive) lithium-ions are modelled in the electrical modelling domains as these species
are the result of the electrochemical reactions. The resistance to lithium-ion �ux in the
electrolyte from one electrode to the other though the separator is modelled by resistors,
while the potential stored in each discretised volume is represented by a capacitor. The
lithium-ion and the electron sub-circuits therefore govern the transport and conservation
of electrical quantities, such as electrical potential in [V], electrical �ux (current) in [A],
electrical resistance in [Ω] and electrical capacitance in [F]. The chemical and the electrical
domains are linked with a conversion factor of 1/nF , where n is the number of atoms of
each species participating in each reaction (in this model equal to unity).

Special model features: Local electrode surface passivating layers establish and grow
during operation due to parasitic side-reaction taking place during reactions. The sub-
sequent build-up of the layer's thickness and its resistance leads to lithium-ions being tied
up locally and no longer participating in the redox shuttle; manifesting itself in the form
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Chapter 5. The new Equivalent Circuit Model

of capacity fade. Furthermore, the passivating layer increase progressively leads to an
increase of internal impedance observable as power fade.

Triple Species Elements link the chemical sub-circuit (governing uncharged species prior to
the reaction taking place i.e. intercalated lithium) and the electrical sub-circuits (govern-
ing charged species after the reaction has taken place). Information of the local electrode
potential and chemical species �ux are coupled to the local electrolyte potential and elec-
tron �ux just between the electrodes by the TSE. The top edge of each TSE therefore
represents the electrical potential of the electrochemical species inside an electrode particle
(i.e. the real electrode potential at the interface where the reaction takes place) while the
bottom corner represents the chemical potential of the species.

A capacitor representing double-layer capacitance is arranged in parallel with each TSE
element and depends on local electrochemistry and temperature. This allows the predic-
tion of local concentrations a�ecting di�usion to and from the interface and its impact on
dynamic cell behaviour. In this parallel arrangement, lithium-ions can only cross over to
become intercalated lithium when they participate in a reaction. As described by Equa-
tion 5.58, the resistances to chemical �uxes in the electrolyte and electrode are functions
of the already stored species concentration. As a result, in a volume with higher con-
centration a further addition of species requires a higher potential than if it had a low
concentration. Local concentration imbalances in either domains therefore lead to chem-
ical �uxes re-balancing though the resistances leading to di�usion overpotential losses.
The direction of current �ow is indicated for a charge situation resulting in concentration
gradients and species �uxes in the radial directions, the direction of which is also indicated.
In this case, intercalated lithium de-lithiates from the negative electrode (as indicated by
the chemical �ux arrow direction) and lithiates into the cathode (again shown by the �ux
arrow direction) into the particles of the positive electrode.

Sub-circuit layout: As indicated by the schematic of the TSE, each corner is �guratively
connected to one of the three species linked by it. While the left-hand side is connected to
the electron transport circuit, the right-hand side is connected to the electrolyte transport
system and the bottom corner is connected to the transport network inside the electrode.
Species transport inside the electrodes and the electrolyte is modelled by RC ladder
networks.

Overall cell potential: Recalling the formulation of the electrode/electrolyte interface
potentials of each electrode (Equation 5.38) the overall battery operating voltage Vbat is
obtained as the sum of all the potential drops across the cell. In the order of cathode to
anode current collector ohmic loss this can be expressed as

Vbat = −Rel,c
e− Ibat → cathode current collector ohmic potential drop

+
(
φs

c − φl
c

)
→ cathode electrode/electrolyte interface potential di�erence

−
(
φl

c − φl
a

)
→ electrolyte potential di�erence

−
(
φs

a − φl
a

)
→ anode electrode/electrolyte interface potential di�erence

−Rel,a
e− Ibat . → anode current collector ohmic potential drop

Information on electrode equilibrium potential and overpotential contributions can be
obtained in the form of a virtual voltmeter. The potential drop and �ux at every element
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in the circuit retains a physical meaning. In this implementation both electrodes are
modelled with the same discretisation, but comprising di�erent parameters. Therefore,
although the circuit elements are denoted with the same variable names within each
sub-circuit in the �gure, their value during operation will deviate due to local operating
conditions and a di�erent parametrisation.

5.12 Interim conclusion

The model presented in this section addresses the majority of aspects previously identi�ed
as areas of further development

1. In the presented methodology the model is structured into clearly de�ned physics-
based sub-circuits governing individual species' phenomena. Each can be observed
separately and parameter evolution compared to other model predictions or, where
possible, to experimental data.

2. An electrical analogy is derived for the complex electrochemical reaction process
which links the sub-systems of individual species. This allows for a straightfor-
ward comparison of electrochemical parameters such as charge-transfer resistance
to EIS experimental data. The newly presented phenomenological equivalent circuit
network:

(a) allows for locally variable passivating layer thickness, resistance and capacit-
ance, depending on local electrochemistry and temperature, and

(b) allows for locally variable double-layer capacitance and potential, depending
on local electrochemistry and temperature

3. Previous developments have been extended to include phenomena thus far omitted.
These are:

(a) local temperature variation and the subsequent dependency of local electro-
chemical processes,

(b) capacity fade through loss of cyclable lithium, and

(c) power fade through increase of internal impedance

4. In this model implementation, the dependency on an empirical relation governing
the equilibrium potential of each electrode (due to its standard reduction potential
and concentration variation) has not been removed yet; however, an approach in
order to do so has been provided. The simplicity of the experiments required in or-
der to extract these two functions rendered this method superior for the purpose of
automotive applications compared to the detailed half-cell testing and atomic phys-
ics analysis that would be required for a fundamentally derived function. This is the
only design criterion which has not been fully resolved as was initially anticipated.
(Note: the vast majority of models in the literature make the same adaptation of
an empirically obtained function to describe electrode equilibrium potential)
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Chapter 5. The new Equivalent Circuit Model

5. All phenomenological analogies are linked to local thermal e�ects and are therefore
allowed to vary locally. The resulting local gradients of concentrations, potentials,
�uxes and temperatures form additional contributors to the complex electrochemical
system.

6. Previous work has been extended upon in terms of visual representation and layout
of the network. This allows for straightforward future adaptations, modi�cations,
extension and system-level implementation by system designers.
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Chapter 6

Model application and results

Overview

This chapter describes the parametrisation of the model and provides several study out-
comes and comparisons between the model, professional desktop modelling software and
experimental measurements. Shortcomings in the accuracy of both, the parametrisation
and the model outputs, are discussed. The model's capability to simulate cell behaviour
under dynamic events from 0% to 100% State-of-Charge conditions is demonstrated with
various test procedures. Examples for model output are given for several standard battery
testing procedures as well as realistic automotive drive cycle loads.

6.1 Parametrisation of the model

The ultimate goal of the model presented in this work is real-time (or faster) performance
prediction of a cell using the already existing basic infrastructure of current, voltage and
temperature measurements only. This is with the aim to quantify state of health, level
of degradation and remaining battery capacity. Figure 6.1 shows the process of model
derivation, parametrisation and simulation and demonstrates the ease of adaptation of the
model presented in this work. Bold system variables denote the commonly sole two states
monitored on a battery management systems level. The wealth of additional information
which can be obtained using this methodology is also shown. This allows the observer
to make accurate predictions of current and past cell performance characteristics as well
as monitor thermal conditions while in operation. The aim of the implementation in this
form is to allow an easy modi�cation by control engineers, BMS designers and vehicle
system platform engineers without costly experimental work and macroscopic analysis.
For battery materials commonly used by the automotive and portable electronics industry,
the parameters required tend to be easily available in the academic literature.

Although an iterative process of parameter optimisation is indicated in the �gure, the
model and results presented in this thesis are obtained as stand-alone. This means no
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�tting to experimental data is performed to optimise the model predictions. The ability
to predict battery behaviour based on fundamental phenomenological battery modelling
as opposed to empirical methodologies is therefore demonstrated.

Further optimisation of the model's predictions beyond what is demonstrated in this
thesis might be achieved by accounting for further chemical and electrical phenomena
and processes (see Future work).

Figure 6.1 shows the parameter set required for the model and classi�es the variable set
into

1. The model parameters which characterise the cell response

2. The input which is measured live and represents the running input variable to the
model

3. The output variable set

All of which can be classi�ed according to the circuit network they describe, electron,
lithium-ion, lithium-atom and thermal network, as shown in the �gure.

The parameters used in the model are obtained from various literature sources, as indic-
ated in Table 6.1. Like in other phenomenological methodologies the model predictions
depend highly on the quality of the initial model parameters. Their accuracy and avail-
ability is in�uenced by many factors, such as the actual ability to experimentally measure
them (access), the boundary conditions under which they were obtained as well as the
age, quality and usage history of the test specimen. Furthermore, material chemical modi-
�cations may be trade-secrets, meaning the values obtained from the academic literature
might not re�ect the true material properties.

The level of discretisation, structure and arrangement of circuit elements in the model
may be a further cause of discrepancies between model predictions and experimental data
as will be discussed for each study.

6.2 Model implementation

In the following, the phenomenological equivalent circuit model described in Chapter 5 is
implemented in Matlab/Simulink in a single-particle and a three-particle con�guration.
It is compared to solutions provided by a multi-physics modelling solution proposed by
Doyle, Newman et al. [181, 101] which was implemented by COMSOL Ltd. in the com-
mercial modelling software [182, 183]. Furthermore, model predictions are compared to
experimental data, the sources of which are acknowledged accordingly. Di�erent operating
regimes are investigated: charge/discharge under constant current (CC), transient regimes
and relaxation under pulse load, standard test procedures and a real-world drive cycle in a
vehicle application. The cell evaluated in this study is a commercial LiNi1/3Co1/3Mn1/3O2
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Figure 6.1: Schematic demonstrating model parametrisation and optimisation iteration
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graphite pouch cell SLPB 11043140H (5 Ah) by Dow Kokam. A single-particle imple-
mentation and a three-particle implementation are shown in Figure 6.2 and Figure 6.17
respectively.

Figure 6.2: Example implementation of a single-particle implementation example of the
new phenomenological model. Note, that all capacitance and resistance values in the
sub-systems are functions not only of the local states but also of location in the x- and
r- directions. Each particle has been discretised into four concentric shells while the
electrolyte has been discretised into three segments in the separator and one segment in
each electrode

In this model an initially healthy cell is assumed in a like-for-like comparison with the
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cell parameters from the literature assumed to be accurately re�ecting the Kokam cell
chemistry. The parameter values of the real cell are also common to both simulations
and are listed in Table 6.1. As mentioned previously, it is technically possible to re�ne
these values by numerical optimisation in order for the simulation results to �t closer to
experimental data, although this is not part of the scope of this thesis.

The thermodynamic potential as a function of the anode stoichiometry is obtained from
the literature [184, 142], whereas the equation for the cathode is obtained as the di�erence
of a near-OCV experiment (conducted at C/20 on the same cell) and the anode thermo-
dynamic potential (Figure 6.3). Note the Kokam 5 Ah battery stoichiometric range from
x0% = 0.98 and x100% = 0.363 [184]. This speci�ed range indicates that the cyclable range,
meaning the rated nominal capacity of the cell overall, is only about 50% of the total
capacity of the positive electrode for this cell. Some of this 'over-engineered' weight of
50% could perhaps be accessed in a non-degradation inducing way by optimising the cell's
charging and discharging strategy and by avoiding speci�c degradation-inducing battery
states. The phase transition points on the positive electrode can also clearly be seen
in Figure 6.3 at around x = 0.95 and x = 0.65 (where the equilibrium potential curve
exhibits a change in slope).

Figure 6.3: Thermodynamic potential equations for anode and cathode over their stoi-
chiometric ranges [7]

A further feature of the positive and negative electrode potentials is their respective
potential ranges. While the anode equilibrium potential ranges from 0.08 V − 0.175 V
during discharge the cathode equilibrium potential ranges from 4.28 V − 2.875 V and
exhibits a rapid drop in potential at low SoC. The �at nature of the resulting OCV
curve means that predictions at the middle of the SoC range have to be obtained under
tight error tolerances (as a small voltage deviation may lead to a large SoC error), and
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that on-line predictions at high SoC have to be made fast to avoid over-discharge during
operation. These arguments highlight the importance of the accurate parametrisation
of equilibrium potential equations of both electrodes (but especially the cathode) as the
basis of the model to avoid estimation errors.

6.3 Constant discharge/ constant charge

The C/2, 1C, 2C, 10C and 20C discharge and C/2, 1C and 2C charge test procedures
were conducted in a thermally controlled environment at room temperature using a po-
tentiostat (HCP/1005 Bio-Logic) with a 100 Ampere booster. The procedure before each
experimental procedure was a full charge (4.2 V; SoC=100%) or a full discharge (2.4 V;
SoC=0%) with a constant current of 1C, followed by a Constant Voltage (CV) charge
until the charge current reached C/20, and by a rest period of two hours.

ECN simulation predictions and experimental data of these procedures can be seen in
Figure 6.4. The simulation results show good agreement with the experimental data.
Overall errors amount to less than 9% for the case of a 20C discharge, which was deemed
su�ciently accurate for automotive applications. It can be seen that in both the model
predictions and the experimental data, the visible phase transition features fade away
at increasing C-rate, which is attributed to the shorter duration of the charge/discharge
processes leading to a more gradual transition between phases and the more frequent
occurrence of co-existing phases over the whole operating range. Only accounting for
di�usion overpotentials resulting from two species (of Li+ and Lii) might not su�ce at high
C-rates, but the transport of species in various other phases might have to be accounted
for as this perhaps impacts on local di�usion coe�cients.

The simulation error encountered during charge appears to be slightly larger than during
discharge. One possible reason for this could be that the charge-transfer coe�cients
(α) describing the rate of the electrochemical forwards and backwards reactions are not
exactly equal in reality.

The deviations occur predominantly at the higher charge C-rates. Although the model
allows for heat generation and is thermally coupled at each spacial discretisation, the heat
dissipation to the outside might be the reason for the slight deviation from experimental
data at high C-rates.

In addition, errors in model parameters might cause a slight overestimation of temperature
increase as will be shown in Section 6.4. This temperature overestimate leads to an
overestimation of the rate of electrochemical reactions, meaning the model allows a current
at a lower charge transfer resistance than the real cell. Furthermore the increasing error at
low SoC may be attributed to an inaccurate cathode equilibrium potential, the signi�cance
of which becomes most visible at a high cathode stoichiometry. Similarly, during charge
the charge-acceptance is overestimated slightly, which again may be attributed to errors
in the equilibrium potential equations or external cell cooling e�ects by convection which
might have been underestimated in the model.
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Chapter 6. Model application and results

Figure 6.5: Comparison of model predictions against experimental data of temperature
increase from a homogenous 20C starting temperature for 1C, 2C, 5C and 10C discharge
procedures. Experimental data collected by Yu Merla

Figure 6.4: Comparison of model predictions and experimental data of various discharge
(left) and charge (right) C-rates. Experimental data collected by Yu Merla

6.4 Temperature increase during constant charge

The temperature increase encountered during the 1C, 2C, 5C and 10C discharge proced-
ures is shown in Figure 6.5 with experimental data shown in comparison.

All data traces exhibit non-linear temperature increases which are partly due to entropic
heat contributions as well as the non-linear increase of charge transfer resistances, as
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Chapter 6. Model application and results

will be shown later. The overestimations at higher discharge rates could be due to the
di�culty in maintaining the same thermal boundary conditions in the experimental test
set-up and in the model. Furthermore, it is expected that the heat generation inside the
cell will di�er in reality as there are many electrode pairs stacked rather than just one
(like in this model con�guration).

6.5 Overpotential contributions

The various di�usion overpotential contributions during a full 1C discharge are shown in
Figure 6.6.

Figure 6.6: Model predictions of activation overpotential (solid line) and di�usion over-
potentials (dotted lines) during a 2C discharge

It can be seen that, during most of the discharge, total overpotential is dominated by
the activation potential between Li+ and Lii and the di�usion overpotential of Li+ in
the electrolyte. The di�usion overpotential contributions due to Lii mass transport in
the electrodes are relatively insigni�cant at high to medium SoC. These become very
signi�cant at low SoC. This is in line with the very high internal impedance observed at
low states of charge (see Figure 6.9).

6.6 Heat generation terms

The heat generation associated with the overpotentials during a 2C discharge is shown in
Figure 6.7. The entropic heat contributions from anode and cathode can clearly be seen to
take a negative value, which is due to energy being consumed in the endothermic processes
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during lithiation and de-lithiation. Both reaction heat contributions (anodic/cathodic)
are always positive and sharply increase towards zero SoC which is due to the sharp
increase of the electrode charge transfer overpotentials (as previously seen in Figure 6.6).
Upon discharge, as more lithium is extracted from the negative electrode and more lithium
is pushed into the already nearly full positive electrode, the more di�cult this process
becomes as nearly all lattice sites are already occupied.

Figure 6.7: Model prediction of heat generation during a 2C discharge: entropic heat
generation qe and reaction heat qr generation in the anode and cathode. Experimental
data collected by Yu Merla

6.7 Phase transitions DTV

More details of the underlying phase transition phenomena in the positive and negat-
ive electrode can be revealed with a technique called di�erential thermal voltammetry
[167]. A galvanostatic charge/discharge is performed while measuring cell temperature
and voltage. For low C-rates, when overpotentials are relatively small, the ratio of temper-
ature di�erential and voltage di�erential dT.dV−1 reveals locations of phase transitions,
which a�ect entropic heat generation. A large dT.dV−1 value indicates that a small
change in voltage leads to a large change in temperature, which has been shown to be
an inherent characteristic exhibited by a phase transition in the electrode intercalation
matrix [191]. For more detail on this technique the reader is referred to [167, 191]. Both
the experimental and the simulation data were generated at 2C and show quite good
agreement.
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Figure 6.8: Comparison of model predictions and experimental data of di�erential thermal
voltammetry at 2C. Experimental data collected by Yu Merla

6.8 Electrochemical Impedance Spectroscopy

An Electrochemical Impedance Spectroscopy analysis at various SoC levels was carried out
to capture the dynamic impedance characteristics of the Kokam cell. These measurements
were performed with a Biologic VSP potentiostat with a 200 mA RMS AC current sine
oscillation. This amplitude of 200 mA was deemed to be large enough to reduce signal
noise and small enough to maintain a linear system. The analysis frequency range was
chosen to capture all physical phenomena of interest, which from previous work on lithium-
ion impedance characterisation was found to be 100 kHz to 0.01 Hz [193, 194]. Further
to this, the data was processed to extract circuit �tted parameters. The circuit used is
shown in Figure 6.9.
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.

Figure 6.9: EIS data of the Kokam 5Ah cell under load and the equivalent circuit used
for parameter �tting in order to allow a comparison of various parameters in this chapter.
Experimental EIS data collected by Yu Merla, the �tted EIS equivalent circuit parameters
used in several studies in this section are derived from these measurements and are hereby
acknowledged [8]

This circuit was adopted from [195, 196] with each circuit parameter aiming to encap-
sulate a di�erent (and if possible distinctive) electrochemical phenomenon. The circuit
parameters were extracted using the curve �tting algorithm in ZView by Scriber Associ-
ates, the numerical parametrisation techniques of which are detailed in [197]. The large
impedance increase between 20% SoC and 0% SoC stemming from the sharp overpotential
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increases discussed earlier can be clearly seen.

A comparison of the experimental data �tted ECN parameters and the simulated data is
shown below for several resistance parameters.

Figure 6.10: Comparison of (lines) model predictions and (symbols) EIS �tted equivalent
circuit parameters of the cumulative e�ect of passivating layer and series resistances. The
model enables the prediction of passivating layer and series resistance for each electrode
separately. The contributions of each electrode are subsequently added (as they occur in
series) to allow for a comparison with the EIS predictions

In Figure 6.10 the simulated series resistance Rs is compared to that of the ECN �tted to
the EIS data Rs

EIS fit over the whole discharge range. Given the very small change in series
resistance, this parameter was set to be constant in the model. In future modi�cations of
this model, a gradual increase of internal impedance could be accounted for to account
for degradation mechanisms like corrosion, interface resistances etc. a�ecting shelf life, as
will be highlighted in Section 6.13. Similarly the simulated passivating layer Rpl (of both
anode and cathode lumped) is compared to the of the EIS �tted ECN Rpl

EIS fit. It can be
seen to increase over discharged capacity. This is due to the continuous growth of the
passivating layer as a function of exchange current and side-reaction exchange current.
The discrepancies between model prediction and EIS data might be due to contributing
factors to passivating layer growth which have so far not been accounted for, such as
passivating layer break-down and re-formation. A further source of discrepancy could be
the EIS circuit �t.

The contributions to di�usion resistance leading to the di�usion overpotentials are shown
in Figure 6.11. As mentioned previously, the resistance to further intercalation and de-
intercalation increases progressively towards zero SoC which is apparent in the very high
total internal impedance at that point, as shown in Figure 6.12. The e�ect is further
exaggerated by the sharply increasing overall activation overpotential towards zero SoC.
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Figure 6.11: Comparison of (lines) model prediction and (symbols) EIS �tted data of
di�usion resistances from lithium transport in anode, cathode and electrolyte

The total internal impedance is never zero which is due to the never-zero passivating
layer resistances, series resistances and activation overpotentials. Furthermore, it can be
seen that the simulation overestimates both charge-transfer resistance and total internal
impedance at high to medium SoC, while predicting these two parameters with greater
accuracy at low SoC. This, again, might be attributed to slight inaccuracies in the model
parameters, a non-perfectly symmetrical forward and backwards reaction or errors in the
EIS element �tting. Since an erroneous prediction of cell characteristics at low SoC can
potentially have the more detrimental e�ect of allowing over-discharge, a better �t for low
SoC is preferred to a better �t at high SoC.
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Figure 6.12: Comparison of model prediction and EIS �tted data of (dotted) charge
transfer resistance and (solid) total resistance

As can be deduced from the equivalent circuit in Figure 6.9 used for �tting, there is
only one circuit branch. Accordingly, only one exchange current trace may be obtained
from this circuit where anodic and cathodic phenomena are 'lumped' into one. The newly
proposed ECN is able to predict anode and cathode exchange current densities as separate
quantities, shown in Figure 6.13.

Figure 6.13: Comparison of (solid) model prediction and (symbols) EIS �tted data of
exchange current at anode and cathode

The evaluation of exchange current density at anode and cathode separately is important
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for the further calculation of side reaction current densities which result in the accu-
mulation of lost cyclable material in the passivating layer (discussed in Section 5.6). It
therefore allows the prediction of capacity fade as a function of lost active material which
no longer shuttles between anode and cathode. Figure 6.14 shows a comparison between
experimentally obtained capacity fade over 800 cycles and simulated data.

The cell was subjected to a 6C discharge followed by a 2C charge for 800 cycles including
a log cycle at 1C discharge every 50 cycles. Furthermore, the cell tab temperature was
maintained at 250C by clamping it between two continuously PID controlled Peltier ele-
ments. The results presented are obtained by applying the same input and boundary to
the model as to the experimental test cell. For a detailed description of the test rig the
reader is referred to Troxler et al. [198].

Figure 6.14: Comparison of model prediction and experimental data of cell capacity fade
over 800 cycles. Experimental data obtained by Yan Zhao, publication in process [9]

The comparison is made under the assumption that this form of degradation is the only one
present in the real cell. Many others may have a�ected capacity fade although the good
agreement between simulated and experimental data gives con�dence that this is indeed
the main degradation mechanism. The experimental data was collected using a fresh
o�-the-shelf cell, allowing a like-for-like comparison. The underestimation of the onset
of capacity fade might be due to an underestimation of the signi�cance of temperature
gradients between individual electrode pairs. Since the model used in this chapter re�ects
the behaviour of a single electrode pair, the temperature gradient though each material
segment thickness brought on by a neighbouring electrode pair (or the position of the
electrode pair within the cell) might be underestimated.

Accordingly, a further discretisation and the addition of multiple electrode pairs might
yield a better �t of capacity fade prediction of the model and experimental data, and is
hence suggested future research.
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Furthermore, heat might dissipate away from the surface better than predicted by the
model. A consequently higher heat generation in the model results in an acceleration
of the electrochemical reactions during cycling, and consequently speed up the onset of
degradation. This might yield a better �t of capacity fade predictions, especially for
cycling regimes including more aggressive C-rates than the ones included in this test
procedure.

6.9 CC-CV charge procedure

Figure 6.15 shows simulation data of a CC-CV charging procedure as well as experimental
data under the same conditions. This charging regime is very common in battery applic-
ations and commonly forms the procedure at the end of charge regime. As the cell is
charged with a constant current (CC) and the cell terminal voltage reaches a threshold,
a variable ('trickle') current is applied in order to maintain a constant voltage (CV) at
which the cell remains even once the charging current is removed and the cell has relaxed
to equilibrium. As this procedure is usually initiated towards 100% SoC it is important
to be able to predict and avoid overcharging.

Figure 6.15: Comparison of model prediction and experimental data (solid symbols) of
cell terminal voltage for a 1 C CC charge followed by a 4.2 V CV procedure at room
temperature allowing free heat dissipation. The load applied to the test cell (dashed line)
is compared to the current calculated from the predicted cell voltage and the predicted
internal impedance I = Vbat/Rint

The �gure shows a good �t of simulation versus experimental data. The overshoot at
the end of the CC regime may be attributed to potentially di�erent thermal conditions
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of the test cell and the model. At the end of the charge the experimental cell might have
accumulated more heat, accelerating the electrochemical processes and making it more
responsive to a change in applied load. The model, on the other hand, is less responsive
as it over-estimates heat dissipation. The electrode pair therefore appears to be cooler,
making its electrochemical kinetics slower.

6.10 Pulse discharge/charge procedure

The simulation results and experimental data of a charge/discharge pulse test procedure
pulse of 170 s duration is shown in Figure 6.16: a 5C discharge (20 s) is followed a by
an open-circuit relaxation period (90 s), a 5C charge (20 s) and an open-circuit relaxation
period (30 s). The results of the ECN can be seen to be in relatively good agreement with
the experimental data.

Figure 6.16: ECN model predictions of cell voltage compared to experimental data

The ability to predict lithium concentration and distribution through the system under
application of the pulse regime (Figure 6.16) is demonstrated in Figures 6.18 - 6.19 in a
3-particle anode/3-particle cathode con�guration which was shown previously in Chapter
5 (but is here reprinted for convenience).
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Figure 6.17: Example implementation of a three-particle network. Note, that all capa-
citance and resistance values in the sub-systems are functions not only of the local states
but also of location in the x- and r- directions

The simulation is compared to model outputs of a COMSOL model implementation or
experimental data (where parameters can be physically measured). Both simulations
were run with the same discretisation and initial conditions, using the same computa-
tional power/capability (Intel i5-3317U CPU@ 1.7GHz, 8.00GB RAM). Given the accur-
acy demonstrated at this level of discretisation (discussed in the following studies), no
further sensitivity analysis on particle number was performed; leaving an area for future
work. Figure 6.18 shows the evolution of lithium-atom concentration in the electrode
particles closest to the current collectors. Each particle is discretised into �ve concentric
shells.

Lithium concentration balances out upon load removal due to di�usion and the inner
regions replenish the surface region in both anode and cathode. As can be seen, the model
predicts well the relaxation of the cell towards equilibrium conditions upon load-removal.
The discrepancy between the model prediction and experimental data may, again, be
attributed to the possible di�erence in thermal boundaries applied to the model and the
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Figure 6.18: Time evolution of lithium concentration inside an electrode particle of a) an-
ode and b) cathode under application of pulse regime shown in comparison with COMSOL
results

test cell. While the model electrode pair was allowed to develop heat freely, heat in the
test cell is likely to have been dissipated di�erently in the full test cell. The combination
of many electrode pairs in parallel accumulating heat within and the challenges with
uncontrolled heat dissipation from the surface of the cell are di�cult to replicate in the
model in its current set-up. The combination of multiple electrode pairs and through
thickness heat accumulation is therefore suggested as a topic of future work.

Figure 6.19: Electrolyte concentration during a) the discharge pulse section and b) the
charge pulse compared to COMSOL results

Employing the same pulse test (Figure 6.16) and discretisation, lithium-ion concentra-
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tion in the electrolyte was investigated and compared to results obtained from COM-
SOL; Concentration evolution in this 3-particle/2-separator discretisation con�guration
is shown Figure 6.19. During the 5 C discharge pulse lithium concentration deviated
by 2.75 mol m−3 from the COMSOL prediction, cathode concentration predictions by
2.59 mol m−3 and separator by 5.12 mol m−3. Similarly during the charge pulse lithium
concentration deviations of 3.82 mol m−3 (anode), 1.52 mol m−3 (cathode) and 6.35 mol m−3

(separator) were found. When compared to the initial (equilibrium) conditions of 1200mol m−3

these are very small, at less than 0.5% error.

6.11 Custom testing procedure

The detailed electrochemical response in terms of overpotentials was investigated in the
following by applying the custom testing procedure shown in Figure 6.20a) at 80% SoC and
observing the evolution of the various overpotentials at di�erent time steps. The variation
of lithium-ion concentration in the electrolyte cLi+ , seen in Figure 6.20b), varies locally
for most time steps. Immediately upon load application, concentration gradations can
be seen to establish in both the electrolyte and the electrodes. These local concentration
gradients balance upon load removal and the cell potentials return to equilibrium.
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Figure 6.20: Cell voltage response under application of a custom load cycle application
at 80% SoC with segregated overpotential contributions showing (a) applied load curve,
(b) electrolyte lithium concentration, (c) solid electrode lithium concentration, and (d)
exchange current density

In Figure 6.20c) it can be seen that the change in electrode intercalated lithium concen-
tration in the positive electrode is larger than in the negative electrode, indicating a larger
di�usion overpotential in the negative electrode. This is not surprising given the smaller
solid electrode di�usion coe�cientDs of the anode material. The variation in local current
density is shown in Figure 6.20d). It can be seen that variations are particularly extreme
during the initial (strongest) discharge period, pointing towards the fact that it is very
sensitive to mass transport limitations. This can also be observed in Figure 6.21a) over
the same test period, where the contributions of all overpotentials are overlaid. When
summing up the potential losses due to the various electrochemical and electric process
contributions, and normalising them over the total overpotential during the cycle segment
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(Figure 6.21b), the percentage contribution of each phenomenon in each domain can be
observed separately in Figure 6.21b).

Figure 6.21: a) Comparison of model prediction of cell voltage and contribution overpoten-
tials for the custom load cycle in Figure 6.20a) at 80% SoC model prediction (solid thick),
experimental data (symbols), and applied C-rate (solid thin, right axis) b) normalised
percentage overpotential contributions in each domain

It can be seen in Figure 6.21b) that the largest contribution to overall overpotential stems
from contact resistance and an ohmic potential drop across the electrolyte

(
φl

LiMO2
− φl

LiC6

)
,

while electrolyte and electrode mass di�usion overpotentials, activation and passivating
layer overpotentials present a relatively smaller contribution. Overall potential losses in
the electrolyte amount to 34% during this cycle, while the remainder of overpotential
losses occurs in the electrodes. It can be seen that signi�cantly higher losses occur in
the cathode than in the anode, which justi�es the scienti�c interest in improving the
properties of cathode materials.

The pulse procedure (Figure 6.16) was applied to the 5 Ah Kokam battery cell at various
SoC levels (80%, 65%, 50%, 35% and 20% SoC); with the aim to compare the accuracy of
the model predictions for dynamic inputs over the whole range of SoCs. Model predictions
and experimental data of this procedure are shown in Figure 6.22.
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Figure 6.22: Comparison of model prediction and experimental of cell response to a pulse
procedure at 20%, 35%, 50%, 65% and 80% SoC. SoC values outside this range were
not tested as the cut-o� voltages were reached during the charge/discharge pulse periods
which terminated the tests

Expectedly, the largest deviations of the model predictions from the experimental data
occurred at high SoC and low SoC: a maximum di�erence of 4.62 mV between the exper-
imental data and the model predictions was found for the highest SoC pulse procedure
(80% SoC) and a 11.44 mV di�erence was found for the lowest SoC pulse procedure (20%
SoC). These errors can be attributed to inaccuracies in the values of stoichiometry at
100% SoC and 0% SoC in anode and cathode (Table 6.1). Slight variations of x−,100%,
y+,100%, x−,0%, y+,0%, result in signi�cantly di�erent thermodynamic potentials at both
extremes of SoC (see Figure 6.4). In principle, the initial values of stoichiometry depend
on cycling and storage history of the cell.

To demonstrate the model's capabilities at an increased level of load complexity, a North-
ern European Driving Cycle (NEDC) load curve was scaled to suit the capacity and voltage
range of the Kokam cell; the NEDC was chosen due to its popularity in industry despite
being known to fall short in demonstrating the bene�ts of electri�ed vehicles. In Figure
6.23 the ECN cell voltage prediction is compared to experimental data. The largest devi-
ation from the experimental data occurred at the higher C-rate event at 1115.1 s (51.5 mV
di�erence, 1.29% error).
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Chapter

Figure 6.23: Comparison of model prediction and experimental data of cell response to
an NEDC derived load cycle

6.12 Real-life driving cycle

To demonstrate the model's capabilities in a real-world application, test data (current,
voltage, time) was collected from a vehicle participating in the Future Car Challenge in
2012 [199]. Of this, a 25 min (Figure 6.24a) extract was used as input to the model and the
results compared to the cell voltage recordings made during the run. The vehicle in this
case was a PHEV with relatively low C-rates. The cell measurements (�) were recorded
from the BMS via the vehicle CAN bus at discrete time steps (0.1 s) with an associated
allowable error (|) in Figure 6.24. This 'allowable error' stems from rounding of the de-
livered sensor measurements as the CAN communicates values rounded to four signi�cant
digits. The load to the battery was obtained via the CAN as well, such that the ability
of the ECN in replacing the implemented simplistic battery state prediction algorithm
could be demonstrated. Not only does the model inform of basic performance parameters
(such as Voltage, SoC, SoF) but it does so by enabling access to a wealth of additional
information which are all derived from the underlying electrochemical principles.
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Figure 6.24: (top) Real drive cycle application to the ECN simulation in comparison with
experimental data. (bottom) 200 s extract of the same load cycle

The cell in the vehicle is, of course, integrated in a pack and likely subject to unequal
loading and cell balancing, while only the current/voltage at the pack connectors is con-
ventionally measured for range estimation. Knowledge of the pack con�guration allowed
scaling of load and cell response to a single cell; however, hidden is information about
cell imbalances, internal resistance variations and individual cell load balancing by the
BMS. Assuming these are not dominant e�ects in the brand-new battery pack of the test
vehicle under investigation, the error between test data and ECN results is attributed
mostly to wire shielding (leading to errors in current/voltage recordings of the test data)
and temperature impact, possibly from neighbouring cells (leading to errors in simulation
results). The errors (average 2.35% - 91.65 mV) were found to be worst during the most
aggressive 5% of discharge events (in terms of C-rate) whilst all remaining events were
found to deviate by less than 0.12% from the collected data. Run-time of the simula-
tion was 42.57 s for the whole 25 min load-cycle using the samronyme computation power
available as previously mentioned.

6.13 Interim conclusion

The novel phenomenological electrical circuit network presented has been demonstrated
to predict electrochemical systems under realistic operational conditions. It allows the
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calculation of species concentration distribution for a given current load as a result of
electrochemical reactions and species di�usion. It has been demonstrated that all variables
have a direct physical interpretation and that there is direct access to all states of the cell
via the model variables (species concentrations, potentials etc.).

This application example is an automotive system, in which results were obtained at a rate
faster than real-time and within the accuracy requirements of the Battery Management
System. Examples for model output were given for a constant and pulsed charge/dis-
charge, as well as a standard and a realistic drive cycle load; all of which were shown do
be in good agreement with test data and complex simulation software output.
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Conclusion

The aim of this work was to develop a new phenomenological battery model able to cap-
ture the electrochemical and physical processes relevant in automotive applications under
realistic operational conditions. The model was obtained by combining detailed knowledge
of cell electrochemistry with the principles of electrical engineering. The mathematical
equations describing the complex phenomena occurring during electrochemical reactions
have been translated into electric circuit elements. The model has been demonstrated to
serve as a purposive performance prediction tool for gaining insight into the electrochem-
ical processes occurring during vehicle operation. It has been structured in order to allow
for straightforward incorporation of further physical and electrochemical processes. Vari-
ous examples of model predictions were given for constant and pulsed charge/discharge
loads, as well as standard and real-world drive cycle loads; all of them were shown do be
in good agreement with experimental data or commercial modelling software predictions.
It has been shown that physical phenomena, electrochemical and electrical quantities are
straightforward to monitor since the physical meaning of each circuit element in the model
is apparent.

The model presented addresses the majority of aspects previously identi�ed as areas of
further development in the academic literature

1. In the presented methodology the model is structured into clearly de�ned physics-
based sub-circuits governing individual species' transport. Each can be observed
separately and their characteristic parameter evolution compared to other model
predictions or, where possible, to experimental data

2. An electrical analogy is derived governing the electrochemical reaction process which
links the sub-systems of the three species. The methodology allows for a straightfor-
ward comparison of electrochemical parameters (such as charge transfer and series)
to experimental electrochemical impedance spectroscopy data. The newly presented
phenomenological Equivalent Circuit Network allows for locally variable

(a) lithium-ion and lithium-atom concentrations,

(b) exchange current densities,

(c) overpotentials due to reaction activation, di�usion of lithium-ions and inter-
calated lithium, passivating layers and double layers,

(d) passivating layer thickness, resistance and capacitance,

(e) double layer capacitance and overpotential, and
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(f) local temperature and the subsequent dependency of local electrochemical pro-
cesses.

3. The Triple Species Element encapsulates the process of the electrochemical reaction
and, as such, serves as the link between the electric and the chemical domains,
connecting the three separate transport circuits of electrons, the reduced species
(intercalated lithium) and the oxidized species (lithium-ions) in the electrodes and
electrolyte.

4. Previous modelling e�orts by Bergveld [4] have been extended to include the fol-
lowing degradation phenomena of

(a) capacity fade through loss of cyclable lithium due to passivating layer growth,
and

(b) power fade through increase of internal impedance due to passivating layer
growth.

5. A clear visual representation and layout of the network is developed, governing the
electrochemical phenomena and transport of species. This allows for straightfor-
ward future adaptations, extensions and system-level implementations by system
designers of the present framework.

In comparison to previous ECN modelling e�orts presented in the literature, the presen-
ted phenomenological equivalent circuit network allows the extraction of a wealth of ad-
ditional information on internal battery performance characteristics (e.g. concentrations,
potentials, overpotentials, local temperatures etc.), enabling a more accurate real-time
prediction of the states of the battery. Given the same measurement inputs as con-
ventional 'black-box' models implemented in commercial vehicles today, this information
allows the quanti�cation of battery performance parameters (such as local heat generation
and capacity/power fade), which have so far been inaccessible.

Although cast in a framework familiar to control engineers, the model bene�ts from many
of the advantages of electrochemical battery models: all variables have a direct physical
interpretation and there is direct access to all states of the cell via the model variables.
As such, the model predicts performance for all combinations of operational conditions,
takes account of their interplay and can track the causes of degradation without lengthy
experimental testing.

Knowledge of the battery states ultimately allows the derivation of a compact battery
performance estimator including the observation of internal processes for direct BMS
implementation. The visibility of detailed variables allows for optimised cell control and
safeguarding of the battery pack, while enabling a more accurate prediction of the onset
of capacity and power fade.

The methodology is further applicable for electrochemical system performance evaluation
and prediction in any kind of portable electronic device or application with limited com-
putational power availability and fast solution requirements. E�ects such as battery
degradation can be predicted based on physical phenomena, rather than by empirical
relations.
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The proposed model therefore allows a signi�cant enhancement of BMS capabilities while
avoiding costly hardware modi�cations or experimental tests. This will not only enable
designers to better estimate the lifetime of the product as a whole for warranty purposes,
but will also render electric vehicles a compelling alternative to internal combustion engine
propelled vehicles.
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Future work

Within the time constraints of this PhD project, the author feels that a signi�cant contri-
bution has been made but acknowledges many areas of the modelling and experimental
work could have bene�ted from more work given more time. The following suggested
model extensions and future work recommendations are by no means exhaustive but aim
to indicate a direction of research towards 1. the scaling of the presented model, 2. the
accounting for additional operating conditions in automotive applications, 3. the modi-
�cation to di�erent cell chemistries and 4. the adaptation of the model code for BMS
implementation. Furthermore, 5. model usage purposes and 6. model applications besides
automotive battery state prediction are suggested.

1. Scaling of the presented model:

(a) addition of multiple electrode pairs to build a multi-layered structure re�ecting
commercial cells

(b) addition of a second and third discretised dimension to predict cell behaviour
in 2D and 3D

(c) modi�cation of the electrode discretisation to allow for more realistic particle
dispersions

(d) modi�cation of the electrode phase circuit equations to account for di�erent
particle shapes

(e) addition of multiple cells to form cell assemblies and battery packs

(f) addition of a thermal model accounting for heat propagation through the cell
thickness and across cell assemblies

2. Battery electrochemistry modi�cation:

(a) modi�cation of the parameter set accounting for di�erent chemistries governed
by the same electrochemical reaction laws

(b) modi�cation of the triple species element to allow for di�erent electrochemical
reaction laws

(c) modi�cation of the double layer model to account for di�erent layer structures
and electrode porosity
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(d) extension to allow for further degradation mechanisms, such as lithium plating,
passivating layer break down, dendrite formation etc.

(e) extension to allow for gas development during the reaction process

(f) extension to account for phase transition phenomena of the insertion electrode
materials

(g) extension to account for self-discharge

(h) extension to account for material corrosion

(i) modi�cation to enable a the calculation of electrode equilibrium potentials from
fundamental principles

(j) extension to account for anions occurring as part of the reaction process

(k) extension to account for lithiation and de-lithiation stresses and tortuosity of
electrodes

(l) extension to account for thermal run-away and uncontrolled reaction processes

3. Extension of operating conditions envelope:

(a) extension of the thermal model accounting for external temperature variations
(cell tab temperature control, surface temperature control, adverse operating
temperature etc.)

(b) extension to account for the e�ects of mechanical abuse (vibration, compres-
sion, nail penetration etc.)

(c) extension for further modes of degradation (dendrites, passivating layer break-
down, electrode de-lamination, electrolyte decomposition etc.)

4. Adaptation of the model code for BMS implementation:

(a) code transformation to �t BMS code

(b) sensitivity study under automotive operational conditions to potentially �x
certain parameters and subsequently reduce model complexity

(c) assessment of in-use computational requirements of the optimised on-line code

5. Model usage purposes:

(a) cell design

(b) pack design

(c) cooling system design

(d) Battery Management System design

(e) Energy Storage System design and optimisation of electric energy use in the
powertrain

(f) charging/discharging strategy development

6. Further model applications beyond batteries in automotive systems:

(a) state prediction in small portable electronics systems
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(b) state prediction in energy grid balancing and decentralised energy storage sys-
tems

(c) other electrochemical systems characterised by reactions of species at a reaction
site (fuel cells, redox �ow batteries)
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Chapter 6. Model application and results

Tables 6.2 - 6.3 summarise the assessment of the most advanced phenomenological equi-
valent circuit models proposed in the literature against the design criteria and highlights
areas of possible further developments.

Task: Translation of the relevant electrochemical phenomena into electric modelling ana-
logy in the form of an equivalent circuit model over length and time scales relevant to
automotive applications which capture the necessary physics phenomena of interest

Table 6.2: Literature assessment against model design criteria I
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Chapter 6. Model application and results

Task: Prediction of additional phenomena by developing a physics based electric equi-
valent circuit of the electrochemistry governing equations describing the processes in the
battery:

Table 6.3: Literature assessment against model design criteria II
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