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Abstract
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Dyson School of Design Engineering

Doctor of Philosophy

Understanding the Effects of Heterogeneities on Battery Pack Lifetime

by Max Peter NAYLOR MARLOW

Practical lithium-ion battery (LIB) systems require parallelisation of tens to hundreds of cells to

achieve high capacities, however interconnection resistances, pack architecture and thermal gradients

influence start of life (SoL) performance and subsequent degradation. The literature review found

that parallel string degradation is a major underexplored area, motivating this work to develop un-

derstanding of the effects of heterogeneities on parallel-string degradation.

The tools to perform detailed investigations of the effects of heterogeneities and architecture were

developed, including Peltier-based thermally controlled test benches, a quantitative diagnostic model,

and an equivalent circuit network model. At SoL, thermal heterogeneities led to state of charge (SoC)

deficits and reduction in accessible capacity. Interconnection overpotentials, cell open circuit voltages

and cell impedance contribute to the pack current distribution. While coupled and non-linear, cell

impedance is the dominant cause of heterogeneity. This study gives a detailed understanding of the

coupled causes of current heterogeneities in parallel-strings.

An experimental study of parallel-string lifetime (temperature range 20-45 ◦C) shows thermal het-

erogeneities caused divergent capacity fade between parallel-connected cells. While growth of the

solid-electrolyte interphase is generally quoted as the dominant degradation mechanism, for the nickel

manganese cobalt oxide-graphite cells studied, impedance growth was negatively correlated with tem-

perature, suggesting other dominant mechanisms. Consequently, increasingly heterogeneous current

and SoC distributions occur during aging. Quantitative diagnostics indicate the dominant degradation

mode transitions from loss of cathode active material at low temperature to loss of lithium inventory at

increased temperatures. Therefore, consideration of cathode degradation is critical to understanding

degradation within battery packs at intermediate temperature. A mechanistic model describing the

observed degradation is proposed whilst the comprehensive aging dataset is made available.

This work thus highlights the importance of cathode polarisation resistance, which was previously

not well captured, while developing understanding of lifetime behaviour in LIB packs and providing

underpinning insights for developing longer lifetime packs.
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Chapter 1

Introduction

1.1 Background

Despite the appearance of the first production electric vehicles (EVs) over a century ago, for most

of that period EVs have generally been relegated to niche roles, with internal combustion engine

(ICE) vehicles providing superior range and power at lower costs [1]. With the discovery in the

1980s of practical, room-temperature, high voltage cathode materials such as Lithium Cobalt Oxide

by Mizushima et al. [2], Lithium Ion Batteries (LIBs) have been seen as a practical technology to

advance clean, electrical transportation. LIBs provided a step change in performance compared to

previous technologies and over the past decade, cost per kWh has reduced by 87 % to a volume

weighted average cost of 156 $/kWh. This dramatic cost reduction and predictions that costs will fall

below 100 $/kWh over the next decade, the approximate cost parity point with ICE vehicles, have

resulted in a dramatic and accelerating surge in EV adoption [3].

Although state-of-the-art LIBs offer high performance, single cells have a low voltage (2 – 4.2 V range)

and relatively small capacity (10s to 100s of Whs). Therefore, it is necessary to connect multiple

cells in both series and parallel to form high voltage, large capacity battery packs. For example, in

automotive applications demanding multiple kWhs of energy storage or in grid level storage needing

even greater storage, hundreds or thousands of cells may be connected in series and parallel to deliver

the high capacity and voltages required. As an example, Tesla Model 3 which carries an 50 kWh

pack containing 4,416 individual 21700 cylindrical cells, split into 2 23S46P and 2 25S46P modules

[4]. Many engineering challenges remain surrounding optimal design of electric powertrains, and issues

arise from the high degree of parallelisation seen in commercial battery packs. For example, orientation

of the cooling system may lead to hotter cells passing higher peak currents, accelerating degradation,

or electrical topology may influence the peak current seen within a parallel string. Therefore, a

critical understanding of pack level effects, which are complexly coupled, combined with insight into

the influence of these effects on single cell degradation and performance is key to creating improved

battery packs in the future.

1.2 Research Questions

Alongside cost reductions due to increased manufacturing volumes and processes, as well as lower-cost

battery chemistries, reductions in cost may be achieved via improved system design to improve pack
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2 Chapter 1. Introduction

performance and lifetime, reducing total cost of ownership. Scaling up front the single cell to a full

pack introduces additional losses, and typically pack capacity is reduced compared to expected values

based on the sum of the capacity of the individual cells in the pack. The causes, effects and coupling

between these losses are generally not well quantified or understood, motivating the work presented

in this thesis. The underlying aim of this thesis is to link detailed analysis of degradation within

individual cells to systems level effects and reveal the coupling between cell level effects and pack level

performance loss and aging. In order to achieve this aim, the following research questions are defined

which guided the work carried out during the PhD project. The core theme of work presented in this

thesis is understanding the coupling between both systems level effects and internal cell processes, for

example degradation mechanisms, alongside the coupling between systems level effects.

• What are the principal causes of heterogeneity within a battery pack, and how do they impact

performance?

• How do heterogeneities and thermal effects influence the lifetime of a battery pack?

• What are the feedback effects in the coupling between heterogeneities within a battery pack?

• How do the degradation mechanisms and pathways of single cells differ when scaled to a pack?

1.3 Thesis Structure

In order to answer the proposed research questions, the structure of this thesis is outlined as follows:

• Chapter 1 provides context for the project and the research questions this thesis aims to answer.

• Chapter 2 provides a background in the operating principles of Lithium Ion Batteries, including

the degradation mechanisms relevant to this work. Additionally, background in fundamental

electrochemical characterisation techniques such as electrochemical impedance spectroscopy is

provided, alongside a review of common modern diagnostic techniques used to identify degrada-

tion modes within cells.

• Chapter 3 contains a detailed and focussed literature review concerning heterogeneous behaviour

within parallel connected Lithium Ion Batteries, aiming to summarise the relevant state of the

art literature and identify any gaps in said literature.

• Chapter 4 introduces the tools developed during this project to answer the outlined research

questions, including experimental test benches, a quantitative diagnostic model and equivalent

circuit model used to investigate the effects of various systems-level heterogeneities.

• Chapter 5 presents work carried out to investigate the effects on performance of various hetero-

geneities, including an experimental study of the effects of thermal gradients on performance of

parallel strings. Modelling studies examining the sensitivity of parallel strings to resistance and

thermal heterogeneities are also presented.

• Chapter 6 presents an aging study of parallel cell strings under a range of thermal boundary

conditions and detailed analysis of the development of heterogeneities, capacity fade, power fade

and underlying degradation modes.
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• Chapter 7 presents overall conclusions to the thesis and suggested future work.





Chapter 2

Background

2.1 Introduction

In recent years, dramatic acceleration of the use of energy storage devices in a range of applications

has occurred, especially driven by the accelerating uptake of electric vehicles and personal electronic

devices. The most common energy storage devices used in modern, high performance systems are

LIBs, which are a class of electrochemical device designed to store and release energy on demand to

power an electrical system. Rechargeable LIBs are secondary batteries and are the focus of this work.

Thousands of publications have been written studying many aspects of LIBs since their invention

and commercialisation, however Chapters 2 and 3 focus on providing a background to LIB operating

principles and aims to provide a comprehensive summary of the state of the art as well as identification

of areas requiring continued research. The areas studied in detail are as follows:

• Overview of cell and pack modelling techniques

• Overview of cell and pack level characterisation techniques

• A detailed review of cell and pack level diagnostic techniques

• A detailed review of cell and pack level degradation mechanisms

2.2 Lithium Ion Batteries: Basic Principles and Design

A LIB is an electrochemical device operating using intercalation electrodes to store and release charge,

which is carried between the electrodes via an electrolyte containing Lithium ions. Current applications

demand ever-higher performance, measured in terms of energy and power density, efficiency and

operating lifetime. Meanwhile lower costs and increased levels of safety are also required to allow

widespread use of LIB technologies.

2.2.1 Operating Principles

The basic operating principle of a LIB can be explained by considering a ‘unit’ LIB cell, consisting of 2

porous electrodes (anode and cathode), a separator and an electrolyte, as well as current collectors. A

schematic diagram of a LIB is shown in Figure 2.1, representing a typical cell during discharge. Here,

lithium is deintercalated from the graphite anode during discharge and intercalated into the cathode,
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6 Chapter 2. Background

while the reverse is true during charge. As Li+ ions cross the porous separator and are inserted into

the cathode, an electron flows through the external circuit, powering the external load, or conversely

when a negative potential is applied, lithium is intercalated into the anode, charging the cell.

Li+

e−

Copper Current
Collector

Aluminium Current
Collector

Electrolyte

Cathode AnodeSeparator

Lithium

Oxygen

Transition Metal

Carbon

External Load

Figure 2.1: Schematic representation of a unit LIB cell, with a graphite anode and layered transition metal
oxide cathode

The anode and cathode typically consist of carbonaceous materials and layered transition metal oxides

respectively. Natural or synthetic graphite is typically used for the anode while the cathode contains

metal oxides such as Lithium Cobalt Oxide (LiCoO2, or LCO), Lithium Iron Phosphate (LiFePO4,

or LFP), Lithium Manganese Oxide (LiMn2O4 or LMO), Lithium Nickel Manganese Cobalt Oxide

(LiNix,Mny,Coz,O2, or NMC) or Lithium Nickel Cobalt Aluminium Oxide (LiNi0.8Co0.15Al0.05O2, or

NCA). Typical capacities of common anode and cathode materials are found in Table 2.1. While still

in use, LCO has generally been replaced in many applications (for example automotive powertrains)

where high performance, levels of safety and reduced costs are key considerations by more modern

cathode materials such as NMC and NCA. These materials contain a reduced fraction of Cobalt by

weight, reducing costs. Other Cobalt free cathodes such as LFP and LMO are low cost, however

challenges surround achieving competitive capacity and energy densities, particularly in automotive

applications where weight is at a high premium. Many other cathode chemistries with potentially

higher specific performance are under investigation, however a comprehensive review of these is out

of scope for this work.

Table 2.1: Summary of specific energy, capacity and voltage of common cathode materials. Adapted from [5]

Common
Name

Crystalline
Structure

Compound
Specific
Capacity
[Ah kg−1]

Specific
Energy
[Wh kg−1]

Potential vs.
Li/Li+ [V]

LCO Layered LCoO2 140 546 3.8
NMC Layered LiNi0.33Mn0.33Co0.33O2 180-200 680-760 3.7
NCA Layered LiNi0.8Co0.15Al0.05O2 160-170 610-650 3.7
LMO Spinel LiMn2O4 100-120 410-492 4.1
LFP Olivine LiFePO4 150-170 518-587 3.4

The anode and cathode both contain an inactive fraction of material to both bind the electrode together

and increase the electronic conductivity. To form an electrode, the active and inactive material are
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formed into a slurry with a solvent (organic solvents are used for the typically moisture-sensitive

cathode) and then coated onto the current collector, which is typically a copper or aluminium foil for

the anode and cathode respectively. The separator film, typically consisting of a porous polymer, such

as Polypropylene, which separates the anode and cathode and provides electrical isolation of the two

electrodes, so charge transfer must occur via the electrolyte. The electrolyte consists of a lithium salt

(commonly lithium hexafluorophosphate (LiPF6)) dissolved in an organic solvent (typically a mix of

ethylene carbonate and dimethyl carbonate), which provides the charge carrying Li+ species which are

intercalated into the electrodes. The electrolyte will also usually contain additives to either promote

stable solid-electrolyte interphase (SEI) formation or extend the stable operating voltage range of the

electrolyte, allowing increased energy density.

During operation, the cell can be charged by applying an external potential, oxidising the anode and

driving Li+ ions to the cathode which is reduced. This process is driven by energy delivered from the

external circuit. Correspondingly during discharge the anode is reduced and cathode oxidised, and

electrons flow through the external circuit, delivering power.

2.2.2 Cell Design and Form Factors

Within a LIB, many layers of electrode and separator are stacked to form the core of the battery,

and these elements are packed into a sealed case with electrolyte. LIBs are also produced in various

form factors, commonly cylindrical, pouch, prismatic and coin cells. Different form factors will deliver

different traits which influence the overall performance of the battery, summarised as follows

• Geometry (e.g. size, shape, tab location, packing efficiency)

• Mechanical (e.g. electrode stresses and compression)

• Thermal (e.g. surface area to volume ratio, thermal mass, thermal conductivity)

• Electrical (e.g. internal current paths)

All the listed factors, as well as many others, will influence the overall electrochemical performance

of a LIB. Some influencing factors, for example the thermal performance, do not directly influence

the electrochemistry occurring within the cell, but drive the operating conditions within the cell and

therefore indirectly influence the cell operation. Overall, it is important to consider all of the above

factors during system design and cell selection.

Performance Metrics

The performance of a LIB may be measured against several metrics, depending on the application

demand. Typically, a cell is categorised by the cell charge capacity (measured in ampere hours, Ah)

and nominal cell voltage (average voltage over a discharge at nominal rate), the product of which gives

the cell energy capacity (Wh). However, the true energy capacity of a cell is given by Equation 2.2,

while the charge capacity is given by Equation 2.1.

Q =

∫
I dt (2.1)
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E =

∫
I · V dt (2.2)

It is noted that while a cell may have a certain theoretical capacity, which is the maximum energy that

may be extracted from the cell, the nominal or usable capacity is lower, as usually the cell will not

be operating under ideal lossless conditions. Therefore the nominal capacity will usually be measured

at a given rate inside the specified operating range of the cell. Another consideration is the rate at

which a cell can deliver power to an external load, as a cell may be optimised for either energy or

power density which will have a corresponding influence on performance. The standard method for

comparing rate capability for cells with differing capacities is to consider cells operating at a given

C-rate, which is defined in Equation 2.3.

C − rate =
I

QNominal
(2.3)

The C-rate allows comparison of cells with different capacities and form factors and is defined such that

a discharge at 1 C will occur over a 1-hour period. A high energy cell might be optimised for operation

below 0.5 C while a high-power cell might be able to deliver power at 50 C. As the design demands for

both cases are very different, high performance in one aspect may detract from performance in other

areas. While LIBs are efficient energy storage devices, some energy is lost during a given roundtrip

(i.e. a charge and discharge cycle), and the efficiency is typically measured by considering the energy

efficiency of a cell, defined by Equation 2.4. Meanwhile the coulombic efficiency may be defined by

Equation 2.5, which is equivalent to the ratio between the number of Li+ ions departing and returning

to the cathode in a full cycle. In real systems where ηCoulombic < 100%, it is implicit that the deficit in

ions departing and returning is a consequence of irreversible chemical or electrochemical side reactions

[6].

ηEnergy =
EDischarge
ECharge

(2.4)

ηCoulombic =
QDischarge
QCharge

(2.5)

A key performance metric for LIBs is the specific energy, relative to either the mass (gravimetric)

or volume (volumetric) of the cell. These metrics are defined in Equations 2.6 and 2.7 respectively

and are a critical metric when determining relative performance. It is noted that the specific power,

defined in a similar manner to the specific energy is also an important metric in some applications

which are volume limited.

Gravimetric Energy Density =
EDischarge
mCell

(2.6)

V olumetric Energy Density =
EDischarge
VCell

(2.7)

It is noted that the mass of the cell includes that of the inactive fractions, for example the casing, and

so form factor will influence the overall energy density. For example, cylindrical or prismatic cells with

metal casings may sacrifice some energy density to the mass of the can. Considerations of inactive



2.3. Electrochemical Characterisation Techniques 9

fractions is also key at the pack level, where elements such as the thermal management system store

no energy but contribute mass to the system, reducing energy density compared to a naked cell.

2.3 Electrochemical Characterisation Techniques

In this section, common electrochemical testing techniques are reviewed, and the underlying theory

explained as appropriate. As common characterisation techniques, all the methods reviewed here are

applied to characterisation during the experimental studies presented in Chapters 4-6. It is noted that

this section is not intended as an exhaustive review of characterisation techniques and is focussed on

techniques which are later applied in this work.

2.3.1 General Techniques: Capacity, Pseudo-OCV and OCV Measurements

Cell capacity measures the total electric charge in Ah which can be withdrawn from a fully charged

cell at specific operating conditions and therefore, electrochemically, it is a measure of the amount

of available intercalation material within the full cell. It is noted that in practical cells, the capacity

of each half-cell may be greater, however the possible depth of discharge (DoD) is limited within the

voltage limits of the cell. Generally, this can be measured by charging and discharging the cell under

controlled conditions, while recording the capacity via Coulomb counting. Typically, cells are charged

first under a constant current (CC), until the cell reaches a upper voltage cutoff and then at a constant

voltage (CV), commonly with a current cut-off during the CV charge of around 10 % of the CC value

[7], [8]. The CV phase is included to fully saturate the active material at the upper voltage limit of

the cell. Discharging is most commonly carried out under constant current conditions, until a voltage

reaches a lower voltage cut-off, as this approach benefits from repeatable discharge conditions and

less current measurement errors, compared to a constant power discharge [7]. Measured cell capacity

does however depend on the current rate and the cells temperature during the discharge. At elevated

temperatures, improved solid-state diffusion and ion mobility, governed by the Arrhenius rate law

described in Equation 2.8, leads to a reduction in the cells internal resistance and thus overpotential.

As such, at higher temperatures, more capacity can be extracted before the 2.7 V cut-off voltage is

reached [7], [9].

Ψ = Ψrefe
EΨ
a
R

Å
1

Tref
− 1
T

ã
(2.8)

Where Ψ is the property of interest, Ψref is the property of interest measured at Tref (K), Ea is the

activation energy (Jmol−1) and R is the universal gas constant (Jmol−1K−1).

Reduction of capacity at increased currents is caused by an increased electrode overpotential, which is

related to current via the Butler-Volmer kinetics (Equation 2.9). This assumes that mass transport in

the electrolyte is not the rate limiting step, i.e. there is no depletion in reactant concentration in the

liquid phase at the particle-electrolyte interface. In a case (for example at high rates) where significant

concentration gradients build up in the electrolyte, this description will not be valid, and the effects

of solid- and liquid-phase diffusion are significant. The output, j, is the intercalation reaction flux,

driven by the charge transfer overpotential.

j = i0

(
e
αa F
RT

ηa − e−
αc F
RT

ηc
)

(2.9)
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Where ηa and ηa are the anode and cathode overpotentials respectively (electrode potential (E) -

equilibrium potential (Eeq)), αc and αc are the cathodic and anodic charge transfer coefficients and F

is the Faraday’s constant. i0 denotes the current density for Lithium ion exchange at the solid/liquid

interface. As such, the accessible capacity of the cell falls at increased currents, as the resulting

increase in the overpotential causes the cut-off voltage to be reached before all the cell capacity can

be accessed.

The pseudo-open circuit voltage (p-OCV) refers to an approximated thermodynamic open circuit

voltage (OCV) at a given state of charge. The true cell open circuit voltage may be measured by

charging or discharging a cell to a range of given states of charge and allowing the cell voltage to

relax to a constant value, allowing the fitting of a voltage curve. Alternatively a low rate (<C/10)

charge or discharge of the cell may be carried out, approximating this voltage curve as the p-OCV

curve. When the rate involved is low, and the cell impedance is also low (on the order of 1-10

mΩ) it can be assumed that this will be a reasonable approximate the true cell OCV curve [10]. In

cases where the cell impedance is high, pulse discharge (PD) or pulse charge (PC) methods may be

more appropriate to measure OCV, due to increased overpotentials and therefore deviation between

p-OCV and true OCV measurements, as extremely low current rates would be required to minimise

overpotentials. Additionally, hysteresis is often seen between the charge and discharge OCV curves,

leading to subtle differences between charge and discharge behaviour. It has been proposed that this

voltage hysteresis is caused by compressive stresses within active material particles impeding lithium

intercalation and therefore requiring an extra electrical overpotential to overcome this reaction barrier,

leading to voltage hysteresis [11]. Hysteresis has also been shown to be caused by differences in in

graphite phase succession during charge and discharge, even at temperatures of over 50 ◦C [12].

Given the dependence on testing conditions, international testing standards, such as SAE J1798 [13]

suggest for capacity tests to be done at various temperatures (commonly -20C, 0 , 25 and 45 ◦C) and

C-rates (for example: 1C, C/2, C/3). A fully charged battery under a 1 C constant current discharge

will reach the fully discharged state in 1 hr. An extensive summary of capacity characterisation

operating conditions has been carried out by Barai et al. [7]. Analysis of capacity measurements is

typically simple as usually no smoothing of the data will be required, allowing results to be measured

and used directly.

2.3.2 Electrochemical Impedance Spectroscopy

Measurements and Theory

Electrochemical impedance spectroscopy (EIS) is a common and powerful tool used for analysis of

electrochemical systems as it is both able to be applied in-situ and gives the user the ability to

decouple processes within a coupled system, such as a LIB. Typically a sinusoidal current or voltage

with a known frequency and magnitude is applied to the device under test, with the magnitude

small enough that the system remains pseudo-linear. Whether the measurement should be taken

in a potentiostatic or galvanostatic mode depends on the system being investigated. The sinusoidal

excitation (for a potentiostatic measurement) is defined in Equation 2.10, where VDC is defined as the

system equilibrium potential at which the measurement is taken, while Vac is the magnitude of the

AC applied voltage.



2.3. Electrochemical Characterisation Techniques 11

V (t) = VDC + VACsin (ωt) (2.10)

Therefore the current response of the system will be given by Equation 2.11, where ψ is defined as

the phase difference between the AC applied voltage and current response.

I (t) = IDC + IACsin (ωt+ ψ) (2.11)

By Ohms law, the impedance response of the system, Z(ω), is defined as the ratio of the applied

voltage and current, shown in Equation 2.12.

Z (ω) =
V (ω)

I (ω)
(2.12)

The resulting impedance is complex, as shown in Equation 2.13, and both the real and imaginary

components may be extracted as shown in Equations 2.14 and 2.15.

Z = Z ′ + iZ ′′ (2.13)

Re (Z) = Z ′ = |Z| cos (θ) (2.14)

Im (Z) = Z ′′ = |Z| sin (θ) (2.15)

Where the phase angle is given by Equation 2.16.

θ = arctan

Å
Z ′′

Z ′

ã
(2.16)

And the modulus by Equation 2.17.

|Z| =
√
Z ′2 + Z ′′2 (2.17)

The output of an impedance measurement are the real and imaginary components of the impedance

and the phase angle or phase shift, and is usually represented in the form of a Nyquist plot. In most

electrochemical systems, Z is frequency dependant and measurements typically scan over a wide range

of frequencies (usually mHz – kHz for LIB systems). Real systems are also usually non-linear and

therefore measurements are only typically useful when the applied signal magnitude is sized such that

the response is linear or pseudo-linear. This property can be tested by applying the Kramers-Kroniq

test [14]–[16]. The Kramers-Kroniq test uses the real component of a transfer function to calculate

the imaginary component for a causal, stable time-invariant system (as the frequency tends to 0 and

∞). This allows for the comparison between a model and data, and therefore calculation of residuals

during model fitting to assess accuracy. As EIS can be carried out on any electrochemical system, it

is useful to extract information about internal processes and kinetics. However, decoupling processes

with similar time constants can be challenging so significant consideration of interpretation is required.

Additionally, EIS is typically carried out under steady-state conditions and may not capture behaviour
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under load in a system. While some researchers have explored using EIS under load in LIBs [17], [18],

interpretation of results remains challenging. Often EIS is combined with other techniques to build

an overall picture of the system under test.

Equivalent Circuit Fitting

The dynamic impedance response of electrochemical systems can be represented as a sum of equivalent

electrical elements, which form a so-called equivalent circuit with the same response characteristics as

the real electrochemical system. Ideally the circuit elements should be related to a specific physical

property or process of interest, although it should be noted that in general the fitting model has no

direct physics based understanding of the system modelled. Thus care is required when selecting the

circuit to fit, as improving the model fit may not result in increased overall accuracy. In general, the

impedance of n series elements is given by Equation 2.18 while the impedance of n parallel elements

is given by Equation 2.19.

ZTOTAL = Z1 + Z2 + Z3 + . . .+ Zn (2.18)

ZTOTAL =
1

Z1
+

1

Z2
+

1

Z3
+ . . .+

1

Zn
(2.19)

Where ZTotal is the total impedance, and Zn is the impedance of circuit element n, with n =

{1, 2, . . . , n}. Within battery systems, three main classes of resistance are of interest – series, charge

transfer and diffusion. Series resistance refers to the resistance of the bulk to ion transport as well

as electronic resistance while charge transfer resistance is associated with the Faradaic reactions oc-

curring at the electrode/electrolyte interface (i.e. exchange of ions from the electrolyte bulk to the

electrode bulk via a redox process). The diffusion resistance is related to mass transport within the

system.

Equivalent circuit elements are used to model a system, and some common elements are described and

discussed as follows. Pure resistive elements, which might be used for example to represent electronic

resistance can be defined by the transfer function shown in Equation 2.20 and have no frequency

dependence. This is represented by a single real point on a Nyquist impedance plot.

ZR = R (2.20)

A pure capacitive element may be represented as shown in Equation 2.21 and typically is used to

represent double layers which form at electrode/electrolyte interfaces within a battery system. This

capacitance would be entirely imaginary and negative on a Nyquist plot.

ZC =
1

iωC
(2.21)

The inductance of a system, which is generally relevant to the impedance of measurement lines and

at high measurement frequencies, can be represented by Equation 2.22, and is purely positive and

imaginary on a Nyquist plot

ZL = iωL (2.22)
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However, the basic circuit elements as defined above do not fully represent all behaviour in electro-

chemical systems, and therefore so-called distributed circuit elements, which consist of a combination

of the above elements, may be used to represent real behaviour. The two principal elements for LIB

systems are the Constant Phase Element (CPE) and the Warburg element. A CPE is defined by

Equation 2.23.

ZCPE =
1

Tiωφ
(2.23)

Where T and φ are the CPE parameters. A CPE may represent a pure resistor (φ = 0 ) or capacitor

(φ = 1 ). CPEs are useful to model the impedance response of real double layer charging of rough

electrodes, however is not appropriate to apply at high or low frequencies [15].

The Warburg element is used to model one-dimensional diffusion of species within the electrode. In

general, for infinite length diffusion, the impedance response induced by diffusion can be modelled by

Equation 2.24, where to describe the diffusion of species a, σa is the Warburg parameter which is a

function of the species diffusivity, reaction rate, current density and potential and concentration of

species a.

ZW,∞ =
1

σa
√

(iω)
=

σa√
ω (1 + i)

(2.24)

For battery systems of interest however, the Short Terminus Warburg Element (STWE) or ZW, which

describes diffusion over a distance δ is more appropriate. This is defined per Equation 2.25, where RW

is the Warburg R parameter, and TW is given by Equations 2.25 and 2.26, which relates the diffusivity

of species a, Da, to the diffusion length.

ZW ==
RW tanh

î
(iTWω)ψ

ó
(iTWω)ψ

(2.25)

TW =
δ2

Da
(2.26)

A STWE will behave as a resistor at low frequencies and give a typical 45◦ response at higher frequen-

cies. For pure diffusion, ψ = 0.5, however ψ may be allowed to be free for fitting purposes [14]–[17]

Fitting of equivalent circuits is usually carried out using specialist fitting software, for example ZView

(Scribner Associates), BT-Lab (Biologic) or NOVA (Metrohm Autolab). In order to accurately fit an

equivalent circuit to a system it is required to select an appropriate circuit form and initial values.

Initial values are critical as generally the fitting tools use a gradient based solver (for example ZView,

used in this work uses a Levenberg-Marquardt algorithm for fitting). General best practice is to be-

gin with the simplest model which describes the system, and to minimise the number of parameters

that are adjustable, whilst care should be taken to ensure that the model is relevant to the expected

physical processes occurring in the system [14].

2.3.3 Hybrid Pulse Power Characterisation

A common technique for determining the resistance of a cell is the Hybrid Pulse Power Characterisation

(HPPC) test, which also may be referred to as PD or PC methods where only charging or discharge
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pulses are applied respectively. In order to determine the cell impedance a square wave current pulse

(∆I) is applied to the cell and the voltage response (∆V) is recorded. It is assumed that over a short

pulse the state of charge of the cell will remain quasi-constant and therefore the voltage drop over

the period will be purely a function of the current and cell impedance rather than changes to the cell

OCV. By Ohms law therefore the cell resistance (RPulse) can be determined. RPulse can be considered

to include contributions from the ohmic resistance (R0), the charge transfer resistance (RCT) and the

diffusion resistance (RDiff) [7], [19]. Figure 2.2 shows a generic pulse and the quantities required to

evaluate RDC via Ohms law.

Figure 2.2: Generic HPPC pulse showing measured quantities

The aim of such tests is to characterise the cell under different conditions i.e. in charge and discharge,

at different rates and states of charge. Various standard HPPC tests involving a single charge and

discharge pulse with a rest period between have been proposed [20]–[22]. For example, the United

States Department of Energy recommends 10 s charge and discharge pulses applied with a 50 s rest,

applied at 10 % SoC breakpoints with 60 min rests between applied pulse trains. Overall, the HPPC

technique is advantageous, as this allows determination of an estimate of cell impedance without use of

typically less common and more expensive potentiostat and impedance analysers, which are generally

in high demand in a laboratory setting. Additionally, HPPC and PC/PD methods are highly effective

for fitting equivalent circuit models, as data is acquired under load as well as during relaxation, which

is able to improve the model fitting when compared to EIS parameterisation [23].

2.4 Cell Degradation: Modes and Mechanisms

2.4.1 Overview of Lithium Ion Battery Degradation

Over the service life of a LIB, performance of the battery will degrade due to accumulated damage

of the cell. Ageing or degradation of LIBs occurs due to a range of mechanisms including Lithium

plating, mechanical fracture and loss of active material, the growth of the solid electrolyte interphase

(SEI) layer, electrolyte decomposition, current collector corrosion and others [24]. These degradation

mechanisms are illustrated in Figure 2.3. An understanding of why degradation occurs is important in
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designing operating regimes to minimise specific effects, increase safety and maximise battery lifetimes.

These factors may be influenced by a range of factors including operating conditions, load cycle and

depth of discharge (DoD) during cycling, and as such heterogeneities induced by variations within a

pack will lead to uneven degradation of cells and therefore accelerated capacity loss, early failure or

even safety hazards.

Figure 2.3: Degradation mechanisms in Lithium Ion cells [25]. CC-BY 4.0

2.4.2 Degradation: The Consequences

The principal consequences of degradation, aside from safety concerns, are capacity and power fade.

Capacity fade is the fundamental loss of cell capacity, i.e. a decrease in the number of Ah (or coulombs)

which can be stored in the electrodes of the cell and is related to the fundamental electrochemistry of

the cell. Power fade is related to the increased overpotentials caused by accumulated damage and the

consequent resistance increases seen during cell aging and leading to a loss in energy stored (Wh). It

is also important to distinguish between causes, mechanisms and modes of degradation within LIBs.

Causes of degradation range from temperature and state-of-charge to electrode bending stresses and

will cause degradation to occur by a given mechanism, e.g. high temperatures cause accelerated SEI

layer growth. This leads to the cell undergoing a certain degradation mode, in this example loss of

cyclable lithium or loss of lithium inventory. It is noted that identifying a degradation mode does not

necessarily identify the mechanism underlying the mode. As shown in Figure 2.4, multiple mechanistic

causes can lead to a single identifiable degradation mode, and often multiple mechanisms will occur

simultaneously to a greater or lesser degree. This further complicates attribution of mechanisms to

effects without time-consuming and expensive electrode level characterisation.

Overall, understanding of the degradation mechanisms occurring within a cell will lead to improved

ability to predict the expected lifetime of a cell, a key challenge in the field. Reliable prognosis of

degradation rates and remaining useful life of cells is key to enabling manufacturers to design devices,

certify and warranty products and predict safe usage limits.
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Figure 2.4: Cause and effect of degradation mechanisms and associated degradation modes [25]. CC-BY 4.0

2.4.3 Degradation Mechanisms in Lithium Ion Batteries

A wide range of possible degradation mechanisms and pathways occur within LIBs, and selected

relevant mechanisms are summarised below.

Solid Electrolyte Interphase Layer Growth and Decomposition

At the anode, formation of the SEI layer is a key degradation mechanism within LIBs. During cycling

the anode potential, may fall below the stability threshold of the electrolyte, leading to unwanted

side-reactions. However, stable formation of the SEI determines the safety, power capability, shelf

life and cycle life of a battery, and formation of a uniform SEI is critical [26]. On formation of the

cell, reactions at the anode surface form the SEI passivation layer which allows stable cation exchange

between the electrolyte and anode. Peled et al. [27] showed that the SEI was composed of partial

and full reaction products from the reduction of electrolyte solvents while it has also been found that

the SEI is formed of reaction products that irreversibly consume cyclable lithium, leading to loss of

lithium inventory in the cell [28].

Ideally, the SEI would have full transmissibility of Li+ cations and zero electronic conductivity, allowing

ion exchange while blocking electrical contact between the anode and electrolyte. Additionally, the

morphology and composition of the SEI would be uniform and contain principally stable reaction

products rather than metastable and poorly passivating reaction products. Mechanically the layer

should be compact, elastic and flexible to promote long lifetime of the SEI and cell [28].

As the cell is cycled, the SEI will grow, influenced by multiple factors. Operating conditions (temper-

ature and cell potential) will drive SEI layer growth, as high temperatures and potentials will promote

irreversible side reaction pathways that lead to SEI layer formation and growth [30], [31]. Waldmann

et al. [29] investigated cycle aging in 18650 NMC-111 cathode cells, measuring the temperature de-

pendence of aging, as shown in Figure 2.5. Above 25 ◦C post-mortem indicated aging was dominated
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Figure 2.5: Arrhenius plot for the ageing behaviour of 18650 cells cycled at 1 C in a temperature range of -20
◦C to 70 ◦C. The solid lines correspond to linear fits of the data points of the respective temperature ranges
below and above 25 ◦C[29]. © Reproduced with Permission.

by SEI layer growth, showing the positive correlation of SEI growth rate with temperature. The study

also highlights the switching of dominant degradation modes under different temperature regimes.

After SEI layer formation, the volume change of the anode induced by intercalation/deintercalation

will lead to cracks forming in the SEI layer, exposing fresh anode surface which allows further SEI

formation. Damage caused to an initially well-formed SEI layer will increase impedance and reduce

cell capacity [32].

Formation of ‘good’ i.e. compact, transmissible, passivating and stable SEI layers may be promoted

by the addition of various compounds as additives to the electrolyte. For example, additives such as

Vinylene Carbonate (VC) promote the preferential formation of insoluble solids, due to their higher

reductive potential than electrolyte solvents, leading to stable and controlled SEI formation, increased

coulombic efficiency and reduced self-discharge [33]. Lithium Bis(Oxalato)Borate (LiBOB) has been

found to react with major SEI components for form more stable compounds, again promoting the

ability for form stable SEI layers [33]. A potential cause of capacity roll-off (rapid capacity loss) is the

consumption of stabilising additive leading to increasingly rapid growth of SEI.

Cathode Electrolyte Interface Growth

While the anode SEI layer has attracted much more interest historically, in recent years the Cathode

Electrolyte Interphase (CEI) (also referred to as the positive-SEI or p-SEI) layer has been identified

as another key component of a long life, safe LIB. Similar to the SEI, the CEI contains both inorganic

compounds as well as organic compounds including carbonates and polymers. It has been found that

the CEI thickens during cycling and is found to decompose at high potentials vs. Li/Li+ [34]. While

the exact composition and behaviour of the CEI is debated, it is clear that the layer growth is sensitive

to various factors including voltage, current and electrolyte composition [35].

Formation of a stable CEI layer may allow the use of higher potential cathodes and therefore increase
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the energy density of LIBs. It has been found that the CEI layer has a significant influence on the

performance of NMC111 electrodes, which is one of the most common modern cathode materials.

Various additives are able to stabilise and reduce the rate of CEI formation, reducing the progressive

capacity fade and impedance increase induced by the thickening of the CEI layer [36].

In the case of both the SEI (see Section 2.4.3) and the CEI, formation of a stable layer has been

identified as a critical bottleneck in the production of LIBs, due to the time, expense and expertise

required to consistently manufacture cells with a well-formed SEI. This is currently achieved by first

allowing wetting of the electrodes after electrolyte addition, followed by formation cycling at low

rates before a second electrode wetting step. It has been suggested that techniques such as atomic

layer deposition may allow the formation of synthetic SEI and CEI layers during manufacturing to

reduce time and process costs, or the use of alternative, more stable anode materials such as Lithium

Titanate (LTO) or Lithium metal may eliminate the need for SEI formation completely, although

many challenges remain in these areas [37].

Structural Disordering

Structural disordering or phase change in cathodes occurs when the the initial structure decomposes

in disordered unwanted phases. For a layered NMC cathode this would result into decomposition

to spinel and rock salt phases. This effect occurs at the particle surface, leading to passivation of

the particle [38]. Jung et al. [38] measured oxygen evolution from NMC cathodes, suggesting that

lattice oxygen is released from the cathode during the decomposition from layered to spinel/rock

salt phases. Radin et al. [39] suggested that the formation of the disordered spinel and rock salt

phases is more favourable in delithiated cathode material, due to collapse of interlayer spacing or

stacking-sequence changes when delithiated. Lin et al. [40], using transmission electron microscopy,

determined that structural disordering occurs during simultaneous oxygen and Lithium removal from

the layered lattice structure, leading to transition metal migration and collapse of the layer structure

into disordered phases. Zhao et al. [41] showed that structural changes in NMC particles are unlikely

to occur during delithiation, due to the higher potential of the Co3+/4+ redox couple than that of the

Ni3+/4+ redox couple. This implies that if structural disordering is a dominant mechanism of cathode

damage, it will be observed to occur principally during discharge of the cell (i.e. during cathode

lithiation). Increased cathode charge transfer resistances will be observed after significant cathode

phase changes, due to the slowed ion exchange kinetics through the passivated surface and reduction

in the availability of electrochemically active sites.

Particle Cracking

During cycling individual active particles in the electrodes of a battery experience significant volumet-

ric changes, due to the volume changes induced by intercalation and deintercalation in the electrodes.

The volume change in the electrode is a function of this effect alongside the thickness change induced

by thermal expansion of the electrodes during cycling [42]. Cracking of electrode active particles will

lead to loss of active material due to the loss of contact between electrode particles and the conductive

binder of the electrode, and therefore lead to capacity fade in the cell [24].

For example, it has been shown that due to non-linear changes of the diffusion coefficient in graphite

with respect to temperature leads to a strong temperature dependence in the allowable rate before the

onset of cracking. Takahashi et al. [43] showed that whilst at 25 ◦C a 30 C discharge was possible from
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a graphite particle without cracking, whilst at -10 ◦C a 10 C discharge would induce cracking. In the

cathode it has been found using scanning transmission electron microscopy that in NMC111 grains

intragranular cracks may form during high voltage cycling, which is a limiting factor in extending the

allowable operating voltage range [44].

(a)

(b) (c)

Figure 2.6: a) Depiction of a cell with fractured particles near the separator in both the anode and cathode.
The fractured region accounts for roughly 35 % of each electrode [45]. © Reproduced with Permission. b) The
distribution of the maximum tangential stress in electrode particles across the cell cross-section under 2 and 5
C discharging in the cathode. c) The distribution of the maximum tangential stress in electrode particles across
the cell cross-section under 2 and 5 C discharging in the cathode anode [46]. CC-BY 4.0

Christensen et al. [45] modelled diffusion-induced stress generation in spherical particles, dividing the

electrode into fractured and unfractured domains (illustrated in Figure 2.6 for 35 % fractured elec-

trodes). It was found that in electrode materials exhibiting small volume changes during (de)lithiation,

solid state diffusion had significant impacts on both voltage and stress responses. Therefore at lower

temperatures, where diffusion is slower, particle fracture is more liable to occur. Modelling by Ai et al.

[46] has shown that stress induced cracking may be caused by the cyclic stress response within particles

during cycling, which may lead to fatigue crack propagation and growth below the material fracture

toughness. The magnitude of these stresses increases non-linearly with C-rate, and therefore is of

particular concern during fast charging, where pulverisation of electrodes near the cathode-separator
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interface has been observed. This effect of local pulverisation at high rates is illustrated in Figures

2.6 b and c for the anode and cathode respectively. Whilst at 2 C, homogeneous maximum tangential

stresses are predicted, at 5 C peak stresses in the cathode are increased 5 times in the electrode. These

increased stresses are concentrated in particles close to the cathode-separator interface, in the upper

20 % of the electrode. This effect is mirrored in the anode.

Lithium Plating

At low temperatures increased overpotentials at the anode due to increased impedance may lead to

the anode potential vs Li/Li+ falling below the plating threshold during lithiation of the anode during

charge. Increasing the cycling rate may also increase the overpotential and therefore the prevalence of

lithium plating, which consists of metallic lithium being plated onto the graphite anode rather than

intercalating into the anode. Lithium plating may be considered a Faradaic side reaction and while it

may be partially reversible will lead to loss of cyclable lithium in the cell [24]. Plating is exacerbated

by any factors which reduce the rate of completing intercalation into the anode, for example during

operation at low temperatures or when there is insufficient anode material to fully intercalate all

cyclable lithium [47]. Work by Waldmann et al. [29] showed the switch in dominant degradation

mode from SEI layer growth to lithium plating below 25 ◦C (Figure 2.5), confirmed by post-mortem

analysis and reference electrode measurements.

Although plating may be partially reversible, dendrite formation and growth via plating may ulti-

mately lead to separator puncture, internal short circuit and fire. Even if dendrites do not lead to

a short-circuit, if electrical contact is lost then formation is irreversible, leading to loss of cyclable

Lithium. As such plating is a key consideration during design of battery operating regimens, as it

is critical to avoid plating to maintain long cell life. In the case of dendrite growth it is seen that

most small internal short circuits will lead to rapid local heating which ‘breaks’ the short by melting

the dendrite [48]. However, the local temperature rise will promote other temperature dependant

degradation mechanisms such as SEI layer growth, electrolyte drying and dissolution of the positive

electrode. The plated lithium will also often form at the electrode-separator interface which may form

a blocking layer over the anode. As the metallic plated lithium is more reactive than graphite, side

reactions between the lithium and the electrolyte such as SEI formation may happen at an accelerated

rate in the event of plating [24].

Transition Metal Dissolution

Within layered cathodes such as NMC, transition metal ions contained in the layered structure may

be released during aging, referred to as transition metal dissolution. Transition metal dissolution may

occur through electrochemical oxidation of oxygen within the layered cathode [49], whilst Nickel at

high oxidation states may react when exposed to electrolyte, leading to Ni2+ becoming dissolved in

the electrolyte and being deposited on the surface of both electrodes [38]. Dissolution of manganese

ions is greatly accelerated at high cathode potentials, limiting efforts to increase the energy density of

the cathode by extending the operating potential window [50]. It has also been found that the rate

of overall transition metal dissolution accelerates dramatically with increased upper cut-off voltage at

the cathode, leading to deposition of transition metals on the anode, accelerating SEI layer growth

[51]. Side-reactions between the electrolyte and transition metal ions, and consequent deposition of

precipitates on the surface of the cathode, may be the cause of CEI layer formation, in a similar
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manner to SEI layer formation at the anode surface [52].

Meanwhile, as the electrolyte is typically fluoride containing, acid attack caused by Hydrofluoric acid

formed due to residual moisture may also dissolve transition metal ions from the cathode [41]. Loss of

cyclable lithium can be accelerated by transition metal deposition on the anode leading to SEI layer

decomposition. At the anode, manganese deposition leading to the highest rates of cyclable lithium

loss, implying that more modern Nickel rich cathodes may see less detrimental lifetime impacts from

transition metal dissolution [53]. Temperature also has a significant impact on the rate of metal

dissolution, with a NMC111 cathode loosing 0.9 % of overall transition metal content while stored at

55 ◦C, degrading the ability of the cathode to store lithium due to structural damage to the cathode

structure [54].

Other Mechanisms

The above review of degradation mechanisms is not exhaustive, and many other mechanisms have been

shown or are proposed to cause degradation of LIBs. These include but are not limited to Graphite

exfoliation, porosity changes, binder decomposition, current collector corrosion and electrolyte decom-

position. These mechanisms are summarised in brief here, but are generally out-of-scope within this

work.

Graphite exfoliation occurs when layers of graphite are ‘exfoliated’ or peeled apart. This has been

proposed to occur when electrolyte solvent is co-intercalated into the graphite layers, leading to ex-

foliation and subsequent solvent decomposition. This causes a loss of the ability of the graphite to

intercalate lithium and therefore lose capacity [55]. However, addition of stable SEI forming additives

has been shown to strongly suppress solvent co-intercalation [55]. Another proposed mechanism is the

decomposition of Propylene Carbonate at active sites in the graphite, leading to gas formation, pres-

sure build-up and subsequent exfoliation to the same end result of capacity loss [56]. Gas formation

will lead to pressure increasing in a cell and may lead to swelling and in the worst-case cell rupture.

Porosity within a LIB is carefully controlled during design and manufacture to maximise electrolyte

wetting of electrodes while maintaining high electrode densities to maintain volumetric energy den-

sity. However, SEI layer growth at the anode may block pores, and therefore limit highly ionically

conductive pathways into an electrode, increasing path tortuosity. This process may lead to power

fade in a cell as deeper areas of the electrode may be blocked to lithiation/delithiation apart from via

solid phase diffusion of Li+ through the electrode [57]. Meanwhile excessive mechanical compression

of the polymer separator may lead to deformation and loss of porosity, inhibiting ion transport across

the separator [58].

In order to form well coated electrodes that are mechanically stable, a binder is typically required to

both stabilise the electrode, provide mechanical strength and adhere the active material to the current

collector after slurry coating and drying. The loss of such binders may lead to loss of adherence and

mechanical damage to the electrode, and therefore active material loss. Typically, the binder used in

LIBs is Polyvinydene Difluoride (PVdF), although many alternatives with increased conductivity have

been proposed. PVdF is used due to the high resistance it shows to the electrochemical potentials

found in a LIB [59]. It has been shown that in graphite anodes, lithiated anode will react with PVdF

to form Lithium Fluoride, contributing to degradation of electrode mechanical properties over time

[24]. It has been shown that in LCO-graphite cells that binder degradation was caused by mechanical
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cycling of the electrodes induced by cycling, leading to significant (29-42 %) increases in cell internal

impedance in coin cell tests [59]. This rise in impedance is caused by the loss of contact between the

binder and active material particles, and potentially the current collector. It is also possible that areas

of the electrode may fully detach in the event of significant binder decomposition, leading to capacity

loss.

Current collector corrosion may occur due to reactions between electrolyte components or at the anode

if the anode potential becomes too high vs Li/Li+. Corrosion of the current collectors may lead to

loss of electronic and mechanical contact between electrode particles and the current collector and

therefore impedance increase and power fade [24]. Both aluminium and copper forming the current

collectors are vulnerable to corrosion. In aluminium pitting corrosion may occur at high potentials

whilst overdischarge may lead to cracking in copper. These corrosion mechanisms have been shown

to be specific to the conditions seen within batteries i.e. presence of electrochemical potentials and

organic electrolytes [60].

The electrolyte within the LIB is critical to continued operation, and usually consists of a mixture of a

Lithium salt and aprotic solvent, e.g. LiPF6 and Ethylene Carbonate. However at high temperatures

it has been shown that decomposition occurs due to the irreversible reactions that may occur between

the salt and solvent above 60 ◦C [61]. Additionally, the electrolyte is unstable relative to the anode

in a carbon anode system, and therefore the electrolyte will decompose on SEI formation, consuming

lithium and leading to loss of lithium inventory and therefore cell capacity. These side reactions

consuming electrolyte will also lower the ionic conductivity of the electrolyte and lead to sluggish

kinetics in the cell, increasing overpotentials and decreasing available power.

2.4.4 Heterogeneities in Degradation

After manufacture, there is naturally a degree of variation between individual cells, due to unavoidable

variations in manufacturing, and cells may be graded or ‘binned’ based on formation tests. However,

there will be some variation in key battery parameters such as impedance, capacity and OCV at

the beginning on life. Due to the differences seen at the beginning of life, it is expected that cells

undergoing aging will deviate from one another. This is a key challenge in prognostic prediction of

cell life, leading to issues with cell or device warranty, safety and certification.

Considering start-of-life cells, Rumpf et al. [62] investigated 15 parameters in 1100 commercial LFP

cells and identified small differences between using a combination of charge/discharge tests and EIS.

The differences in capacity and impedance was found to be small but significant; 0.28 % and 0.72 %

respectively. While this is a unique dataset in the literature, it still addressed beginning of life cells,

and it is expected that even under identical loading conditions, cells will deviate in parameters over

the life of the cell [63]. Harris et al. [64] found that after 600 cycles, the capacities of 24 commercial

LCO cells dropped to between 45 % and 85 % of their initial value, a dramatic range of capacity loss.

However, these cells were cycled at 10 C, likely exacerbating the deviations seen.

Dubarry et al. [65] investigated the path dependence of EV batteries used in grid operations. 52 NCA-

graphite 18650 cells were aged under 20 different aging conditions, under both cycling and calendar

aging regimens. Using incremental capacity analysis to assess the degradation modes occurring, it

was found that cells exhibited path dependence with differing proportions of loss of lithium inventory

and active material depending on aging regimen. The same group also demonstrated significant
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path dependence in cells cycled under a range of rates and temperatures, with the aging regime

depending significantly on the SOC range during cycling, temperature and rate [66]. On the other

hand, considering calendar aging, it has been found that cells aged under a storage conditions ranging

from 43-65 ◦C and 40-95 % SoC did not exhibit statistically significant path dependence. However

these tests were limited in duration to 180 days of storage and did not involve combine cell cycling,

and it is likely that combined calendar and cycle aging will exhibit be path dependant [67].

2.5 Diagnostics: Identifying Degradation Processes

Identification of the state-of-health of a cell as well as the degradation mechanisms occurring within

the cell is challenging, as few if any practical in-situ methods for directly measurement of key internal

parameters of a cell exist. To the scientist or engineer at the full-cell level, limited information is

available or can be measured, where typically only the cell terminal voltage, applied current, cell

temperature and time are known. While other measurements such as geometric changes or mass

changes might be measured, generally the information available is limited and key parameters such

as internal concentrations or electrode potentials cannot be practically measured. Therefore, most

diagnosis of cell behaviour during service must be done using in-situ methods which do not involve

disassembly of the cell but instead infer behaviour from in service measurements, although these may

be required to be taken under specific controlled conditions. Ex-situ techniques may be used but are

principally reserved for end-of-life (post-mortem) analysis, or specific characterisations.

2.5.1 Incremental Capacity Analysis

Incremental capacity analysis (ICA) has been used for over 15 years to probe the degradation modes

occurring within LIBs [68]–[72]. Using ICA, it is possible to distinguish different degradation modes

occurring within the cell, when half-cell data is available, and thus verify hypothesis about internal

cell processes. In order to generate an ICA spectra, constant current charge or discharge data, usually

at a relatively low C-rate, is used. The voltage and capacity are differentiated with respect to time

and the ratio taken to give dQ/dV, as shown in Equation 2.27.

dt

dV
· dQ

dt
=

dQ

dV
(2.27)

By plotting dQ/dV against capacity or more typically voltage, several characteristic peaks are present,

which imply that the voltage is changing slowly relative to the amount of charge passed at that

stage. The height of the peak represents the amount of charge that must be passed to cause a given

voltage change in the cell. This implies that each peak represents a phase equilibria in one of the

electrodes, where only the lithium concentration in the electrode is changing, and the active material

is thermodynamically stable i.e. there is a phase equilibria occuring at that point.

As the lithium concentration in the material changes the electrode will become thermodynamically

unstable and a phase transition will occur. The new material phase formed will have an altered OCV,

and therefore a rapid potential change will occur, which are represented as peaks in the ICA curve.

Therefore during charge or discharge multiple peaks will appear, corresponding to phase changes in

the cathode and staging in the anode (if graphite is used). Peaks may not be ‘sharp’ as an electrode

will not be homogeneously charged or discharged during operation, due to heterogeneities in internal
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current distribution. Therefore, different areas of an electrode will have different SoCs and thus lithium

concentrations, leading to increasingly lower peak intensities in the resultant diagnostic spectra. This

effect is likely to increase with greater internal heterogeneity in electrode SoH. As an example of how

this effect may arise in practice, Finegan et al. [73] used high speed X-ray diffraction to analyse

graphite electrodes during high rate charge and discharge. By tracking Lithium concentration, highly

heterogeneous temporal and spatial distributions of electrode SoC were identified at rates as low as

2 C. Phase co-existence was observed as the lithiation front progressed deeper into the electrode,

highlighting the limitations of ICA at high rate for tracking anode features.

Over the lifetime of a cell the peak intensity and position will change, both in absolute terms and

relative to one another. Tracking features of interest may be used to allow identification of internal

degradation modes, either through inspection of diagnostic spectra or fitting to a simple cell model.

In practice ICA results may be calculated from any set of voltage and current charge or discharge

data. However, it is preferable to use low rate data as this will minimise the influence of both internal

heterogeneities in the cell as well as overpotentials induced by the cell resistance, which may distort

the results. As an example of ICA analysis, Dubarry et al. [74] use a mechanistic model to simulate

the effect of differing degrees of degradation modes on the ICA signatures from 0 - 30 % degradation in

each mode, shown in Figure2.7. In each case, different changes to the ICA signature are observed with

the peaks (labelled 1-5 in Figure 2.7) representing graphite staging phenomena, and each degradation

mode presents unique peak translations allowing identification of the dominant mode. In this case the

analysis presented was parameterised for an LFP cell but is easily applied to other cathode chemistries.

Analysis of data for calculating the ICA spectra from a test may be challenging, as due to the discrete

nature of the experimental test data, smoothing will need to be applied to the data before differentia-

tion. As there is no standardised smoothing or analysis approach, it is often difficult or impossible to

compare results in the literature. Typically researchers have applied data smoothing techniques such

as moving average filters, Savtisky-Golay filters [75] or Support Vector Regression [76], [77]. However,

these techniques rely on researchers selecting adjustable input parameters which may have a dramatic

impact on the fitted curves, especially relating to the locations and heights of peaks, meaning overfit-

ting of data is a concern. Feng et al. [78] proposed the Level Evaluation ANalysis (LEAN) method to

combat these issues. The LEAN method operates instead by counting and binning results to generate

a response curve. .

2.5.2 Differential Voltage Analysis

An alternative method to the ICA technique is Differential Voltage Analysis (DVA), proposed by

among others Bloom et al. [79]. In structure the technique is similar to ICA, only the derivative of

voltage with respect to capacity is considered as shown in Equation 2.28.

dV

dt
· dt

dQ
=

dV

dQ
(2.28)

Once plotted a dV /dQ analysis will lead to similar spectra being plotted for graphical analysis as the

ICA technique. However, while peaks in the ICA spectra represent phase equilibria, when using DVA

peaks will represent phase transitions, i.e. points at which material changes are occurring in the cell

electrodes. As with ICA, use of half-cell information to identify the initial electrode alignment and
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Figure 2.7: ICA signatures from the initial state (thick solid line) and at the end of 30 % degradation (thin solid
line) with 5 % increment (dotted lines) for (a-d) each of the four possible variations in loss of active material,
(e) loss of lithium inventory, and (f) a 100 % ohmic resistance increase at C/25 [74]. © Reproduced with
Permission.

anode excess capacity is required, but once this initial fitting has been carried out it is possible to

identify the limiting electrode and degradation modes from independent full cell information [79].

Bloom et al. [80] demonstrated the use of DVA to identify anode degradation modes in NCA-graphite

cells, finding that initial capacity loss was caused by anode active material loss, most likely caused

by physical damage, while subsequent capacity loss was caused by side reactions between the anode

and electrolyte, leading to loss of cyclable lithium. Extending this analysis to NMC-graphite cells,

Bloom et al. [81] found that similarly in NCA-graphite cells, it was possible to identify the mode of

anode degradation as well as stoichiometric drift between the two electrodes, implying changing anode

potentials at the same full cell voltage over the lifetime of a cell, due to the removal of regions of the

anode due to side reactions. Taking the same approach, Dahn et al. [82] created a free tool to carry

out DVA analysis and predict cell behaviour after degradation while also allowing users to accurately

predict anode and cathode voltages without the presence of a reference electrode.

More recently, Ando et al. [83] applied the DVA technique to blended NMC532 and LMO cathode

cells, and successfully used DVA to diagnose different degradation modes occurring in cells with

the same apparent capacity loss under different aging conditions. By cycling 18 cells at 3 different

temperatures under 2 DoD ranges, they were able to show that while the capacity retention was almost

identical in both circumstances, in the case of full DoD range cycling cathode degradation became

significant, whereas at the same number of full equivalent cycles at 30 % DoD no cathode degradation
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was identified at any of the temperatures identified, demonstrating the value of DVA as a tool to

diagnose aging modes in cells with nominally similar capacity losses. DVA has also been shown to

be effective in diagnosis of lithium plating, and able to identify reversibility in lithium stripping from

the anode via identification of voltage plateaus [84]. In terms of data analysis similar challenges to

those present during ICA (Discussed in Section 2.5.1) relating to initial alignment of half-cell curves

as well as data smoothing and fitting remain. While both ICA and DVA analysis have great potential

as a quantitative tools to diagnose cell degradation, in much of the published literature, analysis of

these diagnostics is primarily qualitative, and most available fitting tools are limited to qualitative

simulation of degradation rather than quantitative fitting [70], [82].

2.5.3 Open Circuit Voltage Analysis

A final type of diagnostic approach uses the cell OCV to identify individual electrode parameters, and

therefore quantify degradation. At beginning of life, a LIB will have specific electrode capacities and

stoichiometry. Combined with the individual electrode OCV curves gives rise to the full cell OCV, by

Equation 2.29.

EOCCell = EOCCathode − EOCAnode (2.29)

The specific half cell voltages, EOCCathode and EOCAnode are a function of the thermodynamic properties

of each electrode. Over the full cell voltage window, the cell OCV is therefore a function of the

maximum and minimum lithiation states of each half cell, which combined give the full cell OCV

response. During degradation, as the capacity and alignment of each electrode changes, the cell OCV

response will change. By fitting an OCV model at to measurements during cell life, it is possible to

infer the degradation modes occurring within a LIB. Whilst physical OCV models existed previously

[74], [85], [86], the approach of fitting a parametric OCV model and using this class of model to

identify degradation modes was pioneered by Birkl et al. [87], with further work providing the first

direct experimental validation of an OCV model [25]. Based on additive terms, each representing

phase transitions in the electrodes, it is possible to fit this model to OCV data of both half and full

cells [87]. If the half cell voltage curve is fitted at beginning of life, it is subsequently possible to use

the model to fit to aged cell OCV data, and by reparameterising the model identify degradation modes

occurring within the cell based on the OCV response [25].

Figure 2.8 a-f shows validation results from Birkl et al. [25], who used synthetically generated full cell

OCV curves to validate the model fitting approach. As shown, the parametric OCV model is capable

of identifying accurately degradation for all identifiable modes. It is important to note that whilst

loss of both lithiated and delithiated electrode material is possible, it is not possible to distinguish

between loss of lithiated active material, and loss of delithiated active material combined with pure

loss of Lithium inventory based solely on full cell measurements. Further validation of the OCV

diagnostic model using half cells with a known amount of removed active material or mismatched

electrode SoCs demonstrates that when fitting to experimental data the model is able to identify the

dominant degradation mode in all cases, with typical relative errors of <20 %. It is noted however

that identification of anode degradation is in general more challenging, due to the generally flat nature

of the graphite OCV curve. This means that in general the identification of LAMNE is less accurate

than identification of LAMPE and LLI using this class of model.
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Figure 2.8: Estimation of known amounts of LLI, LAMNE and LAMPE. a) and b) Scenario I: 12 % (pure) LLI,
23 % LAMNE,De, 6 % LAMPE,Li. c) and d) Scenario II: 21 % (pure) LLI, 4 % LAMNE,Li, 7 % LAMPE,De. e)
and f) Scenario III: 9 % (pure) LLI, 14 % LAMNE,De, 11 % LAMPE,De. [25]. CC-BY 4.0

This model has the advantages of a simple parameterisation process, high model accuracy and simple

experimental measurements and analysis (once half cell voltage curves are known). As such parametric

OCV models have been applied as benchmarks for new diagnostic techniques [88] whilst significant

work has focused on accelerating [89] or reducing [90] computational overheads. Further details of

OCV model diagnostics can be found in Section 4.4.

2.5.4 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) has already been discussed as a general electrochemical

measurement technique in Section 2.3.2, however in this section the specific application of EIS to

diagnosing LIB degradation mechanisms will be evaluated. 3 keys challenges have been identified

as limiting adoption of EIS as a commercial degradation diagnostic tool; Separation of electrode

impedance responses, design of suitable equivalent circuits and development of low cost methods and

equipment to allow widespread application of EIS in-service [91].

However, the battery research community commonly uses EIS as a diagnosis tool, in applications rang-

ing from during materials development to analysis of commercial cells cycled under service conditions.
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Using EIS to assess the relative contributions of the electrodes to power and capacity fade, Zhang and

Wang [92] used cells instrumented with Lithium metal reference electrodes to assess the relative contri-

butions during degradation. It was found that the resistance increase, in this case, was dominated by

growth of RCEI for NCA cells, with less significant increases in anode resistances. However the effect

of cycling temperature on overall impedance growth was not assessed. Analysis by Zhu et al. [93] has

indicated that for NMC cathodes, the total charge transfer resistance is dominated by the cathode

RCT as opposed to RSEI, which is also shown to increase significantly faster than the anode RCT, with

increases inversely proportional to temperature. This indicates that power fade in NMC-cathode cells

is dominated by growth in RCT, especially at lower temperatures. Pastor-Fernandez et al. [94] carried

out a comparison of the use of EIS and DVA to identify degradation modes. EIS was used to track

LLI based on the change in RCT and RSEI, assuming that changes to high frequency impedance is

principally caused by SEI formation leading to consequent increased RCT. LAM was tracked using

changes to RWarburg, which is a function of the effective diffusion path length. Tracking of LAM as-

sumed that diffusion processes are related to morphological changes in the electrodes, and therefore

an increase in RWarburg implies LAM has occured. Tracking of LLI and LAM via ICA analysis was

achieved using techniques proposed by Dubarry et al. [74]. Overall it was found that both techniques

were complementary in identification of LLI and LAM processes, and predictions were shown to be

correlated at a 95 % confidence level. As an example of potential applications of EIS to diagnosis of

cell SOH, Zhang et al. [95] used Gaussian process machine learning to process over 20,000 EIS spectra

from commercial LIBs at a wide range of SOH, temperature and SOC values. They found that using

a black-box model it was possible to accurately predict remaining useful life of cells, with potential

applications in battery management systems.

2.5.5 Other In-situ Diagnostic Techniques

Many other diagnostic techniques have been proposed and tested and are at various stages of devel-

opment for in-situ applications and are discussed here. Differential Thermal Voltammetry (DTV) has

been proposed as an alternative, low cost method for diagnosis of aging mechanisms within LIBs.

The technique involves assessing the differential temperature-differential voltage (dT /dV ) spectra of

a cell. It has been shown that DTV is able to identify aged cells within while retaining the low-cost

approach, requiring only a single temperature measurement per cell which is often already available

in many systems. Functionally DTV uses changes in entropic heat generation during phase transition

to identify the voltage of phase transitions within electrodes during galvanostatic charge/discharge,

and can therefore be applied in a similar way to ICA/DVA [96]–[98].

High Precision Coulometry (HPC) has been proposed, principally by the Dahn group at Dalhousie

University, as an alternative approach to diagnosis, using high-precision charging equipment to accu-

rately measure coulombic efficiency of cells, a task which many commercial battery cyclers are unable

to achieve to a high degree of accuracy due to insufficiently precise coulomb counting [99]. Stevens

et al. [100] used the HPC method to show that the failure modes in 2 different pouch cells would be

different due to changes in cathode chemistry, while the degradation modes occurring can be inferred

using HPC measurements and careful analysis of differential voltage. It has also been shown that

lithium plating is effectively detected by measuring the CE of the cell, where an onset of decreasing

coulombic efficiency implies plating is occurring in the cell [101]. HPC has also shown promise in

assisting the development of improved formation procedures, which have previously been identified as
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a key production bottleneck for LIBs [102].

2.5.6 Ex-situ and Post-Mortem Diagnosis

While in-situ diagnostic techniques are commonly used, ex-situ diagnosis of mechanisms and modes of

degradation are key for development and validation of cell level diagnostics. This may be carried out

either during life, or as a pre- or post-mortem to either identify cell parameters or validate diagnostic

models. The simplest post-mortem technique available to the battery community is a cell teardown,

where some limited evidence of different degradation modes may be found, for example in the case of

plating where characteristic deposits on the anode caused by plating may occur [84].

Coin cell measurements are used to assess the performance of half cells, i.e. anode and cathode

materials cycled against a Lithium metal reference electrode. This allows the validation of models

and the data is often a pre-requisite for use of full cell diagnostics, for example ICA measurements,

where half-cell data is required to model full cell degradation modes [68]. For example, Howey et al.

[25] used harvested electrodes of different areas to mimic the loss of active material from cells, and

validate an OCV-based ICA model for cell degradation.

During pre- and post-mortem analysis, 2-D and 3-D imaging may be used to achieve a range of

goals. Identification of key parameters such as particle size and porosity may be achieved using 2-D

imaging techniques such as Scanning Electron Microscopy (SEM), while parameters such as electrode

tortuosity may be identified using 3-D imaging techniques such as X-Ray Computed Tomography

(XCT) measurements. Applications of post-mortem techniques are limited to research and develop-

ment applications due to time taken and cost, however the information provided may be impossible

to otherwise obtain. For example, Carter et al. [103] used multi-length scale XCT measurements

to identify mechanisms within cells ranging from nano-scale features of the cell such as the SEI or

dendritic deposition, to macro, cell scale effects such as copper dissolution and subsequent current col-

lector damage. While not discussed in detail here, at the materials scale many other chemical analysis

techniques may be applied and used to inform understanding of battery materials during degradation,

and diagnose mechanisms leading to loss of performance.

2.5.7 Diagnostics Overview

Considering the diagnostics reviewed in this section, a critical analysis of the current state-of-the-art is

required. Recent reviews [7], [104]–[106] have identified a wide range of challenges that remain in the

analysis and application of cell level diagnostics. Challenges remain in BMS implementation, remaining

useful life (RUL) prediction and suitability of diagnostics for onboard implementation at reasonable

cost. In particular Lipu et al. [104] highlight the need for improved certainty and increased robustness

in on-board RUL and SOH estimation to improve safety, increase reliability and improve warranty

conditions for automotive batteries. Barai et al. [7] highlight that differential diagnostic techniques

are highly advantageous, as they provide comparable information to post-mortem disassembly for

identification of degradation modes within cells, and allow qualitative analysis of cell degradation,

and over the past decade these techniques have become essential to aging studies. While challenges

remain in accurate automation of such methods, their many advantages, such as low computational

cost, simple onboard implementation with minimal extra sensing or complex protocols alongside their

relatively simple nature ensures their continuing development and relevance.
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In this section several of the most common and promising in-situ diagnostic tools for use when studying

LIB degradation has been carried out. Tools such as OCV, ICA and DVA diagnostics are becoming

more commonly used in research and are promising for the quantitative assessment of degradation

modes occurring within cells. However, challenges remain with quantitative assessment of the contri-

bution of different degradation modes to overall cell degradation, with these tools often used in a more

qualitative manner. Therefore, developing robust fitting tools to quantitatively identify degradation

modes is identified as a significant research challenge. Other tools such as DTV or HPC are promising,

however more development of these tools is required before widespread adoption is possible. Using EIS

as a diagnostic tool for identification of degradation processes, particularly in power fade, has been

shown to be effective. However, in order to accurately assess the contribution of different electrodes to

overall degradation, instrumented cells are required, which is challenging to accomplish. Nevertheless,

when combined with other diagnostic tools such as OCV models, EIS is an effective tool for providing

insights into degradation processes occurring within a LIB.

2.6 Modelling Lithium Ion Batteries

Modelling of LIBs is a complex topic, and this review focusses primarily on systems level modelling

techniques i.e. equivalent circuit network (ECN) models. Broadly, cell, pack and degradation models

are considered separately.

2.6.1 Cell Modelling

P2D models are generally derived from the work of Doyle, Fuller and Newman [107] who used porous

electrode and concentrated solution theories. This class of modelling produces a comprehensive and

versatile simulation framework which allows simulation and prediction of cell behaviour over a wide

range of operating conditions and allows for physical insights into internal cell processes to be as-

sessed. On the other hand, the computational requirements are high and detailed parameterisation

experiments are needed, requiring access to specialist and costly equipment. While the computa-

tional requirements can be significantly reduced by reducing model order, many physical parameters

describing the physical structure of the LIB are required, such as chemical compositions, material

conductivities and diffusion coefficients for all electrochemically active elements. Parameterisation of

P2D models is therefore highly time and cost intensive, and requires extremely specialist equipment

and knowledge [108]. This class of model is typically constructed of a set of partial differential equa-

tions grounded in fundamental physical chemistry. Simulated length scales may vary from atomistic

to full cell domains, with multiple length scales able to provide inputs across scales. Typically charge

and mass conservation in the solid and electrolyte are modelled alongside lithium flux between the

solid and liquid phase [107], [109]. One approach to simplification of the P2D model is to simplify

each electrode domain into a single spherical particle (the so-called Single Particle Model (SPM)). By

assuming that radial diffusion is the slowest occurring process, and therefore neglecting other elements

of diffusion, it is possible to reduce the computational cost of the model [110], [111]. However, SPM

models neglect Li-ion distribution in the electrolyte, limiting applicability to low rates. Consequently,

application of SPM models to scenarios such as BEV fast charging may be limited, although enhanced

SPM models have been proposed which account for concentration gradients [112], [113]. As a conse-

quence, for both on-board and pack modelling applications, P2D modes are prohibitively complex and

computationally intensive and the remainder of this review focusses on equivalent circuit modelling
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which is more applicable in this work.

As an alternative to P2D models, ECN models are widely used in the engineering community for

battery modelling due to their simplicity, ease of parameterisation and low computational cost. An

ECN consists of a network of resistors, capacitors and voltage sources, parameterised to empirically

replicate the behaviour of a battery. Unlike when fitting EIS data, the equivalent circuit elements

are generally only indirectly linked to physical cell processes, although authors such as Merla et al.

[114] have developed ‘physics-informed’ ECN models, applying principles from P2D modelling to ECN

models. This has the potential advantage of retaining the simple parameterisation methodology of

ECN models while allowing inferences to be made about internal physical processes. While making

predictions outside of the parameterisation data is rarely possible, within the scope of the training data

ECNs are typically robust. Parameterisation can be achieved simply using standard techniques, most

commonly PC or PD methods (although EIS measurements may also be used). During parameterisa-

tion lookup tables of individual circuit element parameters with respect to temperature and LIB SoC

are obtained. Simulations are possible using the ECN model, commonly in graphical programming

environments such as MATLAB/Simulink or Dymola.

For onboard implementation Plett et al. [115]–[117] introduced a non-linear enhanced self-correcting

model to adaptively estimate LIB SoC using extended Kalman filtering (EKFs), considering current

direction, OCV hysteresis and voltage relaxation behaviour alongside temperature and ohmic losses to

improve predictions during dynamic load cycles. By applying it is possible to estimate accurately SoC

and other model states, providing a dynamic estimate of the state of available power from a cell [117].

Using EKFs it is possible to simultaneously estimate both model states and parameters, with obvious

advantages for on-board BMS applications. Excepting the EKF fitting approach, parameterisation of

ECN models is assessed in more detail in Chapter 4.

Considering the types of ECN available for use, Nejad et al. [118] systematically reviewed 10 common

variant ECN modelling frameworks, including the Plett model, Randles model, adapted Randles

model and n-RC models (n = 1, 2) with and without hysteresis. Each model was assessed to find their

relative accuracy, comparing the implementation of each model to the same set of parameterisation

data. Parameters and states were estimated using a dual-EKF framework. It was found that after

testing against a NEDC drive cycle, n-RC pair models were optimal, with 2RC pair models most

accurate, with an overall error in voltage prediction of < 2.5 mV over a temperature range of 5-45 ◦C.

Applications of ECN models are wide-ranging, and apart from use in on-board applications their

simple parameterisation and solving lends ECNs to investigation of phenomena such as internal cell

thermal gradients under different thermal management regimes. For example, Zhao et al. [119] used

a discretised 3-RC pair ECN model to predict internal SoC, temperature and current distributions.

Using the distributed model, it was found tab cooling led to improved cell performance while reducing

heterogeneities in internal current and temperature distributions.

2.6.2 Degradation Modelling

Degradation modelling within LIBs may be considered a related but separate topic to cell response

modelling, as degradation models operate somewhat independently to a cell model, usually by updating

a subset of parameters. A distinction may also be made between physics-based degradation models

and empirical or semi-empirical models as detailed below:
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• Empirical Models: This class of models rely on large datasets to parameterise degradation.

Typically, a range of stress factors are identified and cell-level experiments are carried out to

identify empirical relationships between stress factors.

• Semi-Empirical Models: Semi-empirical degradation models bridge the gap between em-

pirical and physics-based degradation modes, using physics-informed relationships, with stress

factors fitted to experimental data.

• Physics-Based Models: Physics-based degradation models are built using fundamental physics

to predict the rate of degradation processes rather than empirical relationships.

Physics based degradation models are considered out-of-scope for this work, due to their difficulties

in parameterisation. Therefore, the remainder of this review is focussed on empirical and semi-

empirical models, which are generally used in combination with ECN models to simulate high cycle

numbers for cells. Typically, these models are parameterised for a specific use-case with dedicated

parameterisation data, requiring large experimental campaigns to validate which is both time and cost

intensive. As an example, Cordoba-Arenas et al. [120] derived an empirical model for degradation

in HEVs, considering SoC range, current and temperature as stress factors, predicting both power-

and capacity fade proportions over lifetime. Meanwhile, Wang et al. [121] concluded that for LFP

cells, SoC range did not significantly influence degradation at low C-rates, simply focussing on time

(equivalent to charge passed during cycle aging) and temperature as aging stress factors, highlighting

the application-specific nature of empirical aging models. Several authors have noted that capacity

loss in general tends to follow an empirical relationship with the square root of charge throughput,

[120], [121]. This has been attributed to the relationship of capacity fade to irreversible capacity loss

through SEI layer growth, consuming cyclable lithium, as SEI layer growth is typically a diffusion-

controlled process [122]. An example of a semi-empirical model is presented by Schimpe et al. [123],

who aimed to disassociate aging stress factors into multiple, physically justified mechanisms over

different temperature ranges. In this case, cycle aging rates are split into high- and low-temperature

stress factors, as well as cycling at high SoC values. Using this approach, it was possible to quantify

aging due to low temperature capacity loss cause by possible plating and high temperature aging

likely caused by SEI layer growth independently, and aging stress factors were parameterised against

temperature.

2.7 Conclusion

In this chapter the theory underlying LIB operation, characterisation and degradation has been re-

viewed, providing the essential context for the subsequent targeted literature review found in Chapter

3, and the underpinning understanding for the work presented in Chapters 4-6. Additionally, com-

mon diagnostic techniques applied to LIBs have been reviewed, identifying ICA/DVA as the most

well-developed and promising techniques for bulk identification of internal degradation modes within

cells, although challenges remain with quantitative identification of degradation modes as opposed to

qualitative assessment. Therefore, in future work, these methods are identified as ideal for analysis

of long-term cell and pack cycling data. Considering cell level modelling, ECN models are identified

as the optimum choice for pack-level modelling, given their ease of parameterisation, low complexity

and low computational costs.
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Chapter 3

Literature Review

3.1 Introduction

In this chapter, specific literature relevant to this work is presented and reviewed, aiming to cover the

state-of-the-art in thermal management of LIB packs and the effects of heterogeneities on both the

instantaneous performance and lifetime of LIB packs. In particular, the effects of thermal gradients

and the links between thermal management and heterogeneous performance and aging are explored

in detail. The overall aims of this literature review were to answer the following:

• What mean temperatures and magnitude of thermal gradients are commonly found in battery

packs during normal operation?

• What effects do heterogeneous temperatures have on pack-level performance and aging?

• What effects to heterogeneous resistances have on pack level performance and aging?

• What effect does pack topology have on overall performance?

3.2 Pack Design and Thermal Management

3.2.1 Pack Design Overview: Topologies and Battery Management

In order to meet the demanding weight, volume and performance requirements for electrification of

vehicles, large battery packs are required, as single cells typically have relatively small capacities (<100

Ah) with a low nominal voltage (typically circa 3.8 V). Therefore, large battery packs consisting of

up to hundreds of cells are needed to meet the application demands, Parallelisation of cells increases

capacity while serial connections increase the pack voltage, reducing losses and allowing common

electrical voltages to be used. Increasing the pack voltage is noted as important, as it allows the use

of lower cross-sectional area cables, which is an important practical consideration, while also allowing

the use of off-the-shelf electrical components designed to operate in the 200-450 V range. EV packs

typically operate at approximately 380 V nominal, leading to approximately 96 cells being connected

in series. As an example of a modern EV architecture, the Tesla Model S contains an 85 kWh pack

in a 96S74P configuration for a total of 7104 individual 3.4 Ah cylindrical cells used. A pack is

usually divided into distinct, interchangeable modules, in this case 16 6S74P configuration modules,

for simplification of manufacturing, assembly and maintenance of the pack

35
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Another key component of the battery pack is the battery management system (BMS), which has

dramatically increased in complexity and processing power in recent years. Although detailed consid-

eration of the BMS is out-of-scope for this work, some assessment of the role of the BMS is included

for completeness. The role of the BMS is to both control the pack while delivering demanded power

to the drivetrain or charging while maintaining safe operation of the pack. In order to achieve these

goals, the BMS will typically monitor pack, module and in some cases cell voltages as well as pack

currents and strategically selected temperatures. Using this sensor information, the BMS will be able

to intervene during operation, for example by derating the pack to ensure temperatures are maintained

within set, safe limits. The BMS may also contain onboard battery models which allow the BMS to

predict variables such as SoC and State of Health (Power) (SoHP) during operation, as in-service

estimation of the true SoC or SoHP of a battery is non-trivial without access to costly high accuracy

test equipment.

3.2.2 Thermal Management Strategies

Considering issues of thermal management within LIBs, in 2019 Wu et al. [124] identified at least 15

reviews focussing on thermal management issues within LIBs, dating back to 2004. However, despite

significant attention from researchers, significant issues in thermal management is still identified as a

critical issue within electrification, especially within the high performance and large packs required

by EVs. As shown in Figure 3.1, multiple strategies for cooling cells are available to designers, with

the surface of the cell through which heat is rejected being a basic consideration. The choice of

cooling methodology is also important, with selection of appropriate cooling systems being critical to

adequate performance while minimising costs [125]. A schematic of available strategies, highlighting

advantages and disadvantages is shown in Figure 3.1. One issue identified by Hales et al. [126]

is the lack of standardised metrics for thermal performance of LIBs, leading to cell manufacturers

optimising for cell specific energy density at the cost of thermal performance, which leads to on-paper

high performance cells being sub-optimal for use in real systems, and so the Cell Cooling Coefficient

(CCC) metric is proposed to standardise measurement of heat rejection rate through different cell

surfaces.

To the pack designer, 3 broad classes of thermal management system (TMS) are available; air cooling,

liquid cooling or phase change cooling. Air cooling may be either natural or forced air cooling, where

air is used as a medium to reject heat to the environment from the cell. Liquid cooling systems typically

pass a liquid past the cell, and heat is then rejected via a radiator to the environment. Liquid cooling

systems may be direct contact (cell immersed in liquid) or indirect contact (liquid passed through a

cold plate or cooling via a heat pipe), with many variations of both strategies. Phase change systems

utilise the latent heat of the cooling material during melting, typically enclosing the cell in a block of

material which maintains a desired temperature during melting [124]. Specifically considering TMS

for EVs, Kim et al. [127] identified a range of thermal management options as shown in Figure 3.2.

Considering air-based thermal management systems, significant optimisation has been carried out on

forced air systems, investigating the effects of cell arrangement, flow rate and flow paths on thermal

management performance, as summarised by Wu et al. [124]. For example, Tong et al. [128] carried

out a parametric study of forced air cooling of cylindrical LIBs, considering the effects of flow rate,

cell layout and airflow reversal. Without mitigation it was found that the peak temperature rise was

11 ◦C, with a maximum thermal gradient of 5 ◦C, although it is noted that this study did not consider
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Figure 3.1: Examples of cell and pack thermal management strategies, highlighting positives and negatives in
each case [125]. © Reproduced with Permission
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Figure 3.2: Schematics of various EV battery cooling strategies [127]. © Reproduced with Permission

the effects of rate, with a moderate rate of 1 C simulated. Additionally, only a single charge/discharge

cycle was simulated, and therefore it is possible that the equilibrium peak temperature/thermal gradi-

ent would be greater in continuous use, for example in a HEV application. It was found that thermal

gradients may be reduced by also increasing flow rate, staggering columns of cells or periodically re-

versing the air flow (effectively periodically moving to a counter-flow heat exchange arrangement). In

an optimal configuration the latter strategy was able to effectively halve the simulated thermal gra-

dient. This effect highlights the need to carefully consider interactions between thermal management

and electrical topology during design of packs.

In comparison, liquid cooling systems offer higher cooling powers and overall performance when com-

pared to air cooling systems, however at increased costs and weights. In particular, liquids typically

have a significantly higher specific heat capacity when compared to gaseous coolants, leading to in-

creased cooling performance. Within a liquid cooling system, the overall arrangement of the system,

the selected fluid, thermal contacts and ambient temperature are all considerations effecting perfor-

mance, among many others. With sufficient optimisation, liquid cooling systems have been found to

be effective in high performance applications such as EVs, and as of 2020 are commonly found in mass-

market EVs such as the Tesla Model 3 and General Motors Volt [124]. Despite potentially improved

performance when compared to air-cooling systems, recent numerical simulations of a 144 cell pack,

using large format pouch cells, by Chung et al. [129] under a range of realistic liquid cooling schemes,

predicted mean temperature rises of 12.5-20.5 ◦C, with induced thermal gradients of between 9.5 and

13.0 ◦C, depending on thermal management strategy during a simulated 2 C fast charge. However,

through optimisation of the cooling strategy it was possible to reduce this thermal gradient to 4.5 ◦C.

Meanwhile Rao et al .[130] simulated the effects of indirect liquid cooling using conformal aluminium

contact plates combined with cylindrical cells. Thermal gradients of between 3.4 and 7.2 ◦C were
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identified and are found to be highly dependent on the thermal mass of the contact plate and coolant

flow rate. However, this study simulated a small, 6 cell pack, highlighting the likely large thermal

gradients that may occur within large multi-cell modules or packs. Xia et al. [131], conducting a

review of TMS strategies, highlighted the inconsistency of performance between different TMS config-

urations, which may result in significantly different boundary conditions and therefore performance.

The topology of the thermal management system at the module level is also identified as a key con-

sideration, although the interaction between electrical and thermal management topology is less well

studied. Despite some limitations, liquid cooling systems have become industry standard for EVs, due

to their high cooling powers, compactness and the relatively homogeneous temperature distributions

achievable with optimisation. However, it is in general difficult to generalise the magnitude of thermal

gradients in packs, as thermal boundary conditions, control strategies and operating conditions are

highly variable.

Other cooling methodologies have been proposed. In particular phase change material (PCM) cool-

ing has attracted significant attention in recent years, where the latent heat of a material melting at

approximately the desired operating temperature is used to maintain a cell at that operating temper-

ature. The PCM material is then able to absorb or release energy as it is melted or freezes during

operation. Typical materials are paraffin waxes, although a wide variety of materials have been inves-

tigated for use. While PCMs may be effective in cooling battery systems, several challenges remain.

While, as passive systems, PCM thermal management is reliable, many proposed materials exhibit

low thermal conductivities and significant work has aimed at improving this property using additives,

fillers or fins. Additionally while a PCM may provide adequate cooling, there is an effective limit

on cooling imposed by the amount of PCM present, as once the phase transition is complete there

is limited remaining ability to remove heat [124], [127]. However, due to the increased mass of PCM

systems compared to liquid or air cooling systems, they considered out-of-scope for this work.

3.2.3 The Effects of Thermal Management on Performance and Lifetime

Due to the layered nature of an LIBs internal structure, heat rejection rates will be significantly

different depending on the surface through which heat is rejected, with in-plane (of cell layers) heat

transfer coefficients typically being significantly higher than those seen through-plane. For example

the thermal conductivity of the current collectors are found to be 398 and 238 Wm−1K−1 for the

aluminium and copper current collectors. This compares unfavourably to 1.58 and 1.04 Wm−1K−1

for anode and cathode of a NMC-graphite cell [119], [132], [133]. It should be noted that these values

are sensitive to the exact chemistry used and actual hear transfer will be influenced by cell internal

geometry. In a comprehensive review of in- and through-plane conductivity, Wei et al. [134] performed

computational fluid dynamic simulations of both cylindrical and prismatic cells with a range of cathode

chemistries under convective cooling. The results are summarised in Table 3.1 for kx/ka (in-plane)

and kz/kr (through-plane). In all cases in-plane thermal conductivity ranges from 10-50 times greater

than through-plane, highlighting the potential for through-plane thermal gradients to form within

LIBs, especially at high rates.

Due to this order of magnitude difference in thermal conductivity, researchers have found this difference

in thermal conductivity will allow significant thermal gradients to build up within cells. Zhao et

al. [119] compared the effects of tab and surface cooling (i.e. heat rejection via cell tabs which

are connected directly to the plane of cell electrodes, versus heat rejection through the major cell
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Table 3.1: Thermal conductivity bounds for different types of Lithium Ion Batteries. Adapted from [134]

Cathode Chemistry k x,y, k a [Wm−1K−1] k z, k r [Wm−1K−1]

LiFePO4 10.09-45.06 0.66-1.04
LiCoO2 10.30-45.65 0.75-1.47
LiMn2O4 10.09-45.06 0.66-1.04
LiNi0.33Mn0.33Co0.33O2 10.37-45.83 0.77-1.55

surfaces which occurs principally through-plane). Using a distributed 3-RC pair ECN model, it was

shown that the surface cooled case showed significantly increased internal heterogeneity, indicating

that thermal management design choices have a significant impact on cell performance. Under a tab

cooling regimen, for tabs held at 20 ◦C, a 1.8 ◦C internal thermal gradient was predicted, compared

to a 9 ◦C increase for a surface cooling scenario with the same boundary temperature. It is noted

that the heat flux and cooling power will not be the same in both cases due to the different heat

transfer coefficients and contact areas modelled. Li et al. [135] examined the temporal and spatial

distribution of temperatures within large-format pouch cells by embedding thermocouples within the

cell, and compared the temperature rise to the cell surface temperature. During a 1.5 C discharge, in-

plane thermal gradients of up to 12.5 ◦C were found, with minimal differences in internal and surface

cell temperatures. Therefore, the degree of in-plane thermal gradient induced even under moderate

discharge conditions is highlighted, which has significantly implications for heterogeneous degradation

of large-format cells through thermally accelerated degradation mechanisms. While the differences in

surface and internal temperature was found to remain below 1.1 ◦C for a 7 mm thick pouch cell, the

likelihood of large internal thermal gradients in cylindrical or prismatic cells is highlighted. Modelling

of large-format cells by Kim et al. [136] predicted temperature rises under convective cooling of 3.0

and 17.5 ◦C at 1 and 5 C charge respectively, with corresponding thermal gradients of 1.5 and 11.5
◦C respectively. The maximum temperature rise was found to be concentrated close to the tabs of the

cell, due to the increased Joule heating induced by local current concentrations. Considering thermal

gradients within cylindrical cells, Forgez et al. [137] used embedded thermocouples within 26650

LFP cells and measured thermal gradients of 10 ◦C under a 20 A cycling pulse load, highlighting

the significant radial thermal gradients which may occur within cylindrical cells under demanding

loading conditions. While not considering the effects of tab design on temperature, Zhao et al. [138]

found that increasing the number of tabs in a spirally wound electrode from 2 to 4 increased the

energy density of a cell from 52 to 89 % of that predicted by coin cell measurements for the electrode.

Significant differences were noted between co-located and counter-located tabs (at the same side vs

opposite sides) of the cell stack, which has strong parallels to the effects of parallel string topology on

performance, which is explored in further detail in 3.3.2.

Considering the effects of thermal management strategy on cell lifetime, Hunt et al. [133] compared

cells cycled using a 6 C discharge and 2 C charge under both tab and surface cooling, where thermal

boundaries were controlled using Peltier elements, with a control test of a convective cooling strategy.

It was found that while reference performance tests (capacity at C/20) exhibited similar results for

all 3 strategies, at high rates surface cooling led to a 9.2 % loss in capacity, comparing unfavourably

to the 1.2 % capacity loss seen in the tab cooled scenario. It is proposed that this deviation is caused

by internal thermal gradients leading to heterogeneous internal impedances in the surface cooled case,

leading to loss in capacity when cycled at high rates, a hypothesis which is supported by further work
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from Zhao et al. [119]. Additionally, it is thought that heterogeneous internal conditions will lead to

heterogeneous aging, meaning voltage cut-offs will be reached earlier under load, causing a reduction

in effectively accessible capacity of the cell.

3.2.4 Interim Summary

In this section multiple strategies for thermally managing battery packs have been assessed. Whilst

in general it is found that liquid cooling strategies are effective in EV applications, various modelling

studies provide contradictory results for the magnitude of thermal gradients induced under air- and

liquid cooling. It is clear that the degree of thermal gradient formation under these strategies is

highly dependent on the specific design and parameters of the TMS. Nevertheless it can, in general, be

concluded that liquid cooling will be generally preferred for maintaining the optimal pack temperature

range of 15-35 ◦C [129], [131]. It is noted that the interactions between cooling system design and

pack electrical topology is a relatively understudied area with potential for further research. This is

commonly neglected in modelling studies aimed at optimising pack TMS systems. While the effects

of thermal gradients within cells are out-of-scope of this work, due to the focus on thermal gradients

within packs, it is interesting to note the effects induced by cell internal electrical topology and

spatial location. Significant internal thermal gradient build-up within cells during operation, and it

is therefore likely that strong parallels may be drawn between the effects of thermal gradients at the

cell and pack level.

3.3 Heterogeneities within Lithium Ion Battery Packs

3.3.1 Overview of Pack Level Heterogeneities

Within parallel cell strings a range of heterogeneities have been identified as causing variation within

these cell strings. A coupling exists between cell impedance, load current, cell state of charge (SoC)

and temperature, as identified by Hosseinzadeh et al [139]. Load currents will be distributed within

the parallel connected cells due to the finite value of the interconnect resistance as well as cell-to-cell

variability, as a perfect system with zero interconnect resistance and no cell heterogeneities would

experience identical conditions for each cell. Offer et al. [140] developed an LIB pack consisting of 508

4.8 Ah lithium polymer batteries and found that interconnects have significant pack level performance

implications due to the interconnection overpotential inducing higher currents in some cells of the

same parallel string. The critical factor determining the effects of interconnect resistance is the ratio

of interconnect resistance to cell resistance [139]. Wu et al. reported this ratio as around 0.02 [141]

while Bruen and Marco [10] report a value of approximately 0.125. It is noted that measuring the In-

terconnection Resistance Ratio (IRR) is dependent on the cell SoC and temperature, as cell impedance

is a strong function of both factors, and therefore a pack with a low IRR value at low temperature

may exhibit significantly higher value at elevated temperatures. In particular, cell impedance may

vary by an order of magnitude between low and high temperatures. Other root causes of heterogeneity

identified include uneven thermal effects, variations in coulombic efficiency and different self-discharge

rates [142]–[144].

In nearly all pack level modelling work involving LIBs, authors have assumed that all cells have the

same performance with limited works also considering the effect of thermal gradients. Yet, it is well

known that there is a performance distribution between cells that exist due to small variations in
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the manufacturing in the cells which can lead to uneven heat generation. The result is that some

cells have higher/lower capacities and impedances, with this distribution varying depending on many

factors such as the manufacturing quality, age and other factors. Yang et al. [145] used a thermal-

electrochemical model to investigate the impact that temperature has on unbalanced discharging and

aging of parallel connected LIBs. They show that cells at higher temperature provide more current

until approximately 75 % of the depth of discharge which coincides with the voltage drop-off of the

discharge profile. At this point, the current distribution switches due to increases in cell impedance.

It was found that that for parallel-connected battery packs, the rate of capacity loss increases linearly

with temperature difference, and the rate accelerates with increasing operating temperature. Gogoana

et al. [146] showed that 2 parallel connected cells with a 20 % difference in internal resistance can

result in a 40 % reduction in cycle life when compared to cells with matched internal resistances.

This pack level non-uniform behaviour becomes even more critical as hybrid systems using different

chemistries are investigated [147]. Brand et. al. [148] found, on disassembly of BEV modules, that

capacity and impedance parameters differed less in aged modules. They postulated this to be due

to self-balancing of parameters during aging in parallel strings, a finding which was contradicted by

Baumann et al. [149], who identified significant aging induced heterogeneities in capacity and internal

resistances due to thermal and current heterogeneities.

Meanwhile Campestrini et al. [150] investigated aging in 2 112 cell 8S14P modules, and found that

despite residual variations in capacity and cell impedance at start of life, no significant differences in

pack-level aging rates were observed compared to naked cell cycling. Liu et al. [9] simulated aging

of 1S6P parallel cell strings under a range of thermal gradients and predicted that aging rates of the

strings were significantly sensitive to both the magnitude and direction of the applied thermal gra-

dients. Fleckenstein et al. [151] identified significant SoC inhomogeneities in LFP cells connected in

parallel, due to their relatively flat OCV curve, predicting that as a consequence aging rates would in-

crease, due to the SoC, temperature and current distributions. Cavalihero et al. [152] induced thermal

gradients in parallel connected cell strings, and found that degradation rates increased by 7 % under

non-uniform thermal conditions compared to a baseline pack. Clearly, the effects of heterogeneities

on cell parameter development are complex and coupled, and this literature review aims to explore

in detail the influences of various parameters on overall parameter development and aging. However,

disagreement exists in the literature as to the effect of initial cell-to-cell variation on overall lifetime,

and further investigation of these effects is warranted.

3.3.2 The Effects of Pack Topology

Electrical topology, referring to the arrangement of electrical components in a circuit, is highly rele-

vant to battery pack design and performance of parallel cell connections. This is due to the balancing

of currents within parallel circuits with unequal branch resistances, where any induced current dis-

tribution cannot be directly controlled in service and is typically unmonitored. While a battery is

an electrochemical device which is complex and not simply described by single circuit elements, the

configuration or electrical topology of the system is a key design consideration within an LIB pack.

Multiple authors have investigated the effects of changing the layout of battery packs, and key results

are critically analysed here. A key consideration is the interconnection resistances, which in real packs

will be finite as cells must be connected, and studies concerning these effects will also be reviewed

here. As an initial example of effects within single LIBs, Osswald et al. [153] modified 26650 cells
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(a)

(b)

Figure 3.3: a) Cis-configuration Li-ion cell string b) Trans-configuration Li-ion cell string [154]. © IEEE,
Reproduced with Permission.

such that the 4 tabs from the jellyroll could be connected to an external load in any configuration

desired. It was found that the tab connection pattern had an influence on the cell internal current

distribution, highlighting the effect of system topology on current distribution.

Considering the specific topology of parallel cell strings, LeBel et al. [154] investigate two different

topology classes within battery packs, which have been classed as either ‘cis’ and ‘trans’ configurations,

shown in Figure 3.3, based on the position of the string tabs. It was shown that the ‘cis’ configuration

showed a higher degree of current heterogeneity than the ‘trans’ configuration, as well as slower

SoC rebalancing after discharge, while heterogeneous current distributions lead to different current

throughputs cell-to-cell. This effect may be attributed to the increased differences in total branch

impedance in the ‘cis’ case between the branches close to the pack terminals and those furthest away

due to the increasing contribution from the interconnections. In comparison in the ‘trans’ case, branch

impedances are approximately equal and therefore the current and SoC distributions are decreased.

Wu et al. [141] mathematically showed that for a ‘trans’ configuration battery pack if the interconnect

and contact resistance is finite then there must be a difference in the currents supplied by each cell

(analysis which could be extended simply for a ‘cis’ pack).

Meanwhile, Lv et al. [155] assessed the performance of a 1S4P pack with a range of 3 pack topologies,

a ‘cis’ case, partially symmetric and fully symmetric (it is noted that the symmetric case may be

treated as a pair of ‘cis’ cases, i.e. if cells behave homogeneously the system may be considered as 2

1S2P packs). As shown in Figure 3.4, it was found that in the ‘cis’ and partially symmetric cases,

the SoC deviation between the cells increased by nearly 3 times compared to the symmetric case,

reaching similar conclusions to LeBel et al. [154] that this effect is induced by topologically induced

variations in branch impedance. This highlights the importance of balancing branch impedances at

the pack design stage as the electrical topology is selected. Extending this analysis, it was concluded
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Figure 3.4: SoC variation of individual cells and parallel battery module with a 0.625 C current rate: (a), (d)
battery terminals connected with # 1 battery cell; (b), (e) battery terminals connected with # 2 battery cell;
(c), (f) same circuit impedance of each parallel branch [155]. © Reproduced with Permission.

that the closer the string terminals are to the marginal cell, the greater the induced heterogeneities

and therefore losses induced by self-equalisation of the pack. Diao et al. [156] investigated balancing

and management of increasingly parallel connected cell strings, and the current deviation maximum

was found to increase monotonically with the increasing numbers of cells connected in parallel, as

shown in Figure 3.5. Neupert et al. [157] have suggested that selecting a ‘trans’ pack topology is

effective at reducing, although not eliminating, current variation between cells, though this is noted to

have reduced effects with increasing parallelisation. However, for an equal number of cells connected

in parallel it is expected that the ‘trans’ configuration will show smaller degrees of heterogeneity

Zhang et al. [158] also investigated the effects of increasing parallelisation on battery cell strings.

Using a combined experimental 1S5P system and an EEC model derived from Bruen and Marco [10],

they found that cells furthest from the terminals initially exhibited the smallest currents and this

shifted during the discharge, which is termed the ‘surge wave phenomena’. Heterogeneities in current

are identified as well as SoC deviation during discharge. As the C-rate increases, the energy loss from

the pack compared to the theoretical capacity dramatically increases, from 9.3 % at 0.5 C to 21.4 % at

1 C, shown in Figure 3.6. An approximately linear relationship between rate and inaccessible capacity

was identified. It was found that the cells furthest from the terminals contribute most significantly

to this energy loss due to the limits to the possible depth of discharge in these cells. This leads to

an overall underutilisation of the battery pack, potentially limiting performance during service, and

indicates that such effects should be considered during design and specification. The underlying causes

of these performance deficits can be attributed again to the variations exhibited in branch impedance

leading to under utilisation of cells far from the string terminals.

Extending this work to analyse the effects of topology on lifetime, Grun et al. [159] used an equivalent

circuit model to investigate the effects of topology on current distributions, finding that using a

‘cis’ topology increased peak currents (identified at the end of discharge during rebalancing) by 60
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Figure 3.5: Relationship between the number of cells and maximum discharge current discrepancy [156]. ©
Reproduced with Permission.

Figure 3.6: Comparison among the discharge capacities with various current rate [158]. © Reproduced with
Permission.
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Figure 3.7: Studied topologies A-D with varying degrees of string interconnection [161]. © IEEE, Reproduced
with Permission.

%. Using a current throughput degradation model as proposed by Sauer and Wenzel [160] to make

lifetime predictions for equivalent ‘cis’ and ‘trans’ configuration systems, it was found that increasing

the number of cells from 4 to 8 decreased the lifetime by 73 %. However, the degradation model

used was fairly rudimentary as it was only parameterised at a single temperature and rate. While

the capacity loss model is parameterised for temperature, the proposed model is unlikely to be robust

outside of a limited window of operation. In all cases, increasing interconnection resistances led to

accelerated aging, with increased effects identified in ‘cis’ packs, for example a 2.6 times increase in

interconnection resistance leading to an 8 % reduction in cycling capacity predicted for a 1S4P LFP

pack. It is noted that the predicted deviations in cell currents lifetime are significantly greater for

LFP cells than LCO, attributed to the relatively flat OCV curve allowing greater build-up of SoC

heterogeneities by minimising the rebalancing effect of decreasing cell OCVs in initially highly loaded

cells. This in turn leads to greater current throughput deviation and deviation in aging rates, leading

to an overall acceleration in capacity loss.

At the full pack/module level, Baronti et al. [161] investigate the properties of mixed parallel and series

connected modules, using a first order ECN model, investigating a range of interconnection schemes

shown in Figure 3.7. The individual cell parameters are varied based on a gaussian distribution of

capacity with standard deviations of 2.5, 5 and 10 % to simulate the variability in cells seen due to

manufacturing and aging heterogeneities (discussed in detail in Section 3.3.7). 200 simulations are

carried out for each topology, and topology D is shown statistically to provide a greater capacity

than topology A. Topology A was found to demonstrate a greater sensitivity to the mismatch in cell

capacity between each string . This difference may be explained by considering the effects of inserting

a low capacity cell in series into a branch of topologies A and D. In the case of topology A, a low

capacity cell will be limiting to the total capacity that can be safely extracted from a single branch,

whilst in case D, the fully interconnected nature of the pack will allow for the low capacity cell to be

bypassed. Utilising a fully interconnected topology, similar to D, Offer et al. [140]investigated a highly

interconnected 12P7S pack, and found that in highly topologically interconnected packs, faults in cell
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(a) (b)

Figure 3.8: a) Ratio between predicted current and equivalent equal split current for cells closest and furthest
from the load points for different ratios of interconnect resistance to battery impedance and cells in a single
parallel strip. b) Maximum and minimum temperature of a 8P1S pack under an equivalent 2 to 4 C loading,
starting from 60 % SOC [141]. © Reproduced with Permission.

connections may lead to extreme current deviations of over 200 % between cells, leading to potential

safety concerns. Therefore, whilst increasing interconnectivity is attractive from the perspective of

balancing cell level loads, increasing the interconnectivity of a pack may lead to greater difficulties in

practice alongside increasing the impacts of fault conditions on overall safety. Miyatake et al. [147]

also investigated the effects of both increasingly series- and parallel-connected modules in a xSyP

system, and found that in series packs the capacity was limited primarily by the lowest capacity cell

in string. Meanwhile cross-coupling, to increase parallelisation, increased current heterogeneity. This

validates the conclusions made by Baronti et al. [161] regarding the cause of capacity loss in topologies

investigated with varying degrees of string interconnectivity.

In conclusion, the topology of a pack is a base consideration when assessing the heterogeneity of

packs, with different topological arrangements having a significant impact. While considering the

topology of the parallel cell string is a fundamental consideration, the electrical properties of the

circuit, specifically parasitic resistances such as the interconnect resistance must also be considered.

3.3.3 The Effects of Interconnection Resistances

As previously identified, the interconnection resistances between parallel connected cells, due to the

electrical connections or busbars, will have a singificant influence on heterogeneous current distribu-

tions in parallel connected LIBs. In a parallel configuration, the ratio of the cell impedance to the

interconnection resistance, the IRR, as defined in Equation 3.1 is a key driver of heterogeneities and

will also be assessed here.

IRR =
RInterconnect
RDC, Cell

(3.1)

To model the influence of the IRR on current heterogeneities Wu et al. [141] used a P2D model to

explore the effect of variation on a parallel cell string. The ratio of current to nominal current is then

explored for a range of cell numbers and IRR ratios. It was shown that increasing the resistance ratio,

and the number of connected cells increased current heterogeneity dramatically, as shown in Figure



48 Chapter 3. Literature Review

Figure 3.9: a) The resistance of cell 1 in a 1S5P battery pack. b) The maximum to minimum current ratio
within the battery pack, during 5 C discharge at 5, 25 and 45 ◦C, RIC=0.133 mΩ. (c) Current variation of the
cells during 5C discharge at 25 ◦C, RIC=0.1mΩ. [139]. © Reproduced with Permission.

3.8 a, leading to extremely uneven heat generation, as shown in Figure 3.8 b for an 1S8P pack. Peak

thermal gradients are induced mid-discharge, with thermal gradients and temperature rises increasing

from 2.5 to 5.5 ◦C and 2.0 to 4.5 ◦C respectively as the applied current rate is increased from 2 to 4 C.

This is due to the unequal heat generation induced by the unequal cell currents leading to increased

localised heat generation in cells seeing high peak currents at different stages of the string discharge.

Hosseinzadeh et al. [139] investigated the current distribution between large, 60 Ah pouch cells using a

coupled P2D and ESS model. It was shown that varying the IRR and the number of cells in the system

has a significant impact on pack thermal performance and accessible capacity and it was found that

in a worst case, with a resistance ratio of 0.1 at 5 C, the temperature difference between hottest and

coldest cells was almost 50 ◦C, and the pack capacity was reduced by 40 %. Increasing the number of

cells in parallel from 3 to 5 also increased the temperature difference and decreased available capacity,

although less dramatically. The reduction in accessible capacity may be attributed to the unequal

current rates leading to accelerated depletion in SoC of the highly loaded cells in the string, leading

to overall cut-off of the pack discharge early and leaving a significant fraction of capacity inaccessible

in the remainder of the pack.

Extending this work, Hosseinzadeh et al. [162] investigated the aforementioned ‘cis’ and ‘trans’ config-

urations, referred to as a ‘Z’ and ‘ladder’ configuration. Simulating a range of case studies, including

IRR values of 0.01 to 0.1, it was found that for the same topology, induced peak thermal gradients

increased by a factor of 5 and 6.5 respectively, due to the increasingly dominant effect of the IRR on
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Table 3.2: A comparison between Z shape and ladder shape configuration for different interconnection resis-
tances, under Artemis Rural Road drive cycle from 96 % to 4 % SoC with a nominal applied cell current of 20
A [162]. © Reproduced with Permission.

IRR Configuration ∆V [V] IMax [A] IMin [A] IBalancing [A] ∆TPeak [◦C]

0.01 Z 0.18 25.4 16.8 -0.5-0.8 3.0
0.01 Ladder 0.66 40.7 10.7 -2.4-4.6 9.8
0.05 Z 0.72 41.2 9.4 -3.2-5.4 10.3
0.05 Ladder 1.56 86.8 2.0 -4.6-27.3 37.0
0.10 Z 1.00 54.7 5.2 -5.2-15.6 17.0
0.01 Ladder 1.60 118.5 0.5 -5.3-32.0 65.4

current distribution. The results of these case studies are summarised in Table 3.2. This in turn leads

to high peak currents and aggressive discharge of certain cells in the packs, leading to high peak heat-

ing. This effect is significantly greater in the ‘ladder’ configuration, due to the increasing imbalance

between branch resistances induced when all interconnection resistances are varied homogeneously. It

was found that the degree of heterogeneity was 2-2.5 times more sensitive to increasing the number

of parallel cells in the ladder configuration. Considering the impacts of heterogeneous temperatures

on safe operation, a significantly greater range of safe operation was identified for the Z configuration.

For the ladder configuration with above 10 cells in parallel, IRR values of greater than 2-4 % are pre-

dicted to lead to thermal gradients of sufficient magnitudes to constitute a significant safety hazard.

In comparison for the Z configuration, safety hazards are only identified with IRR values of >9 % over

14 cells connected.

Further validating these results, Liu et al. [9], using a SPM model, found that increasing the IRR of

a single cell in 1S6P pack by 4 times led to a decrease in accessible capacity in all cases. However,

the placement of the high IRR cell had a significant impact on the degree of heterogeneity in the ‘cis’

topology investigated, and while if the high IRR cell is the furthest from the pack terminals there is

a minimal improvement in current heterogeneity, placing the cell close to the tabs led to a halving

in mean standard deviation of current. Investigating the impacts of varied IRR on pack lifetime,

Grun et al. [159] used a current throughput model to predict effects of IRR variation on lifetime. It

was found that increasing the interconnect impedance by 250 % leads to a 20 % increased capacity

loss rate compared to the base case for interconnect resistance. Overall, a significant portion of the

literature identified the IRR as a key driver of heterogeneous current build-up and given that many

cell degradation processes may be current activated, it is reasonable to conclude this effect will have an

impact on overall lifetime. However, a comprehensive overview of the effects of IRR on aging rates is

currently not found in the literature, and experimental validation datasets are lacking. This highlights

the need to both experimentally validate these predictions and reiterates the need to understand the

convergent/divergent aging behaviour within parallel strings, as it has already been identified that

heterogeneous cell parameters will have significant effects on parallel string current distributions.

3.3.4 The Effects of Thermal Conditions

As identified in Section 3.2, thermal effects within battery packs have a significant impact on per-

formance and lifetime while also proving to provide a significant engineering challenge during design

and manufacture of large, highly parallel battery packs. Non-uniform temperature distributions in
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particular are thought to be highly detrimental to the lifetime of LIB packs, with researchers devel-

oping bespoke equipment to investigate thermal effects within parallel cell strings [163], [164]. As

the internal structure of a single LIB may be considered to be a distributed set of smaller cells, first

thermal effects within a cell can be considered. Troxler et al. [165] investigated the effects of thermal

gradients within a single cells by approximating RCT as a function of distance based on a linear tem-

perature distribution. Under thermal gradients, the cell was found to not perform as it would under

a uniform temperature equal to the theoretical average temperature of the imposed gradient, but as

a cell at a higher average temperature. The larger the gradient, the larger the deviation from the

behaviour of a cell with a constant average temperature. Zhao et al. [119] considered internal thermal

gradients within an LIB cell, using a distributed ECN model, a system which is analogous to a parallel

connected string of LIBs, and found that significant thermal gradients were induced internally, with

thermal boundary conditions significantly influencing the temperature distribution, current distribu-

tion and SoC deviation, with tab cooling providing more uniform performance due to the increasingly

homogeneous internal temperatures.

Extending analysis to multicell systems, Klein and Park. [163] investigated heterogeneities within

two groups of LFP and NMC parallel connected 18650 modules, in a 1S5P symmetric configuration,

which was designed apply a bulk thermal gradient to the pack, although individual cell temperatures

were not controlled. A range of mean temperatures and thermal gradients were tested at 20, 50, and

80 % SOC, using C/5, C/2, 1 C, and 2 C 10 s constant-current pulses to evaluate heterogeneities.

It was found that the total normalised current difference was highest when the cell impedance was

more temperature sensitive, tending to occur at lower states of charge. At 20 % SOC, with a TAvg

of 15 ◦C and a ∆T of 20 ◦C, and at C/5 the hottest cell in the NMC pack carried an 80 % higher

current than the mean cell current. In comparison, the hottest cell in the LFP pack under the same

conditions carried only a 40 % greater current. This indicates that under pulse conditions, LFP cells

have a lower sensitivity to temperature heterogeneity due to their flatter OCV response. This leads to

smaller differences in individual cell OCVs within the pack caused by SoC heterogeneities occurring

due to the heterogeneous currents. Considering the current distribution, it was found that as TAvg

lower and/or the C rate increased, the current became less dynamic due to increased overpotentials.

Yang et al. [166] investigated 1S2P and 2S1P packs discharged under constant power conditions in

both series and parallel configurations, and at a range of thermal gradients and average temperatures.

They found that the differences in terminal voltages of two series cells increase as the temperature

difference increases when the ambient temperature of the two cells remains at the same average value,

with thermal gradients further increasing the deviations in terminal voltage. For the 1S2P case,

increasing the temperature gradients between the cell increased the current heterogeneity, with high

currents applied to the high temperature cell, due to the reduced cell impedance at high temperatures.

As the temperature gradient increases, the difference in accessible energy increased linearly by 123.5

mWhK−1 for the average temperature of 10 ◦C and 43.8 mWhK−1 at 30 ◦C. The rate of increase

is higher at lower temperatures due to the increasing rate of change of apparent cell impedance

at lower temperatures, and the proportionally greater influence of the cell impedance on the total

branch impedance at low temperatures. These differences were 5–10 times higher than that of the

series connected cells at the same temperature gradient, which makes the temperature uniformity

requirements within parallel battery packs higher than that within series battery packs.



3.3. Heterogeneities within Lithium Ion Battery Packs 51

In a similar approach, Huang et al. [167] used a P2D model, coupled with a 3D thermal model of

the battery pack, considering natural convection to the environment, modelling a 4S6P pack to study

thermal effects. Thermal gradients were found to form due to the upwards flow of hot air and the

vertical orientation of the pack, which led to a temperature rise of 17 ◦C at 2 C. It was noted that the

temperature heterogeneity was more dependent on operating conditions than ambient temperature.

However, after cycling, the heterogeneity in discharge capacity is double that compared to a single

discharge at a high ambient temperature. When significant temperature deviations exist in the battery

pack, cells with lower temperature have higher impedance and vice versa. In turn, higher currents

pass through the high temperature cells, which despite having a lower impedance will concentrate

Joule heating into these cells, leading to a positive reinforcement of the thermal gradient. It was

also noted that the deviations in discharge capacity among the parallel-connected cells is increased

with increasing thermal gradient, again due to the high apparent impedances in the low temperature

branches blocking access to a significant fraction of the available capacity.

Thermal effects may both be difficult to diagnose in service due to limited temperature sensing while

also having an impact on diagnostic results. As such both Merla et al. [97] and Liu et al. [9] considered

the effects of thermal gradients on ICA results from parallel strings under applied thermal gradients,

and showed that the ICA response when highly heterogeneous currents are seen will be significantly

shifted, both increasing the difficulty of diagnosis but potentially allowing identification of thermal

gradients from discharge based diagnostics.

Considering the effects of thermal gradients on series cell strings, Zilberman et al. [168] investigated a

5S1P series pack, under an applied thermal gradient, controlling temperature using Peltier elements.

Applying thermal gradients to the, significant temperature-induced variations in end-of-charge and

end-of-discharge voltages between the cells were observed. With applied thermal gradients, low tem-

perature cells reached cut-off voltages earlier due to increased overpotentials. Despite the small (5
◦C) thermal gradient applied, significant uneven aging was found. This indicates that despite series

connected cells nominally being exposed to identical currents and current throughput, significant dif-

ferences in degradation rates may be occur, with 2.5 times greater capacity loss in the low temperature

(25 ◦C) cell than the high temperature (30 ◦C) cell.

Yang et al. [145] considered the effects of thermal gradients on current distribution within parallel

strings at different mean temperatures. They found that cells at higher temperatures experience

a higher current below approximately 75 % depth of discharge before the current drops in those

cells, and that this effect is increased in magnitude at lower temperatures, indicating that the mean

temperature at which a thermal gradient is applied to a pack is also an important consideration, due

to non-linearities in cell impedance response with respect to temperature.

3.3.5 The Impact of Cell-Level Parameter Variation

Apart from the topological and thermal effects considered in Sections 3.3.2 and 3.3.4, the inherent

parameter variation seen in LIBs has been examined as a cause of heterogeneity within LIB packs.

While LIBs are often considered to have identical performance, particularly when modelling battery

packs, there are typically significant differences in key battery parameters induced by variations in

manufacturing and over the life of the cell. This parameter variation may in turn have an impact

on pack level performance. Investigating cell level variations, Rumpf et al. [62] investigated the cell



52 Chapter 3. Literature Review

parameter distribution for 1100 commercial 26650 LFP cells, determining capacity, DC resistance and

impedance at fixed states of charge. They found small variations in parameters, with capacity varying

by small (<0.5 %) amounts. In comparison, the AC impedance and DC resistance parameters varied

by a greater degree, although variations were still relatively small. While the variations in parameters

are small, in particular the variations in cell impedance may have significant impacts at the pack

level. Schuster et al. [71] investigated the parameter variation in 484 new and 1908 used (in EV

service) cells, measuring capacity and impedance of the cells. It was found that, in agreement with

Rumpf et al. [62], cells initially exhibited normally distributed parameters, however after aging it was

found that parameters fitted a skewed Weibull distribution, alongside an increasing spread caused by

heterogeneous aging. Researchers have explored how the variations principally in cell capacity and

impedance will lead to differences in pack performance and lifetime, and this will be examined in

this section. As early as 2006, Wu et al. [169] investigated parallel-connected LIB cells, simulating

current distributions for parallel strings with cells of different capacities. It was found that even under

constant current conditions, the simulated current distributions are not constant but change with time

and voltage, and that variations were more significant close to pack voltage limits, while noting that

the current through each cell was neither constant nor proportional to the ratio of the cell capacities.

Investigating the effects of including pre-aged cells within a parallel cell string, Gong et al. [170]

harvested cells with 2 years use in a series pack of an EV and created 27 packs using various com-

binations of 2, 3 and 4 cells. They noted increases in heterogeneity of current and SoC distribution

when packs including degraded cells are included. Increasing the number of cells in the test pack was

found to decrease current variation, and it was also concluded that the currents are approximately in

ratio with the cell capacity for most of the discharge although this effect broke down at lower states

of charge. Similarly, Pastor-Fernandez et al. [171] investigated a 1S4P pack where the cells had been

previously aged for 0, 50, 100, 150 cycles respectively, leading to an initial difference in the SoH of

each cell. The cells are then connected in parallel and cycled to 500 cycles, which is defined as the

end of life condition, and each individual cell is characterised at every 50 cycles. It was found that

the SoHP (defined as the resistance change relative to Beginning-of-Life (BoL) and End-of-Life (EoL)

conditions) decreases faster than the SoHE (defined as the capacity change relative to BoL and EoL

conditions), however it was also found that the SoH metrics, which divergent at the start of pack life

tended to converge during pack cycling, due to the self-balancing nature of the cell loads leading to

greater charge throughput and therefore accelerated degradation in the less-degraded cells. However,

in this study the aged cells were introduced into the pack in a pre-degraded state, which limits the

insights into how such a difference in SoH between cells could arise in a pack with initially relatively

well-matched cell parameters. While the maximum initial difference in impedance and capacity were

30 and 8 % initially, significantly tighter (1-2 %) distributions of initial parameters have been identified

in other large-scale studies of cell parameter distributions [62]. Manufacturers may screen and group

cells before assembly to match capacity and impedance, further reducing initial variations. Addition-

ally, cumulative differences in charge throughput are highlighted during cycling of the pack. Fang et

al. [172] characterised 138 cells and cycled a subset for either 50 or 100 cycles to increase the already

present parameter inconsistency. These cells were paired and combined into 1S2P modules for cycling

at a range of temperatures. Parameter inconsistency decreases while larger parameter inconsistencies

at the start of life leads to more rapid aging. Overall, it is clear that increased parameter variation

leads to increased rates of degradation and divergence in SoH between cells, however the use of pre-
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aged cells does not directly inform behaviour in real packs, where cells will begin life with significantly

less parameter variation as previously identified.

Brand et al. [173] investigated pairs of parallel connected 18650 cells using a high accuracy and low

impedance system design for a symmetric pair of parallel cells. A combination of hall effect sensors

and shunt resistors were used to minimise the influence of sensing on the current distribution. A

simplified EEC model (single resistor and linearized OCV) was presented to illustrate the influence

of different parameters on current distribution under variations of capacity and resistance. Based on

current pulse testing and simulations they conclude that in a scenario where resistance is variable,

initially cell currents will be divergent based on the current divider ratio and subsequently will begin

to equalise, which has also been observed and mathematically shown by Wu et al. [141]. In a variable

capacity scenario, a difference in SoC builds up and over time the currents will diverge based on the

capacity ratio. It was concluded that as resistance variation is more significant for commercial cells

this will be a more significant effect.

Fill et al. [174] made assumptions allowing the derivation of an analytical solution for parallel con-

nected cells using a simplified ECN (source and resistor) model for a cell and linearised OCV curves.

They found that at higher SoCs the model gave similar results to more complex ECN models and only

generated large errors at low SoCs, indicating that simplified models may provide adequate accuracy

for general modelling and analysis of heterogeneities within parallel strings. Varying the cell resistance

and capacity based on a distributed gaussian function to investigate the effects of parameter variation

on peak cell currents via Monte Carlo simulations. It was found that by increasing the number of cells

in a parallel string the peak cell currents and SoC imbalances increased. Correspondingly it was found

that system time constants and SoC imbalance decreased with decreasing product of cell resistance

and capacity, a finding which has been supported by Chang et al. [175]. Chang et al. [175] also

suggest that while there is a correlation between SoC deviations and deviation in cell time constants,

this does not scale with number of parallel cells, and it is suggested that matching cell time constants

may be effective in reducing heterogeneity. Extending this approach, Fill et al [176] used the same

approach to investigate the effects of cell level parameter variation on series connected modules. The

methodology used was able to obtain an analytical solution to the current distribution for any system

of nSmP cells. This solution showed an almost logarithmic increase of the maximum cell currents

and SoC differences within the parallel-connected cells with respect to the number of parallel- and

series-connected cells, and a linear correlation to the standard deviation of cell resistance and capacity

distributions. Meanwhile a decreasing square root dependence was identified between maximum string

current and cell-to-cell OCV difference with the number of parallel- and serial-connected cells.

Devie et al. [177] used a simplified ECN to investigate balancing currents in parallel cells strings where

the SoC and thus voltage is not the same. They were able to accurately predict the cell balancing

currents and therefore the OCV after a balancing event and use these simulations to assess the impacts

of either a short or open circuit failure on a parallel cell string, and it was found that balancing currents

may be used as an indicator or diagnostic of cell failure within large, highly parallelised systems.

Several authors have also investigated the effects of the variation in system parameters such as convec-

tive heat transfer coefficients on pack level heterogeneities, typically using models to simulate variation

in such parameters. For example, Li et al. [178] use a first order ECN model to investigate the proper-

ties of parallel connected cell systems, which was linked to a lumped thermal model of the 1S2P systems
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under investigation. 4 cases for cell pairs (1S2P configurations) were investigated with either varied

cell impedances, heat transfer coefficients or cell-to-cell contact thermal resistances. It was found that

out of the wide range of scenarios simulated, thermal isolation combined with differing heat trans-

fer coefficients generated the greatest deviation in cell temperatures, while thermal isolation between

cells, resistance variations and invariant heat transfer coefficients led to similar temperatures rises,

but the greatest current variations. Hosseinzadeh et al. [139] investigated the current distribution

between large, 60 Ah pouch cells, and found that variable heat transfer rates, unequal interconnect

resistances and variable ambient temperature had a significant influence on observed cell currents.

Increasing the interconnect resistance ratio was found to logarithmically increase the electrical load

imbalance, which was shown to lead to dramatic thermal gradient formation (48 ◦C at IRR = 0.10

under a 5 C load). Even with more moderate IRR values, significant thermal gradients were induced.

Varying the ambient temperature had a significant impact on the current distribution, with lower

temperatures leading to relatively lower current distributions. This is caused by the lower apparent

cell impedance at high temperatures, due to improved reaction kinetics, leading to increased apparent

IRR values compared to low temperatures, and consequently higher magnitude current distributions.

As high-power cells are likely to exhibit lower absolute impedances than high energy cells, these effects

are of more concern in high-power battery packs, such as those used in HEVs. With lower absolute

impedance values, for a given busbar design the IRR will be increased. Therefore, consideration in

design should be taken when specifying the acceptable impedance values of the busbars and therefore

interconnections in parallel connected cell strings.

Hofmann et al. [179] use a state space formulation of a 3RC EEC model to simulate an arbitrarily

sized parallel pack. This model was validated for a high power and a high energy cylindrical cell,

while a virtual cell with a linearized OCV and an impedance model consisting of an ohmic resistance,

a variable ZARC (i.e. a parallel resistor and CPE elements) impedance and a Warburg element

was used for parameter variability studies. For validation the high energy and high-power cells were

connected in parallel and various load profiles were applied, using sinusoidal pulses from 1000 Hz to

1/1000 Hz. Using parameter variations found in the literature a range of parameters were varied

based on realistic values, and a 2P string was investigated. The parameters varied were all ECN

parameters, the overall capacity and the OCV. It was found that non-linearities in the OCV curve

prevent a constant difference in SoC from forming. It was found that with high energy cells the series

resistance has a greater influence on current and SoC distribution whereas for a high-power cell the

relative capacity is more significant, as shown in Figure 3.10.

In order to extend their analysis of the effects of cell parameter variation, Rumpf et al. [180] used

the cell variability values experimentally found in their previous work [62] to investigate the effects of

cell parameter variation in parallel connected cell strings. Using a Newman-type cell model linked to

a 0D thermal model and 0D electrical circuit model, they aimed to provide general conclusions about

multicell systems and so focussed on a 1S2P topology to illustrate general behaviour. A range of

scenarios with variable topologies and varied capacity, resistance and temperature between cells were

investigated, with parameter variation mimicking those experimentally determined. It was highlighted

that for parallel strings symmetric topological design of cell modules from a resistance perspective is

critical and minimisation of thermal gradients, resistance and capacity variations is important for

minimisation of peak currents. Additionally, it was shown that for an asymmetric module, correct

cell matching may decrease the peak currents seen in the case where cells with higher capacity or
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Figure 3.10: Resistance coefficient variation (ρ 0.005 . . 0.165 AhΩ) and its influence on the current distribution
at capacity (∆Cn = -1 % ) and impedance (∆R = 7.6 %) [179]. © Reproduced with Permission.

impedance are placed closer to the module tabs.

In order to reduce lifetime variations seen within packs, several authors have proposed cell grouping

methodologies to reduce or minimise cell-to-cell heterogeneities. For example, work by An et al. [181]

indicated that simple ECN models (0th order) were adequate to group cells based on manufacturer

parameter data. It is noted that while aging metrics are key to include during cell grouping, such

metrics must be practically obtainable, and the cell self-discharge rate (or steady state OCV change)

are a practical metric. This proposed methodology is statistically investigated in work from the same

authors [182], where analysis of multiple 1S2P packs during cycling found that only changes in self-

discharge rate were statistically significant in leading to lifetime reductions, although it is noted that

the sample size used was still relatively small (9 packs).

3.3.6 The Effects of the Duty Cycle

While topology, thermal conditions and cell parameters have been shown to be key drivers of hetero-

geneity within LIBs, the duty cycle the pack or cell is exposed to will also have a significant impact,

both driving formation of heterogeneities and potentially accelerating degradation. To investigate

these effects, Bruen and Marco [10] use a state space ECN to analyse a 4 cell parallel cell string. Two

principal applications were considered, those being a HEV and BEV drive cycle. In a HEV application

is was found that the peak current was 14.4 % above nominal while the current throughput was in-

creased by 6.7 % between cells. In comparison under a BEV drive cycle the peak current was 159.2 %

above nominal, however the current throughput range was only 3 %. While perhaps unexpected, this

effect is caused by the greater SoC range and more homogeneous load giving greater opportunities for

differences in cell OCVs and SoCs to build-up, in turn leading to greater deviations in cell impedance

and higher peak current values. Wu et al. [141] used a P2D model was used to explore the effect

of variation on a parallel cell string, and the effect of sinusoidal loads on a 12P7S battery pack is

explored. It was found that dynamic loads (10A at 1Hz for a 100A load) dramatically increased the

peak temperature of the pack, and it was concluded that the effects of interconnection resistance are
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Figure 3.11: Simulated temperature of the hottest cell in a 12P7S battery pack under static and dynamic loads
with equal and unequal interconnect resistances [141]. © Reproduced with Permission.

more significant in confined SoC windows, for example in HEVs. Considering the effects of realistic

load cycles and uneven interconnect resistances, as shown in Figure 3.11, it was shown that when

simulating the highly parallelised 12S7P pack first presented by Offer et al. [140] that interconnection

resistance faults are predicted lead to temperature rises to unsafe levels. In this case, modelling the

pack as a system with equal interconnection resistances would imply safe operation under the given

duty cycle, however combining the duty cycle with uneven interconnections leads to 4.7 times increase

in the maximum cell temperature. This effect may be attributed to uneven branch resistances leading

to concentrated Joule heating.

Considering the effects of load profile on highly parallelised packs, Bruen et al. [183] investigated the

current distributions in a 1S70P system, using a 3rd order ECN model. A 200 % difference in peak

current during a dynamic driving profile is seen in a 70 cell parallel pack, which while unmonitored by

the BMS may allow some cell currents to greatly exceed their intended operating current, or be aged

more quickly due to increased charge throughput and ohmic heat generation, shortening the overall

lifespan of the pack.

3.3.7 The Effects Heterogeneities on Pack Degradation

Many authors have considered the origins of heterogeneity within LIB packs, as discussed in Section

3.3, and several effects such as the pack topology, cell parameter variation and operating conditions

(thermal conditions and duty cycle) have significant effects. However, a more limited selection of

literature is available analysing the effects of such variation on pack lifetime rather than instantaneous

performance. While it is clear from a fundamental understanding of LIB degradation that heterogene-

ity will lead to reduced overall lifetime performance, the direct causes and effects of heterogeneity on
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degradation is less well explored. As an example of the effects of heterogeneous degradation Schuster

et al. [71] found increased spread in cell capacity and resistance in 1908 cells aged in-service in EVs,

and identified that while in this particular design there was no significant positional effects (i.e. caused

by high temperatures or currents in specific module positions), the intrinsic variation caused by cell

and pack manufacturing tolerances leads to increasing parameter variation during service.

Gogoana et al. [146] investigate current distributions induced by internal resistance mismatches be-

tween individual cells in a pack, using 2.2 Ah cylindrical LFP 18650 cells. 72 cells were tested, and the

internal resistance was measured at 50 % SoC by applying a 17 C current pulse for 15 s. A maximum

difference of 25 % was found between RDC of the most and least resistive cells tested. 6 1S2P packs

were then created and tested. The packs had a symmetric arrangement. Mismatches in RDC were

generated in pack construction, with 2 packs each at approximately 0, 10 and 20 % mismatch. The

packs were cycled, and degradation modelled as basic SEI growth, assuming a constantly proportional

relationship between the resistance of the two cells. It was concluded that towards the end of dis-

charge, cells in a mismatched pack may experience abnormally high currents, and if the cells are not

specified to take currents this high then this may lead to issues and accelerated degradation of the

system. The proposed degradation model suggests that maximum charging current experienced by a

cell has a strong influence on the degradation rate and therefore current balancing in parallel strings is

critical to maintain pack lifetime. However, limited further validation of the aging model is presented

whilst the effects of current-activated aging mechanisms are not considered. Under high peak currents,

aging mechanisms such as particle cracking are expected to become increasingly significant and these

effects are not captured. Westenhover et al. [184] experimentally investigated 1S30P packs, cycled at

6 C and 15 C. It was found that for the high-power cells used at 6 C, well below the cell operating

limits, the imbalance of currents was insufficient to cause serious deviation in aging, however this was

not the case at 15 C where especially at full depth of discharge, where significant deviation between

cells was seen. The increasingly heterogeneous aging with C rate may be attributed to increasing

current-activated degradation of the cells under test, due to the extreme peak currents. The increas-

ing deviations during high DoD cycling was likely due to increasing cell impedances at low SoC values.

This leads to greater peak currents in the high DoD cases during the pack SoC rebalancing phase close

to the end of discharge (EoD). However, no further exploration of this effect was presented.

Considering the effects of thermal gradients on uneven aging within parallel cell strings, Cavalheiro et

al. [152] investigated induced thermal gradients within 1S5P stack of cells under convective cooling,

and compared the degradation rate to a single cell under the same nominal cycling procedure. Highly

non-uniform degradation occurred in the string, and that the parallel string degraded significantly

faster (7 % greater capacity loss at 2215 cycles) than the baseline pack, which was attributed to

the higher mean cycling temperatures of the central cells in the pack. It was found that the stack

cell temperature during discharge increased by 400 % more than in the baseline single cell, and the

temperature distribution became more heterogeneous with time. Again considering the effects of

thermal gradients on aging, Shi et al. [185] investigated the effects of imbalanced currents on large

format LFP cells in a 1S2P configuration, comparing a homogeneous and heterogeneous case. It

was found that in the heterogeneous case (30◦C thermal gradient), the degradation rate was more

than double that of the homogeneous case. Over 1000 cycles, both the initial deviation in currents

was higher for the heterogeneous pack, and this difference also increased with cycle number. It was

therefore concluded that imbalanced currents directly affect the rates of capacity loss during cycling of
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Figure 3.12: Simulated discharge energy loss for battery packs with thermal gradients under 1 C constant
current cycling. a) 45 to 20 ◦C decreasing by 5 ◦C for cells B1 to B6. b) 20 to 45 ◦C increasing by 5 ◦C for
cells B1 to B6. c) 32.5 ◦C for all cells. d) pack output energy during cycling and degradation rates [9]. ©
Reproduced with Permission

parallel strings, and therefore supressing branch current variation rapid capacity fade may be avoided.

Liu et al. [9] used a model based approach to investigate the effects of a range of thermal gradient

conditions on a 1S6P pack, and found that both the degradation rate and accessible capacity were

highly linked to the applied thermal gradient, with thermal gradients in all cases decreasing accessible

capacity. However, it was also identified that the direction of the thermal gradient relative to the

position of the tabs had a significant impact on the predicted degradation rate (calculated using an

SEI growth based degradation model), with a predicted 66 % increase in the degradation rate when

comparing a 25 ◦C thermal gradient applied with the coldest cell at the terminal side of the pack

to the reverse case, as shown in Figure 3.12. A significant limitation of this study is identified as

the attribution of all degradation to SEI layer growth, whilst it is expected that differences in peak

current will lead to deviation in the degree of degradation induced by other mechanisms such as

particle cracking.

Considering the effect of thermal gradients on series connected cells, Chiu et al. [186] used an SPM to

investigate the effects of thermal gradients on series connected cells. A SEI growth-based degradation

model is included. After experimental validation on a reduced size (2S1P) system, the principle
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Figure 3.13: Simulated capacity fade result of ten cells connected in series with a) TAvg = 34 ◦C and ∆T = 0
◦C. b) TAvg = 34 ◦C and ∆T = 18. c) TAvg = 60 ◦C and ∆T = 0 ◦C. d) TAvg = 60 ◦C and ∆T = 18. [186].
© Reproduced with Permission.
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Figure 3.14: Simulated capacity fade result for a 6S5P pack under different thermal conditions. a) Discharge
curves at TAvg = 25 ◦C and ∆T = 0 ◦C. b) Discharge curves at TAvg = 40 ◦C and ∆T = 40 ◦C. c) Discharge
curves at TAvg = 25 ◦C and ∆T = 0 ◦C. d) Discharge curves at TAvg = 40 ◦C and ∆T = 40 ◦C [142]. ©
Reproduced with Permission

topology modelled was a 10S1P pack, under 2 different average temperatures and 3 thermal gradients

in each case. It was found that a thermal gradient of 18 ◦C decreased available capacity by only 3 %

to 22 % from 19 % at an average temperature of 34 ◦C compared to with no thermal gradient (Figure

3.13 a and b). However, at an average temperature of 60 ◦C these values increased to 45 % and

38 % respectively (Figure 3.13 c and d), both increasing the rate of degradation and increasing the

spread caused by the applied thermal gradient at 2000 cycles. In the second case the pack capacity

is limited by the performance of the hottest cell in the series string, which had undergone significant

aging. Ganesan et al. [142] experimentally cycled 6S5P packs under a range of mean temperatures

and thermal gradients, and found that application of a thermal gradient in all cases increased the rate

of capacity fade. The greatest increase in the capacity fade rate, by up to 30 %, was observed when

a 15 ◦C thermal gradient is applied to the pack at a mean temperature of 25 ◦C. This increase was

reduced to a 17 % for the same thermal gradient at a mean temperature of 40 ◦C. Figure 3.14 shows

the modelled capacity loss in 4 test cases.

The underlying cause of this effect is again identified as the non-linear impedance behaviour of LIBs,

with greater relative changes induced at low temperatures. This in turn leads to greater SoC deficits

in low temperature cells in parallel strings. It was also indicated that for the NCA cathode chemistry

studied, degradation of the cathode had a significant contribution to the overall rate of capacity loss,

highlighting the importance of consideration of cathode degradation in parallel strings. This is of
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Figure 3.15: a) EIS spectra for cell at 20 ◦C (50 % DoD, 1 C charge and 2 C discharge) at four different FEC.
b) EIS spectra for cell at 45 ◦C (50 % DoD, 1 C charge and 2 C discharge) at four different FEC. For the cell
cycled at 20 ◦C, the spectrum does not change much but instead after a few hundred FEC is horizontally shifted
towards higher impedance. The spectrum at 45 ◦C does not shift but instead it enlarges gradually and two
electrode processes become distinct as the cell ages with a shift towards low frequencies [188]. © Reproduced
with Permission

particular interest in packs designed for high rate loading, as heterogeneities in current may lead to

extreme peak currents at top and bottom of charge, leading to accelerated particle fracture. However,

whilst the model used was validated at start of life, no aging experiments were carried out to validate

the model at the pack level, whilst the degradation model used simulated only SEI and CEI growth as

degradation modes, a potential limitation given that highly heterogeneous currents may for example

exacerbate particle fracture.

Further considering the effects of temperature on impedance growth in NMC cells (the cell chemistry

selected for use in this work), several authors investigating the impedance growth of NMC cells have

noted greater growth in charge transfer impedances at intermediate temperatures (10-45 ◦C), while

lower growth is seen at elevated temperature. Investigating the contribution of each electrode to overall

cell impedance by harvesting electrodes and constructing coin cells, Jalkanen et al. [187] identified the

NMC cathode as the dominant contribution to the medium frequency charge transfer resistance of the

cell. This impedance contribution was particularly dominant at room temperature (assumed 20-25 ◦C)

and 45 ◦C. Meanwhile, Maheshwari et al. [188] found a greater growth in the low frequency semicircle

(in this case attributed as RSEI) at 20 ◦C than 45 ◦C, shown in Figure 3.15 a and b respectively. As

can be seen, similar magnitudes of growth are seen after 50 % less Full Equivalent Cycles in the 20
◦C case. Significant growth in both RS and the low frequency semicircle are noted in the 45 ◦C case,

likely attributable to accelerated SEI growth at the anode with elevated temperature.

Buchberger et al. [51] also identified this trend in NMC-111 cathodes, investigated in coin cells with a

graphite anode. Minimal impedance growth at high temperature (60 ◦C) was identified compared to

SoL, although cell capacity was reduced by 42 %. This trend is reversed at 25 ◦C, with a capacity loss

of less than 4 % but an approximate doubling in RCT, indicating more significant impedance growth

at interim temperatures, and above the temperatures typically associated with lithium plating at the

anode. Therefore, it is reasonable to conclude for NMC-graphite cells, growth in RCT is inversely

proportional to temperature. Zhu et al. [93] used distribution of relaxation times (DRT) analysis

to further decouple the impedance response of blended NMC/NCA cathode 18650 cells after cycle
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Figure 3.16: Observed central time constant τ and resistance R for the four processes against temperature and
cycling numbers at 50 % SoC. (a) (e) for the contact process, (b) (f) for the process of passive films, (c) (g)
for the charge transfer process of the anode, (d) (h) for the charge transfer process of the cathode [93]. ©
Reproduced with Permission

aging at -5 to 25 ◦C. After decoupling and comparison to half-cell measurements, it was noted that

the contribution to the charge transfer from the cathode was dominant. Using DRT analysis it was

possible to decouple the contributions of the different electrodes to overall cell impedance over life. As

can be seen in Figure 3.16 g and h, the contribution of anode charge transfer impedance was relatively

stable over the 600 cycles at all temperatures, while the cathode charge transfer impedance was both

two orders of magnitude greater and significantly more sensitive to temperature. The growth rate

of the cathode RCT is dramatic below 10 ◦C, although the growth relative to the other impedance

contribution at intermediate temperatures is significant.

Considering the mechanistic origins of power fade within NMC cathodes, single particle cycling of

NMC-111 by Tsai et al. [189] indicated that electrochemically induced fracture occurs in NMC-111.

Changes in charge transfer resistance against SoC are attributed to changes in the cathode electrolyte

interface, potentially via reversible changes in the CEI composition or particle surface structure. Char-

bonneau et al. [190] observed increases in NMC-111 cathode RCT which were attributed to damage

to the surface layer of particles, caused by either transition metal dissolution or oxygen depletion in

the surface layer (structural disordering). Meanwhile increasing the maximum charge voltage during

cycling significantly reduced in Li+ diffusion coefficient observed. Linking to the increased rates of

RCT increase at low temperatures, these mechanisms are accelerated at cathode potentials above 4.2

V versus Li/Li+. Therefore, a potential mechanism for accelerated RCT growth at low temperatures

is increased maximum cathode voltages during charge, due to increased overpotentials caused by the

slower kinetics at low temperature.

In conclusion these results are highly significant in their implications for NMC cathode cells, as high

impedance growth is seen at the interim temperatures deemed ideal for battery pack operation. In

parallel strings this may lead to a blocking effect on low temperature cells, increasing heterogeneities

when thermal gradients are present.

Finally, Baumann et al. [149] investigated the parameters varying within battery packs and their

influences on aging. Citing Brand et al. [191] they note that dispersion in capacity and resistance
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is higher in fresh cells than aged cells which have been connected within a parallel cell string as do

Pastor Fernandez et al. [171], due to differentials in charge throughput between cells of lower and

higher impedance. A set of 164 fresh and 192 aged (in an in-service EV) cells were investigated.

Cells were characterised using impedance, capacity measurement and HPPC for both batches. 2

modules from the aged batch were then further aged via cycling. They found that the aged cells had a

strongly increased parameter spread, and continued aging increased this spread further. While there

was no correlation between capacity and resistance for the fresh batch of cells, a negative correlation

was observed in the aged cells, suggesting that cells connected in parallel do not in fact adjust their

SoH balance with life due to self-balancing. Additionally, the SoHP showed no trend in terms of

convergence.

3.4 Conclusions and Outlook

Creating large packs, in some cases consisting of thousands of cells in parallel and series, leads to

challenges at the battery pack level. Moving from single cells to packs however leads to loss in available

capacity, energy and power compared to the expected values based on the number of cells within the

pack. Additionally, a shorter lifetime of a pack compared to individual cells is often seen. These effects

are caused by variability between cells due to manufacturing differences between cells [62], thermal

gradients in large packs, heterogeneous current distributions and state of charge imbalances between

cells. Hypothetically by optimising pack designs to account for these effects it is possible to improve

the achieved performance and lifetime of packs.

Specifically, within parallel cell strings there is no control of the current seen by each cell, only of the

string total applied current. Consequently, significant variations in cell current may be seen during a

charge or discharge event. These variations in cell current are ultimately driven by the overpotential

of each cell relative to the string terminals, which in turn is affected by the cell impedance and

interconnect/branch resistances in the string. The cell resistance in turn is a function of cell state of

charge, state of health and temperature, and as a consequence balancing branch resistances and cell

impedances is critical in parallel connected LIBs. However, the initial variation in current will lead to

variations in temperature [140] and SoC deviation [155], and may lead to accelerated aging (i.e. state

of health loss) in certain cells, although in general the principal degradation mode considered has been

SEI layer growth, with the impacts of other degradation modes neglected [9], [146], [186]. Therefore,

there is a complex interaction between different factors affecting heterogeneous behaviour in parallel

cell strings which warrants detailed investigation of both the relative importance of involved factors

and system sensitivity to changes.

A range of studies in the literature demonstrate the potential impacts of differences in thermal gradient,

resistance ratio and pack topology on the current distribution within a battery pack. Klein and Park

found that for a 1S5P cell string with a 20 ◦C thermal gradient, an 80 % increase in current was

seen in the hottest cell [163]. In comparison Hosseinzadeh et al. [139] showed that with a high

interconnect to cell impedance ratio of 0.1, a thermal gradient of 50 ◦C could be induced with a capacity

reduction of 40 % at 5 C. Meanwhile LeBel et al. [154] demonstrated that the selected topology of

the pack plays a key role in determining the degree of current heterogeneity. Principally, studies

have focussed on assessing the impacts of cell-level variability in capacity and impedance, simulating

expected manufacturing differences between cells [180]. However, the interaction between topology
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and thermal conditions remains a relatively understudied area, warranting further investigation due

to the complex interactions between thermal management, electrical topology and cell performance.

Alongside these considerations, the duty cycle applied to a pack will impact the magnitude of these

heterogeneous effects. Most studies focus on constant current duty cycles over full DoD [10], [171],

[173], [185], however this is not in general a realistic use scenario as a battery pack will typically see

constant power or variable power duty cycles over smaller DoDs in service use. Seldom have either

realistic electric vehicle power profiles [10], [146] or dynamic loads [141] been tested. Wu et al. [141]

investigated the effects of additional sinusoidal components of a constant current load which was found

to dramatically increase temperature rises induced by uneven interconnection resistances in a 12P7S

pack, increasing the predicted peak temperature by 35 ◦C.

Considering in brief the current literature concerning overall effects at the string level, some disagree-

ment exists between authors over the effects of heterogeneities on overall lifetime, with some stating

that SoH and aging rates are convergent between parallel connected cells [185], while others find these

parameters tend to diverge [9], [148], [149], [171]. It is therefore reasonable to conclude that both

types of behaviour are possible, as a function of pack design and operating conditions. This is a

key research gap, as heterogeneous aging poses greater challenges during pack design, and therefore

a detailed consideration of the operating conditions leading to each type of behaviour is timely and

necessary.

Concerning the effects of heterogeneities on aging rate, there is also disagreement in the literature.

Several authors have identified no significant impact on aging rate in parallel connected cells with

different parameters or operating induced heterogeneities [150], [152], while others note increases in

aging rate [9], [142], [146], [151], [186]. Therefore, further investigation of this phenomena is also of

importance. It is also notable that many of the models used to investigate pack aging account only

for SEI [9], [186] or SEI/CEI growth [142]. This is a limitation as highly heterogeneous currents may

promote other aging modes such as particle fracture, and therefore improved modelling is required to

identify the effects of heterogeneities in promoting other degradation modes. Meanwhile in experi-

mental studies, limited analysis of the promoted degradation modes using in-situ diagnostics has been

carried out, which would be beneficial to understanding of how heterogeneous operating conditions

promote certain degradation modes.

Given that within NMC cathode cells the mid-frequency RCT is dominated by the cathode [187],

cathode degradation is highly relevant to aging of parallel connected packs, as power fade due to

impedance rise may lead to increasingly unbalanced branch resistances. Given that for NMC cells

RCT growth has been shown to be inversely proportional to temperature [51], [93], [188], over the

lifetime of a pack increasingly heterogeneous currents may be seen despite accelerated degradation

of higher temperature cells. However, this effect has not been explored previously in the literature

at the pack level. Therefore, an investigation of impedance growth within parallel connected NMC-

cathode LIBs is warranted, given the increasingly common use of NMC cells within large battery

packs, particularly in the automotive industry.

3.4.1 Literature Gaps and Proposed Research

To conclude the literature review, several key gaps were identified as clear avenues for further inves-

tigation in this work as follows:
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• The relative effects of topology, capacity and resistance variations and temperature on degree of

heterogeneity warrants further investigation.

• The effects of impedance growth of NMC cells on heterogeneities in parallel cell strings at interim

(20-45 ◦C) temperatures warrants further investigation.

• While the interaction between the thermal management system and pack electrical topology is

often neglected, further investigation of these effects is necessary.

• The development of thermally controlled test benches to allow accurate experimental measure-

ments to be obtained from parallel cell systems under a range of thermal conditions.

• Exploring the relationship between operating conditions, in-service current, SoC and tempera-

ture distributions with cell parameter development and aging rates is necessary.

• Detailed exploration of the underlying degradation modes and physical mechanisms induced in

packs is rarely found in the literature, warranting further investigation.

Considering the aims of this work laid out in Chapter 1, and the conclusion of the literature review,

it was possible to formulate the overarching research questions of this work into the specific studies

presented in Chapters 4-6.





Chapter 4

Experimental Methods and Model

Development

The work presented in this chapter is entirely the authors own except where otherwise acknowledged

here. The 1S6P pack thermal control test bench was developed as part of a Master’s project by Patryk

Gawlinski (PG), supervised by Max Naylor Marlow (MNM) and Dr Yatish Patel. PG carried out the

detail design of the test bench, which was built and calibrated by MNM and PG. The Peltier control

system was based on that developed by Hales et al. [126], who kindly provided basic designs and

software. The 1S2P test bench used Peltier control power boards designed by Oisin Shaw and Gavin

White, and the PC control software was kindly provided by Ryan Prosser (RP). All other systems

were developed and built by MNM. The OCV diagnostic model is derived from work by Birkl et al.

[25], [87], as implemented with kind assistance from RP.

4.1 Introduction

This chapter provides background and details of the equipment developed to carry out experiments

to achieve the aims of this project. This includes background, detailed design considerations and

performance validation of the test rigs used. Additionally, details of the derivation, parameterisation

of the two principal models uses in this project are presented. The OCV diagnostic model is presented

alongside the cell ECN model, with details of the parameterisation and validation of both models

discussed in this chapter.

67



68 Chapter 4. Experimental Methods and Model Development

4.2 Cell Selection

The cells selected for study in this work, was a pouch cell manufactured by Dow Kokam, with a nominal

capacity of 5 Ah; the SLPB11543140H5 cell. This is a high-power pouch cell which contains a cathode

consisting of blended NMC and LCO (estimated approximately 80/20 % mix respectively, shown

via EDX analysis of disassembled cell cathodes), and a graphite anode [192]. The typical datasheet

characteristics, as supplied, of the SLPB11543140H5 (hereby referred to as the ‘Kokam 5 Ah’ are

detailed in Table 4.1. The Kokam 5 Ah cell was selected for this work as it is a highly repeatable and

consistent cell, therefore allowing robust hypothesis testing and consistent performance between cells,

which is of particular importance within parallel cell strings.

Table 4.1: Properties of Kokam SLPB11543140H5 Cell [193], [194]

Cell Identifier SPLB11543140H5

Anode Chemistry Graphite
Cathode Chemistry NMC/LCO
Nominal Capacity 5 Ah
Nominal Energy 18.5 Wh
Maximum Continuous Discharge Rate 30 C
Maximum Pulse Discharge Rate 50 C
Maximum Continuous Charge Rate 2 C
Upper Voltage Limit 4.2 V
Lower Voltage Limit 2.7 V
Nominal AC Impedance 3 mΩ
Operating Temperature Range -20 ◦C - 60 ◦C
Weight (Nominal) 132 g
Width (Nominal) 43.0 mm
Length (Nominal) 142.5 mm
Thickness (Nominal) 11.7 mm
Volume (Nominal) 0.0178 m3

Gravimetric Energy Density (Nominal) 140 Wh/kg
Volumetric Energy Density (Nominal) 1040 Wh/L

4.3 Development of Experimental Equipment

In this section, the development of the principal test rigs used in this work is discussed, and where

appropriate the validation of the equipment is presented.

4.3.1 Single Cell Testing

Single cells were tested using custom test fixtures, of which two models were used. A standard

fixture was used for testing that did not require regular changing of the cells (shown in Figure 4.1

a), while a quick-release test fixture was designed and used for experiments where cells would be

regularly switched (shown in Figure 4.1 b). In both cases brass contact blocks were used to make the

intermediate connection between the cell tabs and the cycler cables.

In all cases the brass contact blocks were cleaned before connections were made, firstly using an

abrasive (P400 Wet/Dry Glass Paper or Medium Grit 3M Scotchbrite Abrasive Pads) and then by

cleaning sequentially with Acetone and Isopropanol. Cell tabs were typically cleaned using Acetone
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(a) (b)

Figure 4.1: Images of single cell test fixtures used. a) Standard fixture. b) Quick-change fixture.

Table 4.2: Specifications of battery cyclers used in this work for pack level testing. FSR denotes Full Scale
Range

Cycler BaSyTec XCTS Mk I Maccor 4300

Channel Current [I] 50 50
Channel Voltage [V] 0-4.5 0-5
Current Ranges 25 A, 50 A 500 mA, 5 A, 50 A
Current Resolution [mA] 2 5 mA
Voltage Resolution [mV] 0.1 1 mV

Current Precision
50 mA +0.1% up to 25A
100 mA +0.1% up to 50A

±0.025% of FSR

Voltage Precision 2.5 mV ±0.02% of FSR
Min. Pulse Length [ms] 10

and Isopropanol sequentially. Where it was critical to ensure that contact resistance between the cell

tabs and the brass contact blocks was minimised, for example during EIS or HPPC measurements,

the contact resistance was measured using a Keithley 2182A Bench Digital Multimeter, which can

measure up to 1 µV in DC mode. For contact resistance measurements, a current of 1 A was applied

to the cell using the attached cycler or potentiostat, and the voltage drop between the contact block

and the cell tab measured and recorded allowing direct calculation of the contact resistance. Given

the applied current and voltage resolution, this implies a resolution in the measurement of 1 µΩ, below

the expected order of magnitude of the contact resistance which is 50-500 µΩ.

Testing of single cells is typically carried out in a 4-electrode mode where the working and counter

electrodes of the cycler are attached to the cathode and anode tabs of the cell respectively. The

voltage sense and reference (positive and negative sense electrodes) are attached at separate points

to the brass contact blocks in order to minimise the influence of the contact resistance between the

battery cycler terminals and brass contact blocks on the measured voltage response of the cell.

4.3.2 Design and Development of Pack Test Benches

Battery packs typically operate at higher voltages than single cells, however the packs investigated in

this work were parallel cell strings and therefore operate in the same voltage ranges as single cells.

Therefore, it was possible to use battery cyclers typically designed for use with single cells to carry

out pack testing as the voltage ranges were appropriate. The detailed specifications of the battery

cyclers used to carry out pack level testing can be found in Table 4.2.
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The main aim of this work was to investigate the effects of various heterogeneities on the performance

and lifetime of battery packs, specifically in parallel cell strings where there are often unmonitored het-

erogeneities in conditions between individual cells. Therefore, specifically designed pack test benches

were required to both a) control external conditions and b) monitor behaviour of each cell. Principally

this means controlling the cell temperatures individually to allow application of a desired thermal gra-

dient and monitoring the current distribution within the pack. Two versions of the pack test bench

were produced: firstly a single test bench designed for model validation and to explore thermal effects

on instantaneous performance within 1S6P parallel cell strings (similar to the system previously in-

vestigated by Liu et al. [9]). Secondly, a test bench capable of simultaneously testing 6 1S2P packs

was developed, to allow investigation of the impact of thermal heterogeneities on pack lifetime, which

has been identified as a significant research gap. In both cases, Peltier element surface cooling via a

large aluminium heating/cooling plate was selected as the optimal method to control cell tempera-

ture. As many elements of the pack test benches, particularly the Peltier element control and thermal

management system, are common between the test benches, they are discussed together.

4.3.3 Peltier Element Thermal Control

In order to apply a desired thermal gradient to the cells within the packs, by controlling the thermal

boundary conditions, it was required to directly control the surface temperature of the cells. This was

accomplished using Peltier elements to either cool or heat an aluminium heat distribution plate which

was in direct contact with each broad face (top and bottom) of the cell. The use of heat distribution

plates of high thermal conductivity ensures that a homogenous temperature is applied to the cell

surface, and similar designs (of which a schematic cross-sectional diagram and CAD image are shown

in Figure 4.2 a and b) were used for both the 1S6P and 1S2P test benches. In both cases, the upper

cooling plates were removable to allow insertion of cells as required, using 4 M4 screws. In all cases,

the screws were torqued to 0.75 Nm to ensure consistency of the thermal contact between the cell

and heating plate. While either thermal paste or thermal interface material would have improved the

thermal contact between the plates and cell surfaces, this was not used to simplify the setup procedure

of the test benches.

(a)

Cooling Plate

Strap Clamp

Water Block

Peltier Element

Cell
Thermocouple

(b)

Figure 4.2: Schematic representation of Peltier surface cooling assembly. a) Cross-sectional schematic of assem-
bly. b) 3-D CAD representation of surface cooling assembly

Peltier elements have been previously used by researchers in the Imperial College Electrochemical

Science and Engineering group to produce a variety of thermally controlled test benches to probe
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performance of LIBs under a range of thermal conditions [126], [133], [165]. Two versions of the

Peltier control system were used in this work. Firstly for the 1S6P test bench 3 control systems each

capable of controlling 4 independent Peltier elements, derived from work by Hales et al. [126], was

reproduced and used without significant modification. Secondly, for the 1S2P test benches, a lower

cost and more compact system was developed and is described here. As the Peltier elements operate

at a relatively low efficiency, and in the case of cooling, the cell will heat on the reverse side, a method

for rejecting this waste heat was required. To accomplish this, a water-cooling circuit was used in

both test benches, with a chiller providing cool (15 ◦C) deionised water to the aluminium water blocks

which were attached via a thermal interface compound to the elements.

For the 1S2P test bench, power was supplied via a custom H-bridge motor controller designed and

built for control of Peltier elements. In order to control the temperature of the system a Proportional

Integral Derivative (PID) control scheme was implemented and programmed in a custom applet in

C#. The PID coefficients were tuned using the Zeigler-Nicols method to estimate parameters for a

no-overshoot controller. The temperature at the centre of each heat distribution plate was measured

using a single K-Type thermocouple, situated at the centre of the cooling plate, using PicoLog TC-08

data logger. The applet received temperature data from the TC-08 and calculated the required heating

or cooling power based on a setpoint in the software, which was then sent via a serial connection to

an Arduino Mega 2560 in the control box. This microcontroller in turn provides an enable signal,

direction and pulse width modulated power signal to each slave motor controller board. This system

could maintain a controlled setpoint temperature to within ± 0.10 ◦C at the temperature measurement

point over the required operating range (20.0 – 45.0 ◦C) with applied C-rates of up to 3 C.

4.3.4 Detail Design of 1S6P Pack Test Bench

With the Peltier control system developed, the remainder of the 1S6P test bench could be designed

and produced. A schematic layout of the system is shown in Figure 4.3. In the system, a chiller

(Hailea HC-100) was used to provide coolant water to each Peltier cooling block. Data logging was

achieved using PicoLog TC-08 dataloggers to record heating plate temperatures via a single K-type

thermocouple bonded to the outer surface of the cooling plate, while current sense resistor voltage

values were recorded using a single PicoLog ADC-24 datalogger, measuring differential voltage in the

± 39 mV range over each current sense resistor.
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Figure 4.3: Schematic representation of 1S6P surface cooled test bench
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In order to connect the cells needed in parallel, custom busbars were designed and produced. In this

case, a PCB was designed to allow simple design and production. The custom PCB was designed to

allow insertion of a single current sense resistor in each parallel branch and a fixed interconnection

resistance between each branch. For both, any 4026 package size resistor could be used. All current

sense resistors were soldered into the negative busbar, and gold-plated copper shorts (0 Ω resistors)

were inserted on the positive busbar to bridge the current sense resistor positions. The circuit diagram

of the 1S6P test bench as completed is shown in Figure 4.4 a, while Figure 4.4 b shows an image of the

completed test bench. Cells were attached to the PCB using 15 mm thick Acrylic contact blocks bolted

through the PCB to the baseplate of the test bench, which were torqued to 0.75 Nm in all cases. It

was found that the measured contact resistance was < 100 µΩ in all cases. On each setup, the contact

resistance was measured using a Keithley 2182A Bench Digital Multimeter to ensure consistency of

contact resistance. The total magnitude of the contact resistance was 5 times smaller than the current

sense resistor and given the cell impedance of 2.5-6.0 mΩ over the temperature range investigated

did not lead to significant changes in the interconnection resistance ratio when maintained within the

acceptable range defined.

4.3.5 Detail Design of 1S2P Pack Test Bench

In order to carry out multiple degradation experiments simultaneously, a simplified version of the

1S6P test bench was developed for testing 6 1S2P parallel cell strings. In this case, the design of

the cell thermal control system was retained, however new PCBs were designed. In this case, as it

was essential to be able to rapidly change the cells as it was intended to characterise cells from the

packs individually during degradation, and therefore the bolted contact blocks were replaced with

toggle clamp retained contact blocks, and the PCB was soft-gold plated to reduce contact resistances.

However, this change slightly increased contact resistances, typically to 200-250 µΩ and so in all

cases contact resistance was measured using a Keithley 2182A Bench Digital Multimeter to ensure

consistency of contact resistance between runs and cells within the pack.

A schematic layout of the 1S2P pack test bench is shown in Figure 4.5. In this configuration, currents

and temperatures are logged using TC-08 dataloggers. PID control is implemented in an applet

running on the PC, which reads the temperatures and then serially communicates the desired control

point to the Peltier Controller, with an Arduino Mega 2600 handling onboard control. Figure 4.6 a

shows an image of the overall configuration of the pack test bench, configured to test 6 1S2P packs.

As can be seen, the test bench was built in a rack cage, with the battery cycler (BaSyTec 50 A XCTS

G1), PC and custom Peltier controllers at the top, and the water chiller at the bottom of the rack. The

individual pack test fixtures were distributed between on three full depth pull out shelves, with two

fixtures per level, as shown in Figure 4.6 b. Each shelf contained both the test fixtures and PicoLog

TC-08 dataloggers used for current and temperature sensing and was designed to be self-contained.

The levels were separated by 1 mm Mild Steel sheeting to provide isolation in the event of cell failure

and fire.

In the 1S2P test bench, cooling water was provided by a CW-5200 Chiller with an internal pump.

The coolant, deionised water, was distributed to each level of the rack via quick disconnect fittings to

allow rapid maintenance and switchover of cells. The pipework was designed to ensure a similar length

flow path through each individual pack test fixture, to ensure sufficiently low temperature coolant was

available for heat rejection from each Peltier element. A spill tray was attached below each level to
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Figure 4.4: Circuit diagram and image of 1S6P test bench. a) Circuit diagram of test bench, showing the
reconfigurable nature of the circuit between a ’U’ and ’Z’ topology. b) Image of full test bench setup, including
Peltier controllers
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Figure 4.5: Schematic representation of 1S2P surface cooled test bench

ensure any coolant leaks would be collected and returned to the sump at the bottom of the test bench.

4.3.6 Calibration of Pack Test Benches

Both test benches required calibration of resistances and sensing in order to ensure accurate mea-

surement of currents, and to ensure consistency between modelling and experimental results. Current

sensing within the parallel cell strings was accomplished using current shunt resistors to measure the

individual string currents, as well as the total applied current to the pack. Current sense resistors with

a nominal value of 1 mΩ and 2 mΩ were used (Bourns CSS4J-4026R-1L00F and CSS4J-4026R-2L00F

respectively) with a nominal 1 % accuracy. These current sense resistors were in part selected due to

their 4-wire configuration allowing for increased measurement accuracy alongside their low tempera-

ture coefficient of 75 ppm/◦C, which ensures that resistive heating of the current sense resistors does

not lead to drift in current measurements.

In both cases, once assembled, the resistances of the busbar boards and current sense (or shunt)

resistors were measured using a potentiostat (Biologic VMP-3) to apply a current over the current

sense resistors, and the voltage drop over the current sense resistors was measured using the sense

cables attached. A linear voltage sweep between the working and counter electrodes, slewing at a

rate of 2500 mV/s between 0 and 10 mV (selected to give a peak current of approximately 10 A,

the maximum allowable current that could be applied with the VMP-3). The true resistance of the

current sense resistors was calculated by fitting a straight line to the current response, meaning that the

gradient of the line gave the resistance of the cell, by Ohms law. For calibration of various resistances

throughout the busbar the same approach was used, measuring the response between marked points

on the busbars.

Once calibrated, the voltage drop across each current sense resistor was recorded in the 1S2P test

bench using a PicoLog TC-08 data logger, which has a 20-bit analogue-to-digital converter, therefore

giving a voltage resolution of 67 nV in the ± 70 mV range. In the 1S6P test bench, a PicoLog ADC-24

datalogger was used, with a 24-bit analogue-to-digital converter, giving a voltage resolution of 2.3 nV

in the ± 39 mV range. Given the current sense resistor values and expected operating currents this is
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Figure 4.6: Annotated images of 1S2P pack testing rig. a) Full system. b) Layout of 2 pack fixtures on a rack
shelf

an adequate resolution to ensure accurate recording of cell currents.

In order to ensure that the cell surface temperature was controlled to the desired setpoint, a calibration

cooling plate was manufactured with 4 additional thermocouple slots milled into the surface. K-type

thermocouples were embedded into this plate using thermal epoxy, at locations shown in Figure 4.7

a, and the plate was setup in one of the 1S2P pack test fixtures. A cell was introduced and cycled at

2 C to test the uniformity of cell surface temperature with a heat-generating cell introduced. After

the setpoint was set to 20 ◦C and allowed to settle, a 600 s discharge followed by a 600 s charge was

applied. The setpoint was then moved to 45 ◦C and the process repeated.

Figure 4.7 b shows the temperature at each measured location and the applied current. It is expected

that the outer measurement points will be at a slightly lower temperature, as the Peltier element is

both situated centrally, leading to some convective temperature loss towards the edges of the plate.

Additionally and the control sensor used is TM, which will also lead to somewhat lower temperatures

further from the plate midpoint. As can be seen in Figure 4.7 c, the heating plate performed well,

with a maximum difference between measurements (typically between TR,O/TL,O and TM) of 0.82 ◦C

at a setpoint of 20 ◦C, and a maximum difference of 1.26 ◦C at a setpoint of 45 ◦C. The plate was

also moved over the entire temperature range used in Chapters 5 and 6 (20-45 ◦C) and rested at each

setpoint for 600 s to evaluate the system settling time (Figure 4.7 d). The maximum difference was

again found to occur at a setpoint of 45 ◦C, due to the increased temperature difference between the

plate and ambient air leading to increased convective losses. The maximum temperature difference

in this case (Figure 4.7 e) was found to be 1.27 ◦C. As the magnitude of thermal gradients under

investigation was an order of magnitude greater than the maximum temperature differences measured,

including under typical cycling loads, the surface cooling test fixtures were deemed sufficiently accurate

for use. While some overshoot in the PID control was also seen, this was not deemed an issue as all

planned measurements were at steady-state temperatures.
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(a)

(b) (c)

(d) (e)

Figure 4.7: Calibration temperature results for surface cooling fixture. a) Schematic showning the location
of the additional thermocouples used during calibration. b) Calibration temperature under 2 C load, charge
and discharge. Initial setpoint = 20 ◦C. setpoint moved to 45 ◦C at t = 1800 s. c) Calibration temperature
residual under 2 C load. e) Calibration temperatures under no load, with temperature setpoint steps of 5 ◦C.
e) Calibration temperature residual under no load.
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4.4 Diagnostic Model Development

In order to use the cell OCV response as a quantitative as well as qualitative diagnostic tool, it

was necessary to fit a model for the initial behaviour of the cell, which then allows predictions to

be made about OCV behaviour over the lifetime of cells, and for quantitative measurements of cell

degradation modes to be obtained. In order to achieve this goal, it was necessary to fabricate half cells

to obtain reference measurements of the half-cell voltage response, estimate the initial loading ratio

and anode/cathode offsets and fit the model. This allowed for both the prediction of the qualitative

changes in cell OCV response over the life of the cell alongside quantitative fitting of the model to

identify the proportion of combined degradation modes occurring in an aged cell. Dubarry et al. [74]

highlighted the complementary nature of ICA and DVA analysis, as whilst capacity quantification is

clearer using DVA, using ICA it is simpler to decipher degradation modes. However in this work an

OCV model was selected for use, derived from work by Birkl et al. [25], [87].

4.4.1 Cell Disassembly, Coin Cell Fabrication and p-OCV Measurement

To obtain an accurate fit to the OCV curves from full cell measurements, reference half cell curves

were required to identify the individual voltage response of each electrode. Therefore, a fresh 5 Ah

Kokam cell was discharged to 2.7 V and disassembled in an Argon-filled glovebox to provide sample

electrodes for coin cell fabrication. The cell was opened using a ceramic scalpel to cut the pouch, and

after opening, the cathode and anode were gently separated and the cell tabs cut. The cell stack was

unwound as required to provide electrodes to be harvested into coin cells. In the Kokam cell, all but

the outer layers were coated on both sides, and therefore it was necessary to remove the electrode

material coating one side of both anode and cathode sheets. This was achieved by wetting with 1-

Methyl-2-Pyrrolidinone (NMP, Sigma-Aldrich), and gently wiping the electrode to dislodge the active

material. Once single sided electrodes were obtained, circular discs of 16 mm diameter were punched

out and rinsed using 1 M dimethyl carbonate (DMC, Sigma-Aldrich), before vacuum drying at 45 ◦C

for a minimum of 1 hr to remove any remaining DMC. The as-prepared electrodes were assembled

into CR2032 form-factor coin cells with lithium anodes (0.45mm thickness, 15.6 mm diameter), a

polypropylene separator (Celgard 2400, 25 µm) and filled with 100 µL of 1.0 M LiPF6 in a 1:1 mix of

ethylene carbonate/DMC (Sigma-Aldrich). The cells were then crimped and allowed to rest overnight

before testing, in order to ensure that electrodes were fully wetted. 8 sample coin cells from both the

anode and cathode were prepared to ensure consistency in 2 separate batches.

Once half-cells were been fabricated, the p-OCV response of each half cell was measured using a 10 mA

LAND Battery Cycler. In each case, the cells were cycled under a constant current load at C/40, with

the current magnitude selected based on the estimated capacity of the anode and cathode, calculated

based on the area of the harvested electrodes divided by the approximate total area of anode and

cathode in the cell (in this case 0.05 mA). The anode was cycled between 0.01 and 1.5 V, while the

cathode was cycled between 4.3 and 3.0 V. Cycling was carried out at room temperature, which was

23 ◦C ± 2 ◦C. Reference measurements from a separate fresh Kokam 5 Ah cell, from the same batch,

were carried out by discharging the cell at C/20 (0.25 A) using a BaSyTec XCTS G1 Battery Cycler.

The cell was initially charged at 1 C to 4.2 V using a CC-CV protocol with a cutoff current of C/100

(0.05 A), which was followed by a 1 hr rest period and subsequent C/20 discharge. All measurements

on the full cell were carried out in an incubator (Binder KB53) set to 20 ◦C. The reference voltage

measurements against SoC are shown in Figure 4.8.
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(a)

Figure 4.8: Anode, cathode and reference full cell OCV curves, measured at C/40 (half cell) and C/20 (full
cell).

4.4.2 Parameterising the OCV Model

As can be seen in Figure 4.8 a, voltage plateaus exist in the OCV response of each electrode, which

occur during phase transitions in the cathode [38] or staging in the graphite anode [195] during

lithiation or delithiation. Typically, in commercial LIBs, the anode capacity is higher than the cathode

capacity, due to the differential loading ratio of the electrodes, while the overall capacity of both

electrodes is typically higher than can be accessed safely in a full cell due to both the electrolyte

stability window and the need to suppress lithium plating in the anode. Additionally, there is typically

an offset found between the SoC of each electrode. In order to identify the capacity and offset of each

electrode, an OCV model based approach, derived from work by Birkl et al. was selected [25], [87]

due to its simplicity and ease of parameterisation.

Broadly the OCV model functions by adjusting the half cell measured p-OCV responses to minimise

the error between the measured cell OCV response and the simulated OCV response based on a given

alignment of half cell OCV curves. This allows identification of electrode capacities and offsets for a

given cell SoH, and therefore by comparing the identified cell parameters at SoL and EoL it is possible

to identify the degradation modes occuring within the cell. This approach differs from that taken

by Birkl et al. [25] in that the measured half cell curve is used directly, rather than via fitting a

parametric function to the half cell curves as described in [87]. This approach is not appropriate for

on-board applications, due to the increased computational effort and memory required, however for

offline diagnostics this is adequate. A downside of this approach is it does not allow adjustment of

the half cell OCV curves based on degradation specific to certain electrode phases, although in Birkl

et al.’s work it is assumed that the relative shape of each half cell OCV curve also does not change.

For a LIB, each cell SoC value corresponds to a given lithiation fraction (denoted z) for both the anode

and cathode. As the degree of lithiation in a given electrode increases, the voltage of the electrode

decreases. However, the cell voltage range is fixed in order to ensure stable and safe operation, and

therefore each electrode may not be fully lithiated or delithiated when the cell is either fully charged

or discharged. By adjusting the lithiation limits the shape of the simulated full cell OCV curve may

be adjusted while the capacity of the simulated full cell remains constant. The relationship between

z, the anode and cathode OCV and full cell OCV are shown in Figure 4.9.
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Figure 4.9: Explanatory schematic showing half cell alignment and full cell OCV. The maximum and minimum
lithiation state of each half cell at 0 and 100 % full cell SoC, z is marked. Note that half cell voltage curves are
adjusted for clarity and are not presented to scale in this figure.

As shown in Figure 4.9, over the full cell SoC range when the cell is fully charged (100 % SoC) the

cathode is delithiated to the maximum extent possible within the defined cell operating voltage range.

Meanwhile the anode is again lithiated to the maximum extent possible within the given voltage range.

It is not desirable to either fully delithiate the cathode, in order to maintain stability of the cathode,

or to fully lithiate the anode, to avoid the anode potential becoming negative and inducing lithium

plating. Therefore, typically excess capacity is available at SoL in both the anode and cathode. At

SoL for a given anode and cathode half cell OCV response, the lithiation fraction for the cathode over

the full cell voltage window ranges from zCa,Low at 100 % full cell SoC to zCa,Upper at 0 % full cell

SoC. The corresponding values for the anode are zAn,Upper at 100 % full cell SoC to zAn,Low at 0 %

full cell SoC.

Formally the model can be divided into two sections. Firstly and critically, the OCV fitting process

is described as follows. Based on two half cell voltages, the full cell predicted voltage is given by

Equation 4.1. The quantitative degradation mode fitting is described in 4.4.4.

VFull (SoC) = VCathode (z|SoC)− VAnode (z|SoC) (4.1)

Where VFull(SoC) is the full cell voltage as a function of full cell SoC, VCathode (z|SoC) is the cathode

voltage as a function of the cathode lithiation fraction at a given full cell SoC and VAnode (z|SoC) is

the anode voltage as a function of the anode lithiation fraction at a given full cell SoC. The vector of

half cell lithiation fractions is defined by Equation 4.2.

z = [zCa, Low, zAn, Upper, zCa, Upper, zAn, Low] (4.2)

Subsequently the model parameters are estimated by minimising the objective function defined in

Equation 4.3.
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argz min RSME =

 ∑n
i (V̂Full, i(z)− VFull, i)2

n
(4.3)

Where V̂Full, i(z) is the simulated cell OCV at measurement point i for a given value of z, VFull, i is the

measured cell OCV at measurement point i, and n is the number of measurements. The error between

the simulated and measured OCV is minimised in MATLAB 2021a, using the ’lsqcurvefit ’ function

and trust-region-reflective minimisation algorithm. After minimisation, the vector z is evaluated to

extract the individual electrode capacities and offset, using Equations 4.4 - 4.6.

CAn =
CCell

zAn,Upper − zAn,Low
(4.4)

CCa =
CCell

zCa,Upper − zCa,Low
(4.5)

OFS = (1− zCa,Upper) · CCa − zAn,Low · CAn (4.6)

Where CAn, CCa and OFS define the anode capacity, cathode capacity and offset respectively. These

parameters define the cell capacity and stoichiometry at a given SoH value. CCell is defined as the cell

capacity during p-OCV measurements obtained.

Based on this approach for the reference cell at SoL, the initial loading ratio was estimated based

on the ratio of adjusted capacity between the anode and cathode half cells and was found to be

approximately 1.146 (the cathode capacity ratio was 1.1057 while the anode capacity ratio was 1.267),

which matches values of 1.1-1.3 found in the literature [196], [197]. It is expected that the anode

capacity will be in excess when the cell is fully charged, in order to suppress lithium plating.

After error minimisation for the reference cell was completed the predicted OCV response of the cell

could be calculated and compared to the measured cell OCV response. Predicted and measured cell

OCV responses can be seen in Figure 4.10 a, whilst the voltage residual error is shown in Figure 4.10

b. While the overall RSME was 21.69 mV, for the bulk of the SoC range predicted the error was found

to be below 5 mV, with a large contribution to the error at low SoCs, i.e. below 10 % SoC. This was

not viewed as a significant issue as the bulk of phase transitions and staging occur at higher SoCs,

and so this error does not affect overall fitting. To avoid biasing the fit towards low SoC values, the

final 10 % SoC of the discharge is discarded from the calculation of the RSME, an approach derived

from Birkl et al. [25]. This fit ultimately resulted in an RSME of 7.63 mV in the OCV fit at SOL.

4.4.3 Simulating Cell Degradation Modes and Effects

Using the half-cell OCVs obtained from the harvested coin cells, the fitted OCV model may be oper-

ated in ’forwards’ mode i.e. predicting the changes to the full cell OCV response for given changes to

the anode and cathode lithiation fractions at EoC and EoD, and the offset. Active material may be lost

either lithiated or delithiated state, so 5 possible degradation modes are available: LAMCa, Delithiated,

LAMCa, Lithiated, LAMAn, Delithiated, LAMAn, Lithiated and LLI. It is critical to note that whilst in ’for-

wards’ mode, it is possible to simulate loss of lithiated or delithiated active material, it is not possible
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(a) (b)

Figure 4.10: a) Simulated OCV curve and measured p-OCV at C/20. b) Simulated OCV voltage residual and
RSME. RSME calculated both over full SoC range and from 10-100 % SoC to avoid bias.

when diagnosing degradation to make this distinction. This is because when fitting to experimental

data. Using these simulated translations of the full cell OCV response, it is possible to comment

qualitatively on the implications of changes in experimentally derived OCV results. As an example,

the changes to the simulated full cell OCV curve are shown in Figure 4.11, with simulation results for

each mode up to 20 % degradation are shown:

• Loss of Delithiated Anode – Loss of Delithiated anode material leads to a scaling of the

anode half-cell OCV curve, with the EoD position (zAn, Low) fixed (Figure 4.11 a). Due to the

excess anode capacity in the cell, this leads to negligible changes in the simulated OCV response

until there is no longer any excess anode, and minimal changes to the full cell capacity. This

is due to the fact that the initial cell stoichiometry identifies an approximately 26 % excess

capacity in the anode at EoC. Some small changes to the full cell OCV response are identified,

with an increased voltage at the anode voltage plateaus at 1.75 and 4.75 Ah, sharpening these

plateaus.

• Loss of Lithiated Anode – Loss of lithiated anode material leads to a scaling of the anode

half-cell curve with the EoC (zAn, Upper) position fixed (Figure 4.11 b). Qualitatively this leads

to a shift to lower capacity values of the anode voltage plateau initially occurring at 4.75 Ah

and a significant reduction in overall cell capacity. The voltage at the anode voltage plateaus at

1.75 and 4.75 Ah decreases, reducing the prominence of these plateaus,

• Loss of Delithiated Cathode - Loss of delithiated cathode material leads to a scaling of the

cathode half-cell curve with the EoD (zCa, Low) position fixed (Figure 4.11 c). Loss of delithiated

cathode leads to an overall reduction in cell voltage and a leftwards shift of all cathode voltage

plateaus. It is noted that at 10 % simulated degradation, the changes to the cell OCV response

is minimal, although in simulations of higher levels of degradation the movement was more

significant. This is due to the 10 % excess cathode capacity at EoD leading to minimal changes

of up to 10 % loss of delithiated cathode, and implies that limited loss of delithiated cathode

will lead to minimal overall capacity loss until this excess capacity is lost.

• Loss of Lithiated Cathode - Loss of lithiated cathode material leads to a scaling of the
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cathode half-cell curve with the EoC (zCa, Upper) position fixed (Figure 4.11 d). This leads to a

movement to lower capacities of the all cathode voltage plateaus and a reduction in overall cell

voltage. Unlike in the case of loss of delithiated cathode, a reduction in overall cell capacity is

immediately seen, due to the additional LLI occuring

• Loss of Lithium Inventory – Loss of lithium inventory is caused by the loss of cyclable lithium

due to consumption in irreversible side reactions during SEI formation or being trapped in active

material which is lost. LLI leads to a leftwards translation with respect to full cell capacity of

the anode half-cell curve (Figure 4.11 e). This leads to a reduction in the capacity at which

anode plateaus occur and an increase in the capacity at which cathode plateaus occur, due to

the shifting cell stoichiometry.

In conclusion, using the initial fitting of the model, it is possible to build a set of qualitative distinc-

tions between different degradation modes and their effects on the full cell OCV response, allowing

qualitative descriptions of internal cell degradation modes to be made.

4.4.4 Quantitative Degradation Mode Fitting

While understanding the qualitative effects of different degradation modes is helpful, it is of overall

limited use, especially when attempting to identify degradation modes when multiple modes are oc-

curring. For example, a cell which is cycled at high temperature and high rate may see loss of active

material due to particle fracture in the electrodes, while also undergoing loss of lithium inventory due

to high temperatures promoting irreversible side reactions. As such, a quantitative model is needed

to assess such contributions to overall cell degradation. Birkl et al. [25] previously extended the

parametric OCV model derived in their previous work [87] to identify degradation modes occurring

within cells, by fitting to the cell OCV response. The quantitative diagnostic model described here is

a derivation of this work.

The approach taken in this work is outlined as follows. By using the parametric OCV model introduced

in Section 4.4.2, it is possible to identify the half cell capacities and cell stoichiometry at any given SoH

value for a cell. This assumes that both the cell OCV curve shape does not change beyond translation

and scaling, and that p-OCV measurements remain an accurate approximation of the true cell OCV

at all measured points. The OCV model is used to identify cell parameters at both SoL and EoL, and

subsequently the degree of degradation in each identifiable degradation mode (LAMCa, LAMAn and

LLI) may be estimated using Equations 4.7 - 4.9 respectively.

LAMCa = 1−
CCa, EoL
CCa, SoL

(4.7)

LAMAn = 1−
CAn, EoL
CAn, SoL

(4.8)

LLI = CCa, SoL · LAMCa +OFSEoL −OFSSoL (4.9)

Where CCa, BoL and CCa, EoL are the cathode capacity at SoL and EoL respectively, CAn,BoL and

CAn,EoL are the anode capacity at SoL and EoL respectively and OFSBoL and OFSEoL are the
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Figure 4.11: Simulated OCV responses for the the following cases; a) OCV response for 0 - 20 %
LAMAn, Delithiated. b) OCV response for 0 - 20 % LAMAn, Lithiated. c) OCV response for 0 - 20 %
LAMCa, Delithiated. d) OCV response for 0 - 20 % LAMCa, Lithiated. e) OCV response for 0 - 20 % LLI
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stoichiometric offset at SoL and EoL respectively. It is important to note that whilst there are 5

possible degradation modes within the cell i.e. LAMCa, Delithiated, LAMCa, Lithiated, LAMAn, Delithiated,

LAMAn, Lithiated and LLI, the model is unable to distiguish between loss of lithiated and delithi-

ated active material, as the change to the cell OCV curve from an equal contribution of LLI and

LAMAn/Ca, Delithiated will lead to an identical change to the cell OCV response as an equal amount

of LAMAn/Ca, Lithiated. As such whilst it is possible to simulate (as presented in Section 4.4.3) the

differing changes to the cell OCV curve caused by loss of lithiated or delithiated electrode material

using the parametric model operating in forward mode, it is not possible to identify if lithiated or

delithiated active material is lost from measured cell OCV data. As such only total LAM for each

electrode is considered in this analysis.

4.4.5 Validation of Quantitative Diagnostic Model

In order to validate the quantitative diagnostic model, synthetic voltage curves were generated for the

Kokam 5 Ah cell under 5 and 10 % loss in each of the 5 degradation modes singly, and for 1, 4 and

10 % of all modes (referred to as ‘mixed-mode’). Using identical processes to those used for fitting

experimental data the diagnostic fitting model was used to estimate the degree of each degradation

mode occurring. Figure 4.12 a-e summarises the predicted loss in each mode for the 5 and 10 %

synthetic single mode losses. For each single degradation mode, the fitting tool is able to accurately

identify the dominant degradation mode occurring. In all cases excepting LAMAn, Delithiated (Figure

4.12 c, with a 3.3 % under prediction of LAMAn, Delithiated), the model is able to diagnose the amount

of degradation occuring with <2.5 % absolute error, whilst the diagnosed LAMCa is accurate to <0.25

% in all cases. Performance in identification of LAMAn and LLI is worse, as generally the anode

voltage curve is flat. This means the fitting algorithm is biased towards identification of changes to

the cathode voltage curve rather than the anode, as a change in lithiation state of the cathode will

generally lead to a greater change in full cell voltage. However, in all cases the model is able to correctly

identify the dominant degradation mode, and performs sufficiently accurately in identification of the

amount of each mode.

Figure 4.13 a-c summarises the predicted loss in each mode for the 1, 4 and 10 % synthetic mixed mode

scenarios. In this case again the model is able to correctly identify that both all degradation modes

are occurring, and reasonably accurately predict the amount of each mode occurring. The absolute

error is <3.5 % in all cases, with typical relative errors in prediction of <10 %. As in practice it is

likely that a LIB will undergo multiple simultaneous degradation mechanisms, leading to occurrence

of multiple degradation modes, validation in a mixed mode scenario is critical, and indicates that the

model performs adequately in quantification of degradation.

4.4.6 Diagnostic Model Overview

To summarise, the models and tools introduced in this section, firstly a model for simulating the

effects of 5 identified degradation modes on the OCV curve for the Kokam 5 Ah cell is presented and

validated, using half-cell OCV curves to construct the full cell response. The model parameterisation

was possible using the OCV model fitting approach pioneered by Birkl et al. [87]. Using this model to

fit to experimental data for a full cell, the excess anode and cathode capacity alongside the loading ratio

and offsets may be estimated. Secondly, a quantitative diagnostic fitting methodology is presented

and validated. The diagnostic tool presented is able to both correctly and accurately identify the
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(a) (b)

(c) (d)

(e)

Figure 4.12: Validation of diagnostic model using synthetic single mode degradation OCV curves; a) Identified
degradation modes with 5 and 10 % simulated LAMAn, Delithiated. b) Identified degradation modes with 5 and
10 % simulated LAMAn, Lithiated. c) Identified degradation modes with 5 and 10 % simulated LAMCa, Delithiated.
d) Identified degradation modes with 5 and 10 % simulated LAMCa, Lithiated. e) Identified degradation modes
with 5 and 10 % simulated LLI. In all cases horizontal lines indicate 5 and 10 % mode loss.
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(a) (b)

(c)

Figure 4.13: Validation of diagnostic model using synthetic mixed mode degradation OCV curves; a) Identified
degradation modes with 1 % degradation in each mode (2 % total LAMAn and LAMCa, 3 % LLI). b) Identified
degradation modes with 4 % degradation in each mode (8 % total LAMAn and LAMCa, 12 % LLI). c) Identified
degradation modes with 10 % degradation in each mode (20 % total LAMAn and LAMCa, 30 % LLI). Horizontal
lines indicate the actual total mode losses in each case.
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dominant degradation mode from single-mode synthetic OCV curves. The diagnostic tool has also

been shown to be able to accurately identify mixed-mode degradation, excepting some inaccuracy in

identification of LAMAn, Delithiated. Using these tools it is possible to carry out a detailed analysis of

the degradation modes occurring within parallel cell strings, presented in Chapter 6.

4.5 Equivalent Circuit Modelling

As identified in Section 2.6, equivalent circuit models are a useful tool to explore LIB behaviour and

have lower parameterisation costs than physics-based models. As a consequence, while ECN models

do not provide physical insights into cell behaviour (although some physics-informed ECN models have

been proposed [114]), they remain useful for exploring pack level effects and for online use. In this

work, an ECN model was selected as appropriate for investigating pack level effects, where an ECN is

able to capture the pack behaviour caused by variations in cell temperature, interconnection resistance

and overall cell impedance. Other authors commonly explored using ECN models for simulation of

pack level effects, typically using 1-RC pair models due to their simplicity and stability in large pack

simulations [177], [183], [198]–[201], although higher order RC pair models have also been used [202].

4.5.1 Equivalent Circuit Model: Selection and Background

The form of the model selected was chosen with the ultimate aim of modelling pack behaviour con-

sidered. Therefore, the model was selected to allow accurate predictions to be made at the pack level

with variations in cell impedance, capacity and temperature as well as changes to the external circuit

(interconnection resistance and topology) as parameters for investigation. As such a 1RC pair ECN

model was selected as a compromise between accuracy of predictions at the single cell level and stable

predictions at the pack level.

The electrical circuit model of the selected 1RC pair model is shown in Figure 4.14 b, consisting of a

voltage source, Em, a series resistance R0 and a parallel RC branch. In this case, Em models the cell

OCV, R0 the cell series resistance and the RC pair models the cell dynamic behaviour. It is noted

that higher order, i.e. multiple RC pair models are better able to capture the multiple time constant

dynamics present in a LIB, however the simpler 1RC model has advantages in terms of stability

in multicell systems when predicting cell currents. It was found using higher order models (3RC),

when behaviour of a multi-cell, surface cooled pack the higher order models were unable to stably

predict the cell current response and as such a simple model was deemed more effective in predicting

behaviour. As all the model parameters are known to vary with both temperature and SoC in LIBs,

these parameters can be implemented as a 2-D lookup table in the model, allowing all parameters to

vary as a function of both.

4.5.2 Equivalent Circuit Model: Experimental

In order to parameterise the model, 4 fresh Kokam 5 Ah cells were selected from a single batch and

placed in jigs in a forced air convection incubator (Binder KB23). The pulse discharging experiments

were carried out using a BaSyTec XCTS G1 battery cycler. Each cell was charged using a CC-CV

protocol at 1 C (5 A) to 4.2 V with a current cutoff of C/100 (0.05 A) and then allowed to rest for

2 hrs. Subsequently 2 C (selected to emulate the expected typical cell operating conditions) current

pulses applied with a 1 % SoC passed cutoff (based on the nominal cell capacity) for the initial 10 high
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(a) (b)

Em

R0

R1

C1

(c) (d)

Figure 4.14: a) Example cell voltage response during parameterisation at 20 ◦C, with 2 C applied current pulses.
b) 1-RC pair ECN model used. c) Applied 2 C current pulses during parameterisation. d) Example voltage
relaxation and model fit after parameterisation.

SOC pulses, followed by 13 pulses with a 5 % SoC passed cutoff, and finally followed by 1% SoC cutoff

pulses until the cell voltage decreased to below 2.7 V. The decrease in the SoC breakpoint magnitude

at start and end of discharge was to ensure parameter accuracy in the most dynamic portions of the

overall cell voltage response. Figure 4.14 a shows a typical cell voltage response at 20 ◦C, while Figure

4.14 c shows the applied current profile during the test. This resulted in a total of 40-45 pulses per

cell, depending on the overall cell capacity deviation from nominal and test temperature. A 2 hr rest

period was allowed between application of each current pulse, to allow the cell to equilibrate to OCV

between pulses, and the procedure was repeated at 5 temperatures to provide parameterisation data

over a wide temperature range (10 – 50 ◦C in 10 ◦C increments).

4.5.3 Equivalent Circuit Model: Parameterisation

Typically, ECN models may be parameterised using either pulse discharge measurements or using

EIS. In this work, pulsing methods were used as it allowed parameterisation without use of high

cost EIS equipment. An additional challenge with parameterisation using EIS is that measurements

are generally taken under no-load, and as the cell polarisation resistance is current dependant, EIS

measurements may underestimate the cell resistance. The cell parameters may then be estimated

based on the voltage relaxation after the application of current pulses. This approach allows the

overall time constants of cell relaxation to be identified and fitted, and resistances to be extracted.

More complex approaches have been used, for example by Jackey et al. [23] to fit to the under-load

portions of the voltage response between SoC breakpoints. However, in fitting a 1-RC model it is

accepted that grouping all cell processes into a single time constant will lead to errors in prediction

and therefore a simple approach to parameter identification was selected. All data analysis and fitting

was carried out in MATLAB 2020a, using the non-linear least squares fitting tools provided in the

Curve Fitting Toolbox. In order to estimate the necessary parameters, i.e. RC time constant, R0 and
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initial voltage in the RC pair, cell terminal voltage during relaxation is approximated by Equation

4.10.

V = Em − V1 · e
−t
τ1 (4.10)

Where V is the cell terminal voltage, Em is the cell OCV, V1 is the initial voltage in the RC pair

and τ1 is the RC pair time constant. As the fitting was carried out using a gradient based algorithm,

it is key to obtain good initial parameter guesses to avoid minimisation to local minima. As such,

the initial guess values for the RC voltage, V1 and RC time constant, τ1 were estimated as shown in

Equations 4.11 - 4.13.

Vτ1 = ∆V (1− 1

e
) (4.11)

V1 = Vτ1 − Vstart (4.12)

τ1 = t|V=Vτ1
(4.13)

Where Vτ1 is the voltage after one time constant has passed (i.e. after the cell voltage has recovered

by approximately 63.2 % of the difference between the voltage at the start of relaxation and OCV),

VStart is the voltage at the start of the relaxation, ∆V is the overall voltage change between the start

and end of the relaxation and t is the time after 1 time constant has passed. After minimisation, the

RC pair values R1 and C1 could be estimated as shown in Equations 4.14 and 4.15.

R1 =
V1

1− e
∆t
τ1

· 1

∆I
(4.14)

C1 =
R1

τ1
(4.15)

Where ∆t is the pulse duration in seconds. An example cell voltage response, estimated OCV and

applied current for the pulsing portion of the experiment can be found in Figure 4.14 d. It can be seen

that the 1RC model does not fully capture the dynamics of the voltage relaxation, however given the

high level of simplification of the model, the fits were in general deemed sufficiently accurate. It is noted

that the aims of the model were to accurately predict current and capacity distributions within parallel

connected cell strings, rather than predict cell voltage behaviour per-se, for which reason a simple

model was selected. Therefore, the overall accuracy of the model was deemed acceptable. Once the

RC parameters were obtained, the parameters were smoothed using a Savitzky-Golay filter to eliminate

expected noise and resampled to account for differences in the location of the SoC breakpoints between

different runs due to differences in absolute cell capacity with respect to temperature, thus forming an

aligned 2-D lookup table. In order to improve the fit at low SoCs, the OCV was estimated by fitting to

a reference p-OCV discharge for the same cell, taken at C/25 and at the same temperature breakpoints

as the pulse measurements. It is noted that more complex fitting procedures for higher order models

have been proposed, such as the piecewise ‘layered’ method proposed by Jackey et al. [23] which has

the advantage of using multiple state of charge breakpoints and the underload portion of each pulse to

improve parameter estimation. However, it was judged that more complex optimisation of parameters

would not significantly improve the model fit, as single time constant dynamics are accepted to be
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Figure 4.15: ECN Simulink implementation

insufficient to fully describe LIB dynamic behaviour. Finally, after parameterisation, the equivalent

circuit model was implemented in MATLAB 2020a and Simulink 10.2, using the Simscape toolbox to

implement the electrical network. The model as implemented is shown in Figure 4.15.

4.5.4 Thermal Model: Selection, Parameterisation and Implementation

The cell thermal model was adapted from prior work from Zhao et al. [119], which extensively and

accurately thermally parameterised the Kokam 5 Ah cell. Their parameterisation approach, results

and adaptation are discussed in this section. In the prior work, Zhao et al. [119] used a 2D heat

transfer model, with the cell divided into multiple nodes both in- and through-plane. In this work, it

was decided to use a simpler lumped thermal model, effectively modelling the cell as a single lumped

node. The temperature distribution within the cell is therefore modelled as a transient lumped heat

conduction problem.

Within the cell, the heat generation may be split into 4 separate elements – the irreversible Joule

(resistive) heating due to the cell impedance (QIrr), reversible heating due to entropic changes during

lithiation or delithiation (QRev), heat generation due to mixing (QMix) and heat generation induced

by aging side reactions (QSide) [203]. Therefore, the total heat generation in a cell is given by Equation

4.16.

QGen,Total = QIrr +QRev +QMix +QSide (4.16)

For the purposes of this study, using high power cells with thin electrodes at rates well below their

specified maximum, it may be assumed that the heat generation due to mixing is negligible as concen-

tration gradients will be insufficient to generate significant heating, limiting the mixing heat generation

[137]. The heat generation due to side reactions may also be neglected, as it is assumed that aging

side reactions are slow and therefore generate minimal heat compared to the reversible and irreversible

heating [204]. The irreversible heating may be calculated using the resistance values for each circuit

node (R0 and R1), alongside the applied current (I). The reversible heat generation may be calculated
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(a)

Figure 4.16: a) dE
dT values used during modelling, from Zhao et al. [119].

using a lookup table for dE
dT |SoC , alongside the temperature (T) and applied current. Therefore the

total heat generation, QGen, Total can be found by Equation 4.17. It is noted for highly transient loads,

the contribution from R1 may not be fully realised due to the associated resistance time constant, and

so Equation 4.17 is only strictly valid for a constant current load.

QGen,Total = I · T dE

dT
|SoC +R0 · I2 +R1 · I2 (4.17)

Where R0 is the cell series resistance and R1 is the resistance of the RC pair. Zhao et al. [119]

previously measured dE
dT |SoC for the Kokam 5 Ah cell, and so the same values are used in this work. In

order to parameterise the entropic heat generation, the cell OCV changes at equilibrium as a function of

temperature were measured over a range of SoC breakpoints. Zhang et al. [205], previously described

this methodology, where the cell is discharged to specific SoC values, allowed to equilibrate and the cell

temperature is subsequently varied. The cell voltage change is recorded, allowing dE
dT to be estimated.

These values may then be used to generate a lookup table of values for the reversible heat generation

of the cell. The values of dE
dT |SoC measured by Zhao et al. [119] can be found in Figure 4.16 a, after

interpolation to align with the SoC breakpoints used for the 1RC ECN lookup table.

Cell physical parameters were used as measured for the Kokam 5 Ah cell by Hunt et al. [133],

while thermal parameters for cell internal components are taken Taheri et al. [132], who thermally

parameterised a cell of similar NMC chemistry, identifying thermal conductivities and specific heat

capacities. These thermal model parameters used can be found in Table 4.3. In order to model the

cell as a single lumped thermal model, mass averaged thermal properties were calculated for the cell,

based on work from Pesaran [206]. This gave a lumped thermal conductivity of 152.5 Wm−1K−1,

and a specific heat capacity of Jkg−1K−1. As the cell has a high aspect ratio, is assumed to loose

heat only via the top and bottom surfaces, with heat generated at the centre of the cell, the cell

may be considered symmetrical and therefore only half of the cell is considered in the model. The

model assumes that no heat is lost through convection through the sides of the cell, or via conduction

through the tabs.

Thermal boundary conditions were selected to replicate specific experiments carried out, both for
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Table 4.3: Cell physical and thermal parameters used in modelling. Physical parameters were determined by
Hunt et al. [133] while thermal parameters were measured by Taheri et al. [132].

Component
Thermal

Conductivity
[Wm−1K−1]

Thickness
[µm]

Specific Heat
Capacity
[Jkg−1K−1]

No. Layers

Cu Current Collector 398 21 385 50
Al Current Collector 238 21 903 51

Separator 0.34 24 1978 104
Anode 1.58 38 1437 100

Cathode 1.04 29 1270 100
Cell Case 238 160 903 2

validation and modelling various scenarios. Broadly the thermal boundary conditions used can be split

into two modes replicating two principal cooling scenarios – forced convection to ambient (replicating

experiments carried out in a thermal chamber with forced circulation) and constant temperature

(replicating experiments carried out in surface cooling rigs). It is assumed in both cases that the

majority of heat loss from the cell occurs through-plane, via the large top and bottom surfaces of the

cell. It is noted that this assumption is likely less accurate when the cell is under convective cooling.

However, the primary aim of this model was to simulate surface cooled cells, where this assumption

will have a smaller impact on accuracy. In the case of convective boundary conditions, the convective

heat transfer coefficient for the Kokam 5 Ah cell under force convection was previously estimated as

10 W/m2K using transient heat transfer experiments by Zhao et al. [119]. This value was used where

appropriate.

The lumped cell thermal ECN, as implemented, can be found in Figure 4.17 a. In the lumped

thermal model, the cell heat generation is assumed to occur at the centre of the cell, with conduction

transferring heat to the cell surface. The convective boundary condition thermal ECN can be found

in Figure 4.17 b. For the surface cooled cases investigated, the convective heat transfer to the ambient

air was replaced by a conductive heat transfer element, as shown in Figure 4.17 c.

The underlying equations solved by the lumped thermal model outlined in Figure 4.17 may be sum-

marised as follows in Equations 4.18-4.20 for the cell lumped model (Figure 4.17 a), the convective

boundary condition model (Figure 4.17 b) and the conductive boundary condition model (Figure 4.17

c) respectively.

QGen −QOut = 0 (4.18)

QOut −QConvection = 0 (4.19)

QOut −QConduction = 0 (4.20)

Where QGen is the cell heat generation at a given timestep, QOut denotes the heat transfer through

the cell. QConvection denotes the convective heat loss from the cell, whilst QConduction denotes the
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(a)

(b) (c)

Figure 4.17: a) Cell thermal model. b) Convective thermal model. c) Conductive thermal model.

conductive heat loss from the cell.

4.5.5 Model Validation

Initially to validate the model, the fitted parameters were validated by comparing the cell voltage

response to the input current profile used in the parameterisation experiments, and the residual voltage

error between the measured and simulated voltages are assessed (an example is shown in Figure 4.18

for a cell at 30 ◦C). The input current profile is shown in Figure 4.18 a, and as shown in Figure 4.18

b, there was generally a good agreement between the simulated and measured cell voltage response,

with the voltage residual values (shown in Figure 4.18 c for fitting at 30 ◦C) for the temperature

breakpoints from 10 – 50 ◦C being 25.44, 16.44, 6.60, 9.78 and -5.06 mV respectively. The maximum

errors occurred at the beginning of the under load portions of the validation experiment, and at low

SoC values (typically the final 5 % SoC). These errors occur where the model accuracy is limited by

the highly non-linear cell voltage response, the increased error in cell SoC estimation and the limited

number of pulses at low cell voltages, due to the need to remain within safe voltage limits. It is

noted that in order to improve the model fit, a charging pulsing experiment could be carried out to

avoid these limitations at low SoC. The residual error was highest at 10 ◦C, likely due to increased

contributions to the overall cell impedance from diffusion processes, the contribution of which are not

fully captured in the single RC pair model.

Next, the model was validated for two cases – a single convectively cooled cell and a surface cooled

1S6P parallel cell string configuration under a range of applied thermal gradients. The acquisition of

the 1S6P data is discussed in greater detail in Chapter 5, however as the objective of the model was

ultimately to predict current splits within parallel cell strings, and the associated cell SoC and current

throughput, validation against that case was critical.

In the case of a constant current load on a single cell, the model was in good agreement with ex-
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(a)

(b)

(c)

Figure 4.18: ECN model fit and residuals at 30 ◦C. a) Input current profile with 1 C pulses. b) Simulated and
experimentally measured cell voltage response. c) Voltage residuals over fit.
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(a) (b)

(c) (d)

Figure 4.19: ECN validation under a 0.5 C constant current load at 20 ◦C. a) Simulated and experimentally
measured cell voltage response. b) Voltage resiudal. c) Simulated and experimentally measured cell temperature
(experimentally measured at cell surface midpoint. d) Temperature residual.

perimental data. The validation data was acquired by discharging a cell at a range of rates under

convective cooling in an incubator (Binder KB23) set to 20 ◦C. For each rate the cell was charged

using a CC-CV protocol at 1 C to 4.2 V, with a current cutoff of C/100 (50 mA). The cell was then

allowed to rest for 1 hour before a discharge at the set rate, terminating at 2.7 V. This process was

repeated for 6 rates: 3, 2, 1, 0.5, 0.1 and 0.04 C. In order to validate the model, simulations under

the same conditions were carried out, and the error in temperature, voltage and predicted capacity

evaluated. An example of the fit to experimental data under a 0.5 C discharge, and residual errors,

can be seen in Figure 4.19. Figure 4.19 a and b show the voltage fit and residuals respectively, and

the predicted cell voltages were in good agreement with the measured cell response, with residuals

below ± 20 mV in all cases excluding the 3 C case, where the maximum mean voltage residual -42.6

mV was obtained. This was due to overprediction of the cell OCV at low SoCs, likely due to errors in

SoC estimation during parameterisation and underprediction of the cell impedance in that SoC range.

This second effect is a limitation of the 1 RC model, which only has single time constant dynamics

and therefore is unable to incorporate longer time constant diffusion impedances, which increase in

magnitude at low SoCs.

Considering the accuracy of the model under constant current loads with convective boundary condi-

tions predictions, the model errors are shown in Table 4.4. The voltage RSME was found to be small

below 0.5 C, with increasing errors above 1 C. This is likely due to the model not capturing the true

internal cell temperature, due to the lumped nature of the model. However, the aim of the model is to

capture dynamics of a pack under surface cooling, where smaller thermal gradients can be expected

when compared to a cell under forced convection cooling. Therefore the model was deemed sufficiently

accurate to simulate this scenario, and further validation against experimentally measured data for a
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Table 4.4: ECN capacity prediction and error for rates from 0.04 to 3 C

Rate [C] 3 2 1 0.5 0.1 0.04

Voltage RSME [V] 0.0396 0.0285 0.0186 0.0101 0.005 0.007
Temperature RSME [◦C] 1.0941 0.7535 0.4861 0.2059 0.1225 0.1966
Error [%] 2.77 1.64 0.19 -0.49 -1.15 -1.05

Table 4.5: ECN validation thermal conditions for 1S6P pack

Cell 1 [◦C] Cell 2 [◦C] Cell 3 [◦C] Cell 4 [◦C] Cell 5 [◦C] Cell 6 [◦C]

Case 1 20.0 20.0 20.0 20.0 20.0 20.0
Case 2 20.0 25.0 30.0 35.0 40.0 45.0
Case 3 45.0 40.0 35.0 30.0 25.0 20.0
Case 4 45.0 45.0 45.0 45.0 45.0 45.0
Case 5 32.5 32.5 32.5 32.5 32.5 32.5

surface cooled 1S6P pack indicated that the model was able to accurately capture pack dynamics. The

maximum error in capacity prediction was found to be 2.77 % at 3 C, where the model overpredicted

the cell capacity. This is attributed to the impedance effect previously discussed, which lead to an

error in cell voltage prediction at low SoC and therefore in the point at which the cell reaches the lower

voltage limit and EoD, alongside the aforementioned inability of the model to capture cell internal

thermal gradients.

The predicted cell temperatures were found to be in reasonable agreement with the measured values,

and an example of the cell temperature predictions and residuals for the 1 C case can be seen in

Figure 4.19 c and d. The greatest mean residual was -0.37 ◦C during a 3 C discharge, giving a mean

error of approximately 5 % when compared to the overall temperature rise of 7 ◦C in this case. In

other cases, the error in temperature fit was smaller than in the 3 C case, although the error as a

proportion of the absolute temperature rise remained constant. The oscillations measured temperature

which can be seen in Figure 4.19 c and d are a result of the thermal chamber temperature control

regime oscillating about the setpoint of 20 ◦C. Below 1 C, whilst the model predicts a greater amount

of reversible heating than irreversible, the overall heat generation is minimal. However, distinctive

reversible heating is also identified in the experimental temperature data obtained below 1 C.

The final validation case considered was the prediction of cell currents and cell-wise current throughput

in a 1S6P surface cooled pack, the most critical validation step given the objectives of the cell model

and the intended use, which was to explore the current distribution, accessible capacity and energy

and heterogeneous effects within parallel cell strings. The acquisition of the validation data and rig

design is discussed in detail in Chapter 5. 5 cases were selected to validate the model in the 1S6P

case, as laid out in Table 4.5, which shows the set cell surface temperature in each case, numbered

1 to 5. This included 3 cases of homogeneous temperature, cases 1, 4 and 5, and 2 with a 25.0 ◦C

thermal gradient applied in both directions to the pack.

Firstly, errors in current prediction are shown in Figure 4.20 a-f for case 5 as an example, the homoge-

neous 32.5 ◦C case. The current dynamics in the pack are in good agreement between the simulated

and experimentally measured validation case. This trend was repeated over all 5 validation cases,

with accurate prediction of current dynamics in each case. While the position in time (which may
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be equated with depth of discharge in the constant current case as used in this validation) of the

current peaks and troughs is accurately predicted, the magnitude of the current peaks is generally less

accurately predicted. This is attributed to the lumped nature of the model, whereas in reality there

will be internal current distributions and thermal gradients in each cell which are not modelled in the

lumped cell model. These unmodelled heterogeneities will in turn lead to changes in cell impedance

and therefore changes in the experimentally measured current versus the modelled case. Figure 4.21

a-f shows the predicted cell SoC for case 4, and there is good agreement between the predicted and

measured cell SoCs. As the cell SoC is a function of the current throughput through the cell, the error

in SoC prediction is directly related to the error in current prediction and occurs for the same reasons.

(a) (b)

(c) (d)

(e) (f)

Figure 4.20: Simulated and experimentally measured cell currents for 1S6P pack with all cells held at 32.5 ◦C.
a) Cell 1. b) Cell 2. c) Cell 3. d) Cell 4. e) Cell 5. f) Cell 6

The residual errors and RSME values for current and SoC predictions are summarised for all 5 vali-

dation cases in Figure 4.22. Figure 4.22 a shows an example current residual error for case 5, while

Figure 4.22 b shows the current RSME for each cell and validation case. In all examples, the RSME

in current is below 0.55 A. The residual current error, is variable, with maximum error at start of

discharge. However apart from in prediction of the initial current split, residual current errors are

generally <± 1 A. Figure 4.22 c and d show the SoC residual for case 5 and SoC RSME for all cases

respectively. The error in SoC increases towards the end of discharge, which is expected due to the

unmodelled longer time constant processes within the cell. Nevertheless, the RSME is maintained

below 0.0277 (2.77 %) in for all cells and cases, while the SoC RSME is below 2 % in most cases.

In summary, a 1RC pair cell model was parameterised over a temperature range of 10-50 ◦C, and

the model validated against; the input parameterisation current profile, a range of constant current

discharges and finally against a 1S6P parallel cell string under a range of thermal conditions. In all
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(a) (b)

(c) (d)

(e) (f)

Figure 4.21: Simulated and experimentally measured cell SoC for 1S6P pack with all cells held at 32.5 ◦C. a)
Cell 1. b) Cell 2. c) Cell 3. d) Cell 4. e) Cell 5. f) Cell 6

cases, the model performed acceptably, most significantly in the 1S6P case where the aim to use the

model to predict lifetime current throughput and degradation was critical. In general, the current

RSME was maintained below 0.6 A, while the SoC error in all cases was maintained below 2.6 % SoC.

As such, accurate prediction of cell currents and therefore cell SoC values is key, and the model was

capable of predicting such values to an acceptably high degree of accuracy.
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(a) (b)

(c) (d)

Figure 4.22: Summary of model validation to 1S6P test cases. a) Current residuals for all cells for test case 1
(all cells held at 20.0 ◦C). b) Mean current RSME for all cells in all 5 test cases. c) SoC residuals for all cells
for test case 1 (all cells held at 20.0 ◦C). d) Mean SoC RSME for all cells in all 5 test cases.
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4.6 Conclusion

In this chapter, the tools developed to investigate heterogeneities and aging of parallel connected LIB

packs are presented. Firstly, thermally controlled test benches were developed to allow 1S2P and 1S6P

parallel strings to be tested and aged under surface temperature-controlled conditions. A single 1S6P

test bench was fabricated and used to carry out the experimental investigations presented in Chapter

5, whilst 6 1S2P test benches were fabricated to carry out the long-term aging experiments presented

in Chapter 6.

Secondly, a quantitative diagnostic model has been implemented based on the voltage and capacity

differential peaks, which evaluate the extent and mode of degradation, i.e. LLI and LAM in the anode

and cathode. The model parameterisation includes association of the full cell OCV and anode and

cathode half cell OCV responses and identification of the excess anode/cathode at EoC and EoD.

This requires only 5 parameters and is less resource-demanding than physical models. Synthetic OCV

responses with known extent and modes of degradation were used to validate the model. In this

approach, the dominant degradation mode is identified with an error of less than ± 20 % in synthetic

mixed-mode degradation, excepting in the case of simulated loss of delithiated anode. In Chapter 6

the model is further applied to investigate aging within parallel connected packs.

Finally, a 1RC pair ECN model was parameterised, with the objective of simulating the current distri-

bution within parallel strings accurately and computationally inexpensively, allowing the investigation

of a wide range of pack topologies and conditions. This was achieved, with the model achieving a

mean residual current error of <6 % in all cases except at low temperature. However, the model was

able to accurately capture the dynamics of the current splitting effect in all cases and was therefore

deemed sufficiently accurate for further investigation of current heterogeneities, presented in Chapter

5. Additionally, the mean RSME in current was maintained below 2.77 % in all cases, again deemed

sufficiently accurate to allow a detailed investigation of SoC deficit buildup.
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Chapter 5

The Effects of Heterogeneities on Pack

Performance

The work presented in this chapter is entirely the authors own apart from where otherwise acknowl-

edged here. Part of the work, as described in Section 5.4 was carried out as part of a Master’s Project

by Patryk Gawlinski (PG), supervised by Max Naylor Marlow (MNM) and Dr Yatish Patel. PG

was the principal contributor to detailed rig design and derivation of mathematical expressions for

current splitting in parallel cell strings. PG and MNM contributed equally to data acquisition, test

rig development and implementation and data analysis. All subsequent modelling and analysis was

carried out in full by MNM, using the ECN model derived in Chapter 4

5.1 Introduction

The work presented in this chapter aims to answer the questions raised in Chapter 3 regarding the

effects of thermal gradients on the performance of parallel cell strings, namely on instantaneous pack

performance and degree of heterogeneity. Through both experimental and modelling investigation

of a 1S6P pack with highly controlled thermal boundary conditions, the underlying effects dictating

pack performance may be understood in detail. The test setups and equipment both developed and

used have previously been described in detail in Section 4.3. As previously identified in Chapter 3,

several research gaps exist concerning the effect of thermal gradients within parallel cell strings on

the instantaneous performance and particularly the impacts on lifetime. In this chapter, the effects

of variable thermal conditions, topology and resistance variations on instantaneous performance are

investigated, using a model 1S6P system. Therefore, the aims of the work presented in this chapter

aims to develop underpinning understanding of the following effects:

• The impacts of mean temperature and thermal gradients on pack instantaneous performance.

• The impacts of increased cell and interconnection resistance on pack instantaneous performance.

• The dominant causes and effects of heterogeneous current and SoC distributions within parallel

cell strings.

103
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5.2 Key Literature

Several key papers have aimed to address the effects of variations within parallel strings on instanta-

neous performance, however few have considered in detail how thermal effects will influence instan-

taneous performance and the magnitude of the impact of different heterogeneities. Considering the

effects of topology, LeBel et al. [154] investigated the effects of two topologies, an asymmetric case

with terminals on the same side of the pack and a symmetric case with terminals on opposite sides

of the pack. Uneven currents within the 2 configurations were identified, however the magnitude

of imbalance was found to be significantly greater in the asymmetric case, due to the imbalance of

branch resistances in the pack. This effect has also been investigated by Wu et al. [141], who derived

an analytical expression for current distribution, and showed that even in the case of equal busbar

resistances and cell SoC and impedance, a differential current will still be present in the pack. This im-

plies that cells will experience different conditions over lifetime and potentially age differentially even

when great care is taken to ensure cells are consistent and all parasitic resistances are minimised and

equalised. It is noted that the ultimate cause of current splitting is the different overpotentials in each

branch, which are a function of the cell resistance, OCV and instantaneous current. These differences

in overpotential are driven principally by two coupled factors, firstly the changing cell impedance and

secondly the instantaneous current. Additionally, in cells where the SoC has decreased faster than

other cells in a parallel string, the increased cell impedance will reduce currents compared to higher

SoC cells, due to Kirchoff’s Current Law (KCL).

Considering the effects of increased or uneven interconnection resistances and cell impedances, Wu et

al. [141] also investigated the effects of increasing both the IRR and number of parallel connected

cells. It was shown that increasing the IRR from 0 to 0.2 leads to approximately a 10 % increase

in maximum cell current for 1S4P configuration, but a 300 % increase for a 1S12P configuration.

This work only considered effects in symmetrical topologies, and it is expected that asymmetric

topologies will experience greater variations in peak current, and a higher sensitivity to interconnection

resistance. Hosseinzadeh et al. [139] investigated unbalanced currents within an asymmetric 1S5P

pack, identifying significant current deviations at high discharge rates. By varying the IRR, it was

found that increased interconnection resistances near the terminals of the string led to the greatest

impacts on peak current, with diminishing peak currents the further from the terminals the high

interconnection resistance was placed. However, the effect of increased interconnection resistances on

capacity was not assessed, although it can be expected that higher peak currents imply a greater mean

current, and therefore accelerated SoC depletion for the specific cell. Accelerating the rate of SoC

depletion in the cells close to the pack terminals is likely to lead to reduced overall capacity, due to

the pack lower voltage limits being reached earlier, with the remaining cells in the pack still retaining

a higher SoC (i.e. inaccessible capacity) and leading to a loss in pack performance.

Considering the effects of thermal gradients on the performance of parallel cell strings, Yang et al.

[145] used a physics based thermo-electrochemical model to simulate the effects of thermal gradients

on a 1S2P string, although of unspecified topology. It was found that introducing thermal gradients

to the 1S2P string increased the deviation in current throughput between the cells approximately

linearly, with a 12 ◦C thermal gradient leading to a 7.5 % deficit with a cold cell ambient temperature

of 25 ◦C, and a 40 % deficit between the cells with a cold cell temperature of 5 ◦C. This implies that

parallel strings are more affected by thermal gradients at lower temperatures, due to the non-linear
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impedance-temperature relationship. It was also found that increasing the thermal gradient led to

increased accessible capacity, with a more significant effect at 5 ◦C. On the other hand, in this study

the mean temperature of the 1S2P cell string was increased with application of thermal gradients,

and therefore it is expected that the accessible capacity will increase due to reduced cell impedances.

Meanwhile, Fill et al. [164] used a thermally controlled test bench to investigate the effects of induced

thermal gradients on parallel connected cells in an asymmetric topology. It was found that significant

current distributions and therefore SoC distributions could be induced, and that these distributions

were significantly affected by the thermal conditions of the cells under test, with varying the thermal

coupling, isolation and thermal gradient direction leading to significant changes in current and SoC

profile for a 1S2P string. Finally, Klein and Park [163] comprehensively investigated the effects of

thermal gradients on a symmetrical 1S5P pack, and found that increased thermal gradients led to

dramatic changes in peak currents, with a 400 % increase in deviation with a 20 ◦C thermal gradient

applied when compared to a 5 ◦C thermal gradient. The SoC deficit at EoD was identified as leading

to a reduction in accessible capacity, with increasing SoC deficits at higher rates. Increasing the

applied thermal gradient was found to increase the SoC deficit and therefore reduce capacity, while

increasing the mean temperature was found to decrease the magnitude of this effect, with a 400 %

reduction in the SoC deficit when comparing a 20 ◦C thermal gradient applied at 15 ◦C and 35 ◦C

mean temperature.

Considering the effects of heterogeneities in a comprehensive manner, Liu et al. [9] investigated a

1S6P asymmetric pack, using a physics-based thermo-electrochemical model. It was found that in

the case of a high (400 % increased) cell impedance, placing the cell close to the terminals equalised

the current distribution (although accessible capacity was reduced), while placing it away from the

terminals led to an approximately 6 % reduction in accessible capacity at 1.5 C. It was found that

increasing the mean temperature led to increased accessible capacity due to lower overpotentials, and

an uneven effect of thermal gradients at the same mean cell temperature was identified. Increasing

the cell temperatures moving away from the terminals led to increased accessible energy while the

converse led to decreasing accessible energy when compared to the same system at a constant and

equal mean temperature.

Due to the high number of variable factors involved, such as interconnection resistances, contact

resistances, cell impedance magnitude, pack topology, applied rate and thermal boundary conditions,

generalisation of design rules surrounding parallel cell strings remains challenging. In particular,

understanding the coupling between variables is critical and is therefore aimed to be addressed in this

Chapter.

5.3 Experimental Methods and Cell Selection

5.3.1 Electrical Topology

In this chapter, two principal topologies are investigated, which encompass the majority of parallel

string configurations. These topologies are outlined in Figure 5.1 a and b for the investigated 1S6P

string showing a ‘U’ and ‘Z’ topology respectively. The U topology describes when the positive and

negative tabs of the string are located electrically on the same side of the pack (Figure 5.1 a), while the

Z topology describes the case of the tabs being diagonally opposed (Figure 5.1 b). These topologies

have been identified as the ‘cis’ or ‘ladder’ and ‘trans’ or ‘Z’ cases respectively in the literature [154],
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[162], and may be considered as an asymmetric and symmetric case respectively.
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Figure 5.1: Topologies selected for investigation. a) 1S6P ’U’ topology. b) 1S6P ’Z’ topology.

Within the identified string topologies, several resistors can be seen. These encompass both the

busbar or interconnection resistances, RIC, and the current sense resistors, RS, which was required

to experimentally measure current flow in each parallel branch of the system. VS defines the string

terminal voltage.

5.3.2 Cell Selection

The first consideration during development of the experimental campaign was to ensure that the cells

selected to explore the effects of thermal gradients on overall performance were uniform. Therefore,

reference capacity and pulse resistance of 6 fresh Kokam 5 Ah cells was measured to ensure sufficient

uniformity of the cells, to avoid the influence of cell-to-cell capacity and impedance variations affecting

the string current response. In order to measure the reference capacity of the selected cells, a p-OCV

test at 20.0 ◦C was carried out. The cells were attached to a simple jig and placed in a cooling incubator

(Binder KB23) set to the desired temperature. All cell testing was carried out using a Biologic BCS-15

battery cycler. The cells, with a nominal capacity of 5 Ah, were then allowed to equilibrate for 60

mins before being charged using a CC-CV scheme with a rate of 1 C and a cutoff of 0.01 C (50 mA).

The cells were then allowed to further equilibrate for 60 mins before discharging at 0.05 C to 2.7 V.

This process was repeated for 4 additional rates; 0.2 C, 0.5 C, 1 C and 2 C to provide information

about the rate capability of the cells. Subsequently, the cell pulse resistance was measured using a

pulse discharge scheme, again with the temperature controlled using a cooling incubator (Binder KB

23). The cells were again CC-CV charged to 4.2 V, with identical charging parameters to the reference

capacity measurements, before being allowed to rest for 180 mins. The cells were then discharged at
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(a) (b)

(c) (d)

Figure 5.2: Cell capacity variation at a range of rates for all 6 cells used in 1S6P pack. a) Cell OCV curves
measured at C/20. b) Cell 1 voltage response from C/20 - 2 C. c) All cell measured capacity from C/20 - 2 C.
d) All cell capacity variation from mean from C/20 - 2 C.

1 C, with termination after 5 % nominal SoC (i.e. 250 mAh charge passed), before being allowed to

equilibrate for 180 mins. This process was repeated until the cell voltage reached the lower voltage

limit (2.7 V), and the cell was subsequently charged to resting potential (3.85 V) using a CC-CV

charge. The pulse measurement was repeated at both 20 and 40 ◦C.

Figure 5.2 a shows the results for the reference capacity voltage curve for all cells selected, showing

both the p-OCV response and cell capacity was similar in all cases. An example of the cell voltage

response under the range of applied rates, for Cell 1, is shown in Figure 5.2 b. These results indicate

that the selected cells are highly rate capable over the range selected, with minimal capacity loss. The

cells were consistent in capacity over all rates, as shown by Figure 5.2 c and d, which demonstrate

both the consistency of capacity over all rates, although it is noted that the measured capacity of cell

1 was a somewhat lower than that of the other cells at all rates, by approximately 40 mAh. Figure

5.2 d shows the percentage difference in capacity at each rate, referenced against the mean capacity

of the cells tested (4.88 Ah measured at C/20), and it was found that the maximum capacity spread

was 0.7 % at C/2, with the capacity spread being approximately 0.6 % at all other rates. This was

deemed an acceptable level of capacity spread for this work.

Figure 5.3 a and b show the calculated RDC|10s for all cells at 20 and 40 ◦C respectively. The cell

resistance is consistent between the cells at all temperatures, and behaves as expected, with a signif-
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(a) (b)

(c) (d)

Figure 5.3: Cell RDC|10s variation for all 6 cells used in 1S6P pack. a) Cell RDC|10s measured at 20 ◦C. b) Cell
RDC|10s measured at 40 ◦C. c) All cell RDC|10s magnitude at at 100, 80, 60, 40 and 20 % SoC, measured at 20
◦C. d) All cell RDC|10s variation from mean at at 100, 80, 60, 40 and 20 % SoC, measured at 20 ◦C.
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Table 5.1: 1S6P temperature cases experimentally investigated

Name
Cell 1
[◦C]

Cell 2
[◦C]

Cell 3
[◦C]

Cell 4
[◦C]

Cell 5
[◦C]

Cell 6
[◦C]

Case 1 20-20 20.0 20.0 20.0 20.0 20.0 20.0
Case 2 20-45 20.0 25.0 30.0 35.0 40.0 45.0
Case 3 45-20 45.0 40.0 35.0 30.0 25.0 20.0
Case 4 45-45 45.0 45.0 45.0 45.0 45.0 45.0
Case 5 32.5-32.5 32.5 32.5 32.5 32.5 32.5 32.5
Case 6 26.5-39 26.5 29.0 31.5 34.0 36.5 39.0
Case 7 39-26.5 39.0 36.5 34.0 31.5 29.0 26.5
Case 8 20-45-20 20.0 32.5 45.0 45.0 32.5 20.0
Case 9 45-20-45 45.0 32.5 20.0 20.0 32.5 45.0

icant increase below 40 % SoC in each case, eventually increasing by a factor of 400 % in the 20 ◦C

case at 5 % SoC, and 250 % in the 40 ◦C case. This increasing overall impedance is caused by the

growing influence of the charge transfer resistance. In NMC cells, the charge transfer resistance has

been shown to be dominated by the cathode. At low full cell SoC values the cathode is increasingly

lithiated, making further intercalation of Lithium ions less favourable. The converse is the case for

the anode at high full cell SoCs. Previous studies have noted that the increase in cathode resistance

at low full cell SoCs is greater than the increase in anode resistance at high full cell SoCs [207], [208].

Figure 5.3 c shows the RDC|10s values for all cells at 5 selected SoC breakpoints at 20 ◦C. There is

no significant variation in the measured values. The percentage difference from the mean value of all

the tested cells is shown in Figure 5.3 d for each cell, with a maximum variation of 8 % between cells

1 and 6 at 100 % SoC. In general, the DC resistance measurements indicate the cells are relatively

consistent, and was again deemed acceptable for this work.

5.3.3 Experimental Methods

As previously described in Section 4.3, a custom Peltier element-controlled surface cooling test rig was

used to replicate thermal gradients within the pack. A range of thermal gradients were considered

to replicate a number of possible scenarios within the pack, for both investigated topologies. The

scenarios were selected to investigate extremes of thermal gradients which could be found in parallel

strings, and to validate the ECN model used (as described in Section 4.5). The selected thermal

conditions are summarised in Table 5.1. 3 homogeneous temperature cases were considered, with all

cells at 20.0, 32.5 and 45.0 ◦C, along with 6 cases with applied thermal gradients.

For the applied thermal gradient cases, a ‘positive’ and ‘negative’ thermal gradient convention is used,

as shown in Figure 5.4. As can be seen, apart from the ‘pyramidal’ cases, the temperature conditions

can be divided into homogeneous temperature cases and cases with linear applied thermal gradients.

The ‘positive’ convention implies that the cells within the string are becoming hotter the further

they are electrically positioned from the string terminals, while the converse is true for the ‘negative’

case, with cells becoming colder the further they are positioned from the string terminals. Two

magnitudes of thermal gradient, 12.5 and 25.0 ◦C were selected, and were applied to the U-topology

pack in both directions (i.e. away and towards the tabs), as well as two ‘pyramid’ thermal gradients,

replicating cases where the string is cooled either only at the core or only on the outside cells. In the

Z-topology, cases 3 and 7 are expected to provide identical results to cases 2 and 6 respectively, as the
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Figure 5.4: Definition of thermal gradient positive and negative cases. a) Homogeneous temperature case. b)
Positive thermal gradient case. c) Negative thermal gradient case.

symmetry of the pack in that case will lead to identical results, assuming that there are no differences

in cell performance or interconnection resistances. However, these cases were included to verify this

assumption.

The interconnection and current sense resistances, RIC and RS were selected and set to 1 mΩ. RS was

selected as the smallest practical current sense resistor possible while retaining accuracy with the shunt

voltage sensors, while RIC was selected to give an interconnection resistance ratio of approximately

12.5 %, which was selected based on reported values in the literature to provide a high but realistic

value [209], [210]. The current sense resistor voltage drop was recorded independently using a Pico

Technologies PicoLog TC-08, logging in ± 39 mV mode with a logging rate of 1 Hz, using a 18-bit

effective analogue-to-digital converter to achieve a voltage resolution of 0.27 µV.

With the operating conditions selected, the pack was assembled, and each temperature case was

investigated by setting the pack temperature using the Peltier surface cooling plates. A typical run

was carried out by applying the desired temperature conditions and allowing the pack to thermally

equilibrate for 60 mins. The pack (nominal capacity 30 Ah) was then charged from storage potential

(3.85 V) to 4.2 V using a CC-CV charging scheme with a rate of 1 C and a cutoff current of 0.01

C (300 mA). The pack was then allowed to further equilibrate for 60 mins before a CC discharge at

1 C was carried out, with a lower voltage cutoff of 2.7 V. The pack was subsequently charge using
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a CC-CV scheme with a rate of 1 C and a current cutoff of 0.02 C to resting potential of 3.85 V.

All testing of the 1S6P parallel cell strings was carried out using a 50 A Maccor Series 4000 battery

cycler.

5.4 The Effects of Thermal Gradients: Experimental Study

5.4.1 U-Topology: Homogeneous Temperature Case

In this section, the experimental results for the U-topology 1S6P pack configuration are presented and

discussed in detail to identify the causes of the current splitting effects within the parallel string. Figure

5.5 shows the current and SoC split per cell for the homogeneous temperature cases, 20-20, 32.5-32.5

and 45-45. Selecting the first example, the 20-20 case, where the current and SoC distributions are

shown in Figure 5.5 a and b respectively, the complex current distribution can be explained. Over the

full discharge, 3 principal sections can be seen. Initially, at the start of discharge (Q = 0 Ah) the cell

currents are split, as predicted by the analytical expression for the current distribution derived later in

this Section. The current in Cell 1 in this case is initially at the highest value seen over the entire cycle,

with an initial value of approximately 12.5 A, 2.5 times higher than the nominal applied current of 1 C,

and almost an order of magnitude higher than the initial current in Cell 6. This initial distribution of

currents may be predicted analytically as the SoCs and internal temperatures of the cells are initially

equilibrated and equal. As the cell impedance and OCV are a function of both the temperature and

SoC, this implies that the only variable factor driving the current distribution at start of discharge is

the branch parasitic resistance (the sum of the interconnect and current sense impedances), which in

a U-configuration increases further from the string terminals as there are more resistive elements in

each path. The initial cell current can be seen to decrease geometrically moving away from the cell

terminals, due to the fact that as the magnitude of the current sense and interconnect resistances is

equal, the path resistance between branches 1 and 2 is 200 %. However, the increase between branches

2 and 3 is 150 %, and this trend continues the further the branch is from the terminals.

As the state of charge of the cells close to the terminals decreases, the cell OCV decreases and the cell

overpotential increases. This increase in overpotential is due to the cell overpotential being a function

of the cell impedance, which has been shown to increase with decreasing SoC. As the node potentials

must be equal, the current through the branches further from the terminals must increase in order to

equalise these potentials. Over time this effect leads to a reversal in the branch with the peak current

(beginning at Q = 12.5 Ah), where the SoC of Cell 1 is depleted to the extent that it is no longer

exposed to the largest current. This point corresponds to Cell 1 SoC equalling approximately 25 %,

below which the cell DC resistance increases non-linearly (as shown in Figure 5.5 a and b), further

decreasing the cell current. As the discharge continues, this effect is seen sequentially in all branches

moving away from the terminals, until the magnitude of the measured currents has reversed when

compared to their initial state.

Figure 5.5 c and e shows the current distribution for the 32.5-32.5 and 45-45 cases respectively, while

Figure 5.5 d and f shows the SoC distribution for same cases. Increasing the temperature of the packs

in the homogeneous cases leads to increasingly unbalanced current and SoC distributions. This is

attributed to the decreasing cell impedance with increasing temperature, which leads to a decreased

contribution of the cell overpotential to the total branch overpotential. Consequently, the parasitic

resistances in the branches have a greater influence on the current distribution at high temperature.
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(a) Current Distribution, 20-20 Case (b) SoC Distribution, 20-20 Case

(c) Current Distribution, 32.5-32.5 Case (d) SoC Distribution, 32.5-32.5 Case

(e) Current Distribution, 45-45 Case (f) SoC Distribution, 45-45 Case

(g) Mean Current Variation (h) Peak Current

(i) Pack Capacity (j) EoD SoC Deficit

Figure 5.5: Experimentally measured current and SoC distributions for a U-topology 1S6P pack under homo-
geneous temperature conditions. All measurements taken during a 1 C discharge. a) Current distribution for
20-20 case. b) SoC distribution for 20-20 case. c) Current distribution for 32.5-32.5 case. d) SoC distribution
for 32.5-32.5 case. e) Current distribution for 45-45 case. f) SoC distribution for 45-45 case. g) Mean current
variation for all homogeneous temperature cases. h) Peak current for all homogeneous temperature cases. i)
Pack capacity all homogeneous temperature cases. j) EoD SoC deficit for all homogeneous temperature cases.
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As the cell temperature increases, cell impedance drops and therefore the IRR is increased for a

constant interconnection resistance. As all parasitic resistance values are identical in all cases there is

therefore a greater distribution of currents and SoCs at higher temperatures. The effect of increasing

the mean string temperature can be seen in Figure 5.5 g and h, which shows the mean current deviation

from nominal and maximum applied current for each cell. The mean variation is decreased as the

mean temperature increases (Figure 5.5 g), due to the reduced overall branch resistance at higher

temperatures. However, increasing the mean temperature also increases magnitude of the maximum

applied current by 30 % at the start of discharge, from 2.6 to 3.4 C.

Another effect of note is the inaccessible capacity in each case, as the final SoC of each cell is not

zero (Figure 5.5 i and j), which shows the overall pack capacity and cellwise EoD cell SOC (referenced

against the cell reference capacity) respectively. This reduction in overall capacity, shown in Figure

5.5 i, is due to the inaccessible capacity of each cell within the string. This is a consequence of the

lower cutoff voltage being measured at the string terminals. In the U-topology case, Cell 1 is closest

to the terminals and is the overall most depleted cell, which means the cell OCV is lowest. The lower

voltage cutoff is reached when the OCV of Cell 1 minus the branch 1 overpotentials equals the cutoff

voltage, leaving inaccessible energy in both Cell 1 (due to the overpotentials present) and the other

cells. The amount of inaccessible capacity decreases with increasing mean temperature, due to the

lower cell resistances, which allows the cells further time to homogenise towards the EoD before the

lower cutoff voltage is reached. In the cases investigated, there is a 3.3 % reduction in pack capacity

when comparing the 20-20 to the 45-45 case. The reason for this reduction in capacity is further

illustrated in Figure 5.5 j, which shows the EoD cellwise SoC deficit. In the 20-20 case there is a

significant distribution of cell EoD SoC. By increasing the pack temperature, both the EoD SoC of

Cell 1 is decreased and the deficit between Cells 1 and 6 is reduced significantly, from approximately

10 % in the 20-20 case to approximately 5 % in the 45-45 case.

To explain these effects in more detail, Figure 5.6 shows both a schematic representation of the factors

leading to current distributions, and annotated plots identifying the causes of the current distributions.

Figure 5.6 a shows a schematic representation of the current split, while Figure 5.6 b and c show the

experimentally measured current and SoC distribution in the 20 ◦C homogeneous temperature case

(20-20). To estimate the total branch resistance (Figure 5.6 c), all measured parasitic resistances are

summed with the cell impedance, which is interpolated from the PD measurements of cell RDC|10s (see

Section 5.3.2), using a ’pchip’ spline interpolation. The interpolation was evaluated at each measured

cell SoC value to predict the instantaneous branch resistance during the full discharge. Figure 5.6 e

shows the estimated cell OCV, interpolated from the PD measurements of cell pseudo-OCV (Section

5.3.2). Crossover points between when the highest loaded cell switches are marked in Figure 5.6 b-e

as points 1-6.

Firstly considering the current distribution (Figure 5.6 b), during discharge phase 0-1, Cell 1 in branch

1 initially experiences the highest current. There is an initial reduction in current up to 3 Ah discharge

capacity preceding stable current distribution up to point 1 (12 Ah discharge capacity). Initially the

branch resistance in branch 1 is approximately 2 mΩ lower than branch 2, and approximately 10 mΩ

lower than branch 6 (Figure 5.6 d). As such, the initial peak current is passed through branch 1. Over

the phase 0-1, some equalisation of currents occurs due to the cell OCV changes at SoD (Figure 5.6

e).
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At point 1, crossover occurs between Cells 1 and 2, with Cell 2 now the highest loaded cell in the

string. At this stage, the branch resistance of branch 1 increases rapidly (Figure 5.6 d), due to the

onset of non-linear impedance changes in Cell 1 below approximately 40 % SoC. Progressively from

points 1-5 the branch with lowest total resistance is shifted further from the terminals. This decreases

the SoC of the initially heavily loaded cells further and the total resistance in the corresponding

branches increases. In phase 0-1, where despite the branch resistances being relatively constant up to

approximately 10 Ah, the current through branches 1 and 2 is seen to decrease, as the OCV of Cells 1

and 2 is decreasing more rapidly than the remaining cells in the pack. This is caused by the initially

larger currents in these branches leading to more rapid SoC change in these cells, and consequently a

more rapid drop in cell OCV.

However, in phase 5-6 it can be seen that the maximum cell current is found in branch 6, however the

branch 6 total impedance is higher than that of other branches for the initial portion of this region.

This serves to illustrate again the coupled role of overpotentials in dictating the current distribution.

As cell SoCs deviate, the estimated cell OCV deviates. By KVL, the terminal voltage is given by

Equation 5.1.

VT = VOCV,n −RCell,n · ICell,n −
k∑
1

RP,k · Ik (5.1)

Where VT is the terminal voltage, VOCV,n is the cell voltage, RCell,n is the DC resistance and ICell,n

is the cell current where n = {1, . . . , 6}. RP,k is the magnitude of each parasitic resistance (intercon-

nection, busbar and contact resistances) and IB,k is the current in each parasitic resistor, for parasitic

resistances numbered k = {1, . . . , k}. It is important to note that the total current passing through

each interconnection resistor is not equal to the corresponding cell current (i.e. IRIC,1
6= IRB,1

). For ex-

ample, the interconnects closest to the pack terminals will pass the full applied pack current, increasing

the potential drop across the resistor compared.

By Equation 5.1, for a given pack terminal voltage, if VOCV,n drops, the cell current must also drop,

an effect which can be clearly observed at the beginning of phase 0-1 where the branch resistance

is stable yet rebalancing of currents occurs. This is also illustrated in phase 5-6, where cell 6 is

experiencing the maximum current. Despite the branch resistance of branch 6 being higher than

that of branches 3-5, Cell 6 begins to be most heavily loaded at point 5, due to the higher OCV

value of cell 6 offsetting the increased branch resistance. This example overall serves to demonstrate

the complex interactions between OCV, overpotentials and total branch resistances on dictating the

current distribution. These effects are also coupled, as the overpotential due to the interconnections

is a function of the total current passing through the specific interconnection considered.

5.4.2 U-Topology: Heterogeneous Temperature Case

After considering the effect of changing the temperature homogeneously within a parallel cell string,

the effect of applying a linear thermal gradient to a parallel string is explored. Figure 5.7 shows the

effect of linear thermal gradients on the current distribution in the 20-45 and 45-20 cases, which are

defined as a +25 ◦C and -25 ◦C thermal gradient respectively, as detailed in Section 5.3.3. In both

cases the mean temperature is constant at 32.5 ◦C. Considering the 20-45 case, it can be seen in

Figure 5.7 a that the applied thermal gradient leads to a reduction in the current splitting effect when
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Figure 5.6: Schematic and annotated representation of underlying causes of heterogeneous behaviour in 1S6P
parallel cell string at 20 ◦C homogeneous temperature. a) Schematic representation of current split. b) An-
notated current distribution. c) Annotated SoC distribution. d) Estimated branch resistance distribution. e)
Estimated cell OCV distribution. Pack terminal voltage is denoted in black
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compared to the homogeneous 32.5 ◦C case (Figure 5.7 c and d). In this case, Cells 1-3 are cooled,

and Cells 4-6 are heated relative to the mean temperature of the pack, and so the branch resistances

are more even than in the homogeneous case. Due to the more even current split, the SoC distribution

shown in Figure 5.7 b, is more even when compared to the 32.5-32.5 case. Additionally, there is a

significant reduction in the SoC deficit between Cells 1 and 6 at the end of discharge, as shown in

Figure 5.7 h, implying the operating depth of discharge is more equal in this positive thermal gradient

case.

During the rebalancing phase during discharge, each cell will sequentially provide the maximum current

through the pack, as the SoC of the cell prior is depleted. Below approximately 40 % SoC, significant

non-linear increases in cell impedance occurs.Therefore once the SoC of the cell experiencing the

maximum current falls below 40 % SoC, rebalancing of pack currents occurs. By EoD, despite lower

cell impedance in the hotter cells, the combined effect of branch resistances and cell OCV deviation

drives the peak current through branch 6 . In the positive thermal gradient case, the reverse effect

occurs, where the thermal gradient serves to equalise branch resistances, reducing the current and

SoC heterogeneity. Overall in the positive thermal gradient case the discharge is more homogeneous,

allowing fuller extraction of pack capacity.

Conversely, Figure 5.7 c and d show the current and SoC distribution respectively for the 45-20 case,

with a negative 25 ◦C thermal gradient applied. In this case, this leads to an increasing magnitude

of branch resistance moving away from the string terminals, which correspondingly leads to a greater

magnitude of current and SoC distribution and a greater end of discharge SoC deficit between Cells 1

and 6. This is as a consequence of the increased branch resistance increasing difficulty of accessing the

energy in Cell 6 due to the higher cell impedance at low temperature. This correspondingly leads to

a decrease in the overall string accessible energy of 1.13 % when compared to the reference 32.5-32.5

case. Figure 5.7 g demonstrates that a negative thermal gradient leads to a greater proportional loss

in pack performance than is gained by a positive thermal gradient when compared to the homogeneous

temperature case. As shown in Figure 5.7 h, applying greater negative thermal gradients greatly in-

creases the EoD SoC deficit, while positive thermal gradients lead to correspondingly smaller decrease

in the EoD SoC deficit. When comparing the 20-45 and 45-20 cases the EoD SoC deficit is reduced

from 13.2 % in the 45-20 case to 3.2 % in the 20-45 case, explaining the 1.6 % difference in capacity

between the cases. Finally, the effect of the different thermal gradients on the mean current deviation

from nominal and maximum applied current for each cell, as shown in Figure 5.7 e and f respectively

is considered. The mean and maximum variation is increased as the thermal gradient becomes in-

creasingly negative, due to the increased overall branch resistance further from the terminals in the

negative cases. Conversely increasingly positive thermal gradients lead to smaller mean and maximum

deviations.

Consequently, a significant increase in the accessible pack capacity when compared to the homogeneous

case might be expected. However, while the portion of pack capacity and energy which is accessible is

increased in the 20-45 case, this is by only 0.38 % and 0.43 % respectively, as shown in Figure 5.7 e.

The magnitude of the gain in performance is small, as while the thermal gradient does tend to equalise

the branch resistances in the positive thermal gradient case, the cell impedance follows an Arrhenius

relationship. Therefore there is a greater increase in cell impedance when cooling Cells 1-3 than the

corresponding reduction when heating Cells 4-6, relative to a mean temperature of 32.5 ◦C. This in
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(a) Current Distribution, 20-45 Case (b) SoC Distribution, 20-45 Case

(c) Current Distribution, 45-20 Case (d) SoC Distribution, 45-20 Case

(e) Mean Current Variation (f) Peak Current

(g) Pack Capacity (h) EoD SoC Deficit

Figure 5.7: Experimentally measured current and SoC distributions for a U-topology 1S6P pack under hetero-
geneous temperature conditions. All measurements taken during a 1 C discharge. a) Current distribution for
20-45 case. b) SoC distribution for 20-45 case. c) Current distribution for 45-20 case. d) SoC distribution for
45-20 case. e) Mean current variation for all heterogeneous temperature cases. f) Peak current for all hetero-
geneous temperature cases. g) Pack capacity all heterogeneous temperature cases. h) EoD SoC deficit for all
heterogeneous temperature cases.
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Figure 5.8: Schematic representation of current distribution during discharge for 1S6P pack under a negative
thermal gradient. a) Start of discharge. b) During rebalancing (mid-discharge). c) End of discharge.
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turn leads to higher overall resistances in the string and therefore greater losses due to Joule heating in

the lower temperature cells. Nevertheless, equalising cell SoCs and currents is likely to have beneficial

effects on pack lifetime by reducing the overall pack degradation rate by more evenly spreading the

accessed capacity between the cells. Additionally, decreasing end of discharge SoC deficit implies that

a positive thermal gradient is beneficial for equalising cell depth-of-discharge in parallel strings, and

as the depth-of-discharge of a cell is a known stress factor during degradation this is likely to lead to

benefits in terms of overall pack lifetime.

A schematic representation of this effect for a parallel string under a negative thermal gradient is

shown in Figure 5.8. In the homogeneous case at start of discharge the cell impedance is approximately

equal, and any unequal branch resistances are caused by stacking of interconnection resistances. In

the heterogeneous case with a negative thermal gradient this effect remains, but the cells in the

early branches of the pack have a reduced impedance compared to pack mean, due to their elevated

temperature. Therefore, while the initial trends are similar to a homogeneous case, the magnitude of

current splitting is increased with a negative applied thermal gradient.

The final two linear thermal gradient cases, the 26.5-39 and 39-26.5 cases (+12.5 ◦C and -12.5 ◦C

thermal gradients, mean temperature of 32.5 ◦C) are not shown here. However the same trends are

observed, where directionality of the applied thermal gradient leads to increasing or decreasing of the

current and SoC splitting effects, with a smaller magnitude than in the ± 25 ◦C thermal gradient cases.

The final cases considered, the 20-45-20 and 45-20-45 cases, are aimed to approximate the scenario

in which either only the exterior or core respectively of the pack are cooled, leading to development

of a ‘pyramidal’ thermal gradient. The pyramidal gradients in the 20-45-20 case lead to a reduction

in both the mean and maximum current deviations alongside a reduction in the overall pack capacity

compared to the 32.5-32.5 case, due to the substantial cooling of Cell 6, which substantially reduces the

accessible capacity in the cell. Conversely the 45-20-45 case leads to an increase in current variation

but a reduced loss of accessible capacity.

Considering the current split at start-of-discharge, it is possible to derive an analytical expression for

the current split, similar to that of Wu et al. [141]. In a ‘Z’ topology pack, the currents passing

through the branches closest to the string terminals are initially higher, this will lead to accelerated

depletion in the SoC of these cells compared to the nominal rate of depletion for the entire pack. KVL

states that the voltages around any closed circuit loop must sum to zero, and therefore as the terminal

voltage at any instant is constant for each string branch, for each branch the terminal potential minus

the total of the cell OCV and all branch overpotentials must equal zero. Using this law, an analytical

system of simultaneous equations for the branch currents of the selected topologies can be derived,

assuming the interconnection resistance, RIC , is constant, as shown in Equations 5.2-5.7

Vs −OCV1 − (RCell,1 +RS) · I1 +RIC · ITotal = 0 (5.2)

Vs −OCV2 − (RCell,2 +RS) · I2 + 2 ·RIC · (I2 + I3 + I4 + I5 + I6) = 0 (5.3)

Vs −OCV3 − (RCell,3 +RS) · I3 + 2 ·RIC · (I2 + 2I3 + 2I4 + 2I5 + 2I6) = 0 (5.4)

Vs −OCV4 − (RCell,4 +RS) · I4 + 2 ·RIC · (I2 + 2I3 + 3I4 + 3I5 + 3I6) = 0 (5.5)

Vs −OCV5 − (RCell,5 +RS) · I5 + 2 ·RIC · (I2 + 2I3 + 3I4 + 4I5 + 4I6) = 0 (5.6)
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Table 5.2: Comparison of analytical and experimentally measured initial current distribution for 20-20 case, 1
C discharge.

Branch 1 2 3 4 5 6

Analytical Current [A] -13.37 7.04 -4.00 -2.48 -1.72 -1.39
Experimental Current [A] -13.15 -7.36 -4.26 -2.54 -1.61 -1.19
Error [%] 1.7 -4.4 -6.1 -2.0 6.9 16.2

Vs −OCV6 − (RCell,6 +RS) · I6 + 2 ·RIC · (I2 + 2I3 + 3I4 + 4I5 + 5I6) = 0 (5.7)

Where Vs is the terminal voltage, RCell is the cell internal resistance, Rs is the current sense resistor

values, OCVi is the cell OCV and Ii is the corresponding branch current for i = {1, 2 . . . , 6}. Solving

these equations for the 20-20 case at the start of discharge, assuming that Rs = RIC = 1 mΩ and

RCell,i = const. = 7.2 mΩ (approximate mean RCell,i at SoC = 100 %, 20 ◦C) yields values for the

initial instantaneous current, shown in Table 5.2.

When compared to the experimentally measured currents in the 20-20 case, there was a maximum

error of 16.2 % for branch 6 (noting that the absolute error is low at 0.20 A). In general, the error

in prediction increased for cells further from the string terminals, likely due to stacked errors in

resistance estimation and the fact that RCT is current dependent. However, considering that it was

assumed RCell,i, Rs and RIC are constant, there is relatively good agreement between the analytical

and experimental values. However while it is possible to predict the initial current split, due to

the dependence of cell OCV and internal resistance on SoC and temperature, solving for an entire

discharge would require lookup tables, and it is more effective moving forwards to utilise a full ECN

model to predict current splitting effects.

5.4.3 Z-Topology: Homogeneous and Heterogeneous Temperature Cases

In this section, the experimental results for the Z-topology 1S6P pack configuration are now considered.

The basic reasoning for the distribution of currents is identical to that discussed for the U-topology

case, and for a more detailed explanation the reader is referred to Section 5.4.1. As such, a more limited

set of cases are explored in detail, to highlight the differences in behaviour between the topology cases.

In the homogeneous case, Figure 5.9 a shows the current split per cell for the homogeneous temperature

32.5-32.5 case, and the current distribution is in general more even than in the U-topology case. As

can be seen, there are only small differences in initial current, with the difference between Cell 1

and 6 initially being approximately 2 times, as compared to the order of magnitude difference in the

U-topology. This is due to the almost identical total path resistances between the branches, with

only small variations in cell impedance, contact resistance and minor variations between resistors and

busbars affecting the current distribution. While the simple assumption might however be that the

branch currents should be identical, this is not the case. As shown previously by Wu et al. [141],

who derived an analytical expression for the initial cell currents. This relationship is defined by

Equations 5.8-5.10, for a 1S3P Z-topology, using a similar approach to that taken in Section 5.4.1 for

the U-topology.

Vs −OCV1 − (RCell,1 +RS) · I1 +RIC · (2 · I1 + I2) = 0 (5.8)
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Vs −OCV2 − (RCell,2 +RS) · I2 +RIC · (I1 + 2 · I2 + I3) = 0 (5.9)

Vs −OCV3 − (RCell,3 +RS) · I3 +RIC · (I2 + 2 · I3) = 0 (5.10)

Where Vs is the terminal voltage, RCell is the cell internal resistance, Rs is the current sense resistor

values, OCVi is the cell OCV and Ii is the corresponding branch current for i = {1, 2, 3}. This effect

is due to the unequal overpotential in each branch, as whilst the path resistances are approximately

equal, the current through each interconnection is not identical, resulting in initially unbalanced

current flows as demonstrated in Equations 5.8-5.10. As the initial cell currents in the Z-configuration

are not equal and the SoC of the cells in the string will be depleted at initially different rates. If the

initial rate is different, over time the cell SoCs will diverge and therefore a continuing distribution of

currents from the nominal value will be seen. Extending the analysis of Wu et al. [141] to the 1S6P

case investigated here, it was found that the current is split symmetrically into cell pairs, with the

relationship given by Equation 5.11.

(I1 = I6) < (I2 = I5) < (I3 = I4) (5.11)

This relationship is for the ideal case where all cells are identical in capacity, OCV response and

impedance, and thus there is still variation between the cell pairs identified (Figure 5.9 a). Neverthe-

less, a broad pairing of cell currents as stated is seen. Increasing the mean temperature leads again

to an increasing magnitude of current split, as the increase in temperature again leads to decreased

contribution to the total path resistance by the cell internal impedance. As such the relative im-

portance of the parasitic resistances is increased. In these cases, the broad pairing of cell currents

is still observed. The effect of this homogenisation of currents can be seen in Figure 5.9 c and e,

showing the maximum cell current and pack capacity respectively. Figure 5.9 c shows that increasing

the pack mean temperature has a minimal effect on the magnitude of the maximum current, while a

minimal effect was also seen on the mean current deviation from nominal. It is noted that while the

cell currents are theoretically paired, in practice small variations in the cell capacity, impedance and

parasitic resistances mean that small differences are observed between the nominally paired branches.

Considering the accessible capacity, increasing the mean temperature does increase the accessible

capacity, due to the smaller losses and EoD SoC deficit, however the magnitude of this effect is

smaller than in the U-topology case, with only a 2.2 % gain in string capacity between the 20-20

and 45-45 cases. It is also noted that the total accessible capacity in the Z-topology 45-45 case is

approximately 3 % lower than in the U-topology case. This is likely due to the location of cutoff

voltage measurement now being ‘across’ the pack and therefore a greater portion of the parasitic

overpotentials are measured, limiting the accessible capacity in the Z-topology. The SoC deficit at

EoD for all cells in the homogeneous case was over 5 %, which compares unfavourably to the U-

topology case, where the EoD SoC deficit was under 5 % in cells 1-3 in the 20-20 case, and under 6 %

in all cells in the 45-45 case.

Next, the linear thermal gradients applied to the Z-topology are considered. Unlike the U-topology

case, the cell currents are in this case approximately symmetric. Previously when considering the

homogeneous temperature cases, cell currents were observed to approximately pair, however, as shown

in Figure 5.9 b, application of a 25 ◦C thermal gradient to the Z-topology string decouples the cell
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(a) Current Distribution, 32.5-32.5 Case (b) Current Distribution, 20-45 Case

(c) Peak Current, Homogeneous Temperature (d) Peak Current, Heterogeneous Temperature

(e) Pack capacity, Homogeneous Temperature (f) Pack capacity, Heterogeneous Temperature

Figure 5.9: Experimentally measured current and SoC distributions for a Z-topology 1S6P pack under all
temperature conditions. All measurements taken during a 1 C discharge. a) Current distribution for 32.5-32.5
case. b) Current distribution for 20-45 case. c) Peak current for all homogeneous temperature cases. d) Peak
current for all heterogeneous temperature cases. e) Pack capacity for all homogeneous temperature cases. f)
Pack capacity for all heterogeneous temperature cases.
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current pairs, leading to increasingly unbalanced currents compared to the homogeneous cases. This is

due to the applied thermal gradient leading to differences in temperature, and therefore cell impedance,

between the symmetric cell pairs. Considering the maximum current (Figure 5.9 d) applying a thermal

gradient does unbalance the cell currents, due to the decoupling between previously paired cell currents,

compared to the homogeneous temperature case. However, the maximum current is still significantly

lower than seen in the U-topology case. As expected, the results are broadly symmetrical between the

20-45 and 45-20 cases, implying that the nomenclature of ‘positive’ and ‘negative’ thermal gradients

has no relevance to the Z-topology. Finally, the thermal gradients applied have a minimal effect on

the accessible capacity of the pack, as shown in Figure 5.9 f. This is due to the cell impedances having

a smaller relative impact in the Z-topology, as the total branch resistance is higher as each branch

includes a nominally equal number of interconnection resistances, 6 per branch, compared to the U-

topology where for example branch 1 includes 1 interconnection and branch 6 includes 11, meaning

the significance of the cell impedance is much greater in branch 1. When thermal gradients are present

in the Z case, symmetry therefore means that a reduction in branch impedance is compensated by

an increase in total branch impedance in the symmetric branch, and therefore the direction of the

thermal gradient has no impact.

5.5 Interim Discussion

So far, the effect of changing the homogeneous temperature and thermal gradient applied to two

possible string topologies has been considered and experimentally investigated. Based on these results,

it can be concluded that the thermal conditions within the string have a highly significant impact on

the current and SoC distributions, as well as the accessible capacity of the string. For example,

increasing the mean temperature in the homogeneous cases for both topologies investigated leads to

percentage point gains in overall capacity. Analysis of total branch resistances over a full discharge

has shown the impacts of cell impedance changes caused by unequal SoC distributions on the overall

current distribution development. This highlights the coupled nature of impedance, current and SoC

within parallel connected cell strings. As it has been mathematically shown that if interconnection

resistances are finite, a current distribution will exist, this implies that there will always be some degree

of heterogeneity in any parallel connected system, for all topologies (excepting a 1S2P symmetrical

system).

Thermal gradients on the other hand lead to generally negative effects on the current and SoC balance

and pack capacity in the Z-topology, however in the U-topology thermal gradients may be classified

into ‘positive’ and ‘negative’ thermal gradients with reference to Cell 1 in the string. The negative

gradients identified lead to a reduction in performance in terms of the above metrics, while the positive

gradients lead to small improvements. The implication for the U-topology however is for the TMS,

which will in any practical system lead to thermal gradient formation (e.g. due to working fluid

temperature increases or airflow direction), and as such should always aim to introduce a positive

gradient where possible. This will lead to a small gain in capacity, but more importantly reduce

variability between cell operating regimens, therefore improving the consistency of cell degradation.

Due to the symmetry in the Z-topology case, the effect of thermal gradients is much more minimal, due

to the relatively higher resistance of each branch reducing the impact of the cell impedance. However,

this in turn leads to an overall reduction in capacity in the Z-topology, due to the increased parasitic
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resistive loss in each branch leading to a greater SoC deficit at EoD. The next objectives of this work

were to investigate the optimal thermal configuration to achieve the highest pack performance, while

reducing heterogeneities within the pack. Additionally, the role of both the interconnect resistance

ratio and variations of the interconnection resistances can be investigated, using the ECN model

derived in Section 4.5.

5.6 Model Outline and Validation

The model used to investigate variations in the temperature conditions was previously derived and

validated in Section 4.5, with the express aim of optimising the model to describe behaviour within

parallel cell strings. As such, the model was previously validated against experimental results for

the U-topology packs presented in Section 5.4 and showed generally good agreement between the

simulated and experimentally measured results in all cases.

(a) (b)

(c) (d)

Figure 5.10: Validation of 1S6P model. a) Experimentally measured and simulated pack capacities, homo-
geneous temperature (251 simulated points, 20.0 - 45.0 ◦C, step size 0.1 ◦C. b) Experimentally measured
and simulated pack capacities, homogeneous temperature (251 simulated points, mean temperature 32.5 ◦C,
-25.0 - +25.0 ◦C thermal gradient, step size 0.1 ◦C. c) Simulated cell current throughput error, homogeneous
temperature cases. c) Simulated cell current throughput error, heterogeneous temperature cases.

In order to further validate the model capacity predictions, the model was run to simulate a range

of both homogeneous pack temperature and applied thermal gradients with a mean temperature of

32.5-32.5 for the U-topology case. Figure 5.10 a and b show the simulated results for 251 simulation

runs in each case over the experimentally investigated windows with a parameter step size of 0.17 ◦C

for the homogeneous and thermal gradient cases respectively. As can be seen in comparison to the

experimentally measured pack capacity in each case there was good agreement between the model
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Table 5.3: Percentage error in model capacity predictions.

Case 20-20 32.5-32.5 45-45 20-45 26.5-39 32.5-32.5 39-26.5 45-20

Error [%] -0.103 0.055 0.098 -0.112 -0.64 0.045 0.001 -0.148

predictions and measured capacities.

Table 5.3 shows that there was good agreement between the model predictions and measured pack

capacities in all cases, with the error maintained below approximately 0.15 %. The cellwise errors

in capacity prediction are shown in Figure 5.10 c and d for the homogeneous and thermal gradient

cases respectively, and it can be seen that the error is maintained below 1 % in all cases, with an

approximately even split between under- and over-prediction of the cell utilised capacity. The errors in

capacity prediction, both at the cell and pack level, were deemed acceptable for further investigation of

string behaviour, with the errors expected to be principally caused by the initial modelling assumption

that all cells possessed identical capacity and impedance behaviour. As shown in Section 5.3.2, this was

not the case, with up to a 0.7 % spread in capacity and 8 % spread in RDC|10s identified. Nevertheless,

the errors introduced by this assumption remain small overall, and the relative accuracy of the model

is not significantly reduced.

5.7 The Effects of Heterogeneities: Modelling Study

5.7.1 The Effects of Thermal Conditions

Having ensured the model performance predictions retained accuracy for the parallel string configu-

rations experimentally investigated, the effect of composite thermal variations was investigated. This

consisted of simulating a number of scenarios with variation in both thermal gradient magnitude and

string mean temperature. For the purposes of analysis and comparison, the 32.5-32.5 case with no

applied thermal gradient is taken as a reference, and where appropriate deviations are calculated rela-

tive to this case. The range of input conditions considered in the first case for the U-topology ranged

from a string mean temperature of 15 ◦C to 45 ◦C with a thermal gradient of ± 20 ◦C (leading to a

maximum and minimum cell temperature of 55 and 5 ◦C respectively. All simulations investigating

thermal conditions were carried out using the previously parameterised resistance model for the bus-

bars experimentally investigated. In each case, the effects of current rate were also varied, with rates

of 0.5, 1 and 2 C considered.

The simulated pack capacity for the U-topology case at the 3 selected rates, each simulated under

256 combinations of thermal gradient and mean temperature, is shown in Figure 5.11 a to c for each

rate respectively. Application of thermal gradients in the U-topology case leads to a reduction in

capacity in the negative case and increases in capacity in the positive case, confirming the previously

experimentally derived results presented in Section 5.4. Again, this occurs due to the differential

cell impedance induced by cases under thermal gradients, which in turn changes the total branch

impedance. Increasing the branch impedance leads to an overall reduction in accessible capacity in

the string branch, however the relative impact of increasing the branch impedance is greater the further

from the string terminals the relevant cell is placed. In the case where the thermal gradient is positive,

the cells closest to the string terminals have a higher impedance and therefore the branch impedances

are increasingly even. Conversely, a negative thermal gradient will lead to low temperature cells being
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(a) (b)

(c)

Figure 5.11: Contour plots of simulated 1S6P U-topology pack accessible capacity under -20 - +20 ◦C thermal
gradients and 15 - 45 ◦C mean temperatures. a) 0.5 C discharge. b) 1 C discharge. c) 2 C discharge.

placed further from the string terminals, increasing the branch impedance and reducing the capacity

which can be accessed from those cells.

As shown by Figure 5.11, increasing the applied rate decreases the accessible pack capacity overall by

up to 20 % when comparing the 0.5 C case to the 2 C case. Additionally, the degree of capacity loss

induced by reduced mean temperatures and therefore higher cell impedances is increased, with thermal

gradients having an increasing impact at higher rates. Under a 0.5 C constant current discharge (Figure

5.11 a) applied thermal gradients have a negligible impact on the simulated pack capacity. However,

under a 2 C constant current discharge (Figure 5.11 c) applying thermal gradients of ± 20 ◦C has

a significant impact on the accessible capacity of the string. As an example, it is predicted that a

pack of mean temperature of 31 ◦C and applied thermal gradient of -20 ◦C has the same accessible

performance as a pack at 25.0 ◦C mean temperature and applied thermal gradient of +20 ◦C achieving

the same performance with a 6 ◦C reduction in mean cell temperature. From these simulations it can be

concluded that thermal gradients do have a significant impact on pack performance in the U-topology

case, however that impact is generally only seen at higher rates.
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Previously in Section 5.4, the reason for loss of performance was found to be inaccessible capacity

in the cells furthest from the terminals, with thermal gradients inhibiting the ability to access this

capacity before the pack lower voltage cutoff. Under thermal gradients, especially at lower mean

temperatures, the difference between cell impedances increases, due to the non-linearity of the cell

impedance response with respect to temperature. When higher current rates are applied to the pack,

the relative importance of overpotentials is increased, due to the higher total currents. While the

cell overpotential also increases, the dominant overpotential comes from the interconnections, as each

passes the current to multiple cells.

Therefore, at higher rates the difference between the cell OCV and pack terminal voltage is greater,

leading to a greater overall drop in pack capacity. In the case of a positive thermal gradient, total

branch resistances are equalised, leading to greater accessible capacity than the 0 ◦C thermal gradient

case, while the converse is true with a negative thermal gradient. The cell tested and modelled in this

work, the Kokam 5 Ah, is a high-power cell and therefore is designed to sustain high rates. As such,

the 2 C discharge case is relatively moderate for the cell, and it can be expected that for a high energy

cell similar effects would occur at lower rates. In general it is expected that the effects of thermal

gradients on pack performance will be greater at low temperatures and higher rates, with the direction

of the thermal gradient influencing if the effect is positive or negative for a ‘U’ topology.

Still considering the U-topology case, Figure 5.12 a-f shows the cell accessible capacity for Cells 1-6

respectively for the range of thermal gradients and mean temperatures investigated. As shown, the

current throughput through Cells 1-4 is relatively insensitive to the applied thermal gradient. In

comparison, Cells 5 and 6 are highly sensitive to the applied thermal gradient, with a 7 % reduction

in current throughput in Cell 6 in extreme cases (-20 ◦C thermal gradient, 15 ◦C mean temperature)

compared to the base case. As such it can be concluded that the capacity loss seen in the U-topology

pack under negative thermal gradients is principally driven by the loss of accessible capacity in the

cells furthest from the string terminals. Therefore it is not expected that this effect would be present

in the Z-topology case.

The underlying causes of this capacity loss for the U-topology at higher rates can be examined further

by considering detailed results from two extremes of the 2 C simulation case. Figure 5.13 a and b

show the current and current throughput distributions for the pack at 15.0 ◦C mean temperature

and applied thermal gradient of -20 ◦C while Figure 5.13 c and d show the same metrics at 45.0 ◦C

mean temperature and applied thermal gradient of +20 ◦C. In the first case, despite overall similar

current profiles and SoC distributions, EoD is reached earlier in the low temperature case, due to the

increased overpotentials and therefore earlier reaching of the lower voltage limit for the pack, leading

to a reduction in overall capacity.

Considering the Z-topology case shown in Figure 5.14 a-c for the 3 rates investigated, as previously

shown experimentally, thermal gradients have a minimal effect on the accessible capacity, due to both

the symmetry and the therefore equal branch impedance. This leads to relatively smaller changes

in the branch impedance when thermal gradients lead to changes in cell impedances. As such, the

effect of thermal gradients on the Z-topology pack capacity is minimal and the principal effect driving

capacity is the overall mean temperature of the pack, which reduces losses when increased and therefore

increases accessible capacity. Figure 5.14 a and c show the accessible capacity under a 0.5 C and 2 C

rate respectively, showing the sensitivity of the Z-topology pack to mean temperature increases with
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(a) Cell 1 Capacity (b) Cell 2 Capacity

(c) Cell 3 Capacity (d) Cell 4 Capacity

(e) Cell 5 Capacity (f) Cell 6 Capacity

Figure 5.12: Contour plots of simulated 1S6P U-topology pack capacity under -20 - +20 ◦C thermal gradients
and 15 - 45 ◦C mean temperatures, 1 C discharge. a) Cell 1 accessible capacity. b) Cell 2 accessible capacity.
c) Cell 3 accessible capacity. d) Cell 4 accessible capacity. e) Cell 5 accessible capacity. f) Cell 6 accessible
capacity.
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(a) (b)

(c) (d)

Figure 5.13: Example simulated current and SoC distributions. a) Current distribution for Tm = 15 ◦C,
∆T = −20 ◦C. b) SoC distribution for Tm = 15 ◦C, ∆T = −20 ◦C. c) Current distribution for Tm = 45 ◦C,
∆T = +20 ◦C. e) SoC distribution for Tm = 45 ◦C, ∆T = +20 ◦C

increasing rate.

5.7.2 The Effects of Variable Interconnection Resistance

Another possible impact on overall capacity is varying the interconnection resistance (and therefore

IRR) between each cell. In a real system, this could occur either due to fault conditions or unequal

length busbar connections. In this section the effects of increased interconnection resistance on overall

pack capacity is considered. An idealised string was considered, with the branch resistors (RS) held

constant at 1 mΩ. The investigated circuit is shown in Figure 5.15, and the pack response at 1 C

was simulated for 51 variations in branch resistance for each interconnection resistor, RIC,n. In each

case the selected resistor value was varied from 0.1 mΩ to 20 mΩ, for a total of 306 simulated pack

configurations per temperature breakpoint.

The effect of varying differing interconnection resistances can be seen in Figure 5.16 for the U-topology

pack at 32.5 ◦C. At 32.5 ◦C, the cell total impedance at 50 % SoC is approximately 7.5 mΩ, and

this value is used when commentating on the IRR. As expected, increasing the resistance RIC,1 has

the greatest overall impact on pack capacity, with a rapid drop in accessible pack capacity above a

resistance value of 6 mΩ. In contrast, increasing the resistance RIC,6 has a minimal impact on overall

pack capacity, as in this case only branch 6 of the string is affected by the increased resistance. As

the applied current is constant in all cases, this leads to an increase in the current passed by the other

cells in the string, somewhat compensating for the loss in accessible capacity from Cell 6.

In an LIB, impedance decreases non-linearly with increasing temperature, and therefore as the mean

temperature of a pack increases, the relative impact of increasing the interconnection resistance is

enhanced. This is due to the increasing contribution of the interconnection resistance to the total
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(a) (b)

(c)

Figure 5.14: Contour plots of simulated 1S6P Z-topology pack capacity -20 - +20 ◦C thermal gradients and 15
- 45 ◦C mean temperatures. a) 0.5 C discharge. b) 1 C discharge. c) 2 C discharge.
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Figure 5.15: Circuit diagram for variable RIC simulations

Figure 5.16: Pack capacity for U-topology with variable RIC,n, where n = {1, 2, . . . , 6}. In each case RIC,n is
varied from 0.1 mΩ to 20 mΩ. All simulations under a 1 C discharge.

branch resistance which in turn is a key factor driving the current distribution. Thus, the U-topology

strings are, in general, more sensitive to variations in interconnection resistance close to the pack

terminals, with the effect of increased interconnection resistance increased at elevated temperature.

5.7.3 The Effects of Variable Branch Resistances

In order to emulate the effects of either cell resistance variation or high contact resistances, a set of

simulations with varied branch resistance (RS) were considered. In this case the idealised string was

considered, with the interconnection resistors (RIC) held constant at 1 mΩ. The investigated circuit

is shown in Figure 5.17, and the pack response at 1 C was simulated for 51 variations in resistance for

each branch resistor, RS,n. In each case the selected resistor value was varied from 0.1 mΩ to 50 mΩ,

for a total of 306 simulated pack configurations per temperature breakpoint. Considering the range of

resistances selected, Taheri et al. [209] measured contact resistances in bolted connections of an order

of 10 mΩ, while Brand et al. [211] measured contact resistances varying from the order of 10 mΩ for

aluminium press contacts to 0.01 mΩ for copper at high contact pressures. Brand et al. [211] also

investigated welded using spot, ultrasonic and laser welded contacts. Measured contact resistances

ranged from 0.15 to 0.32 mΩ, depending on the weld size, shape and number of points. Therefore the

range selected for investigation is appropriate to investigate the effects of variable contact resistances,
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especially given that fault conditions may lead to significantly increased contact resistances [140].
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Figure 5.17: Circuit diagram for variable RS simulations

The effects of varying differing branch resistances can be seen in Figure 5.18 a and b for the U- and Z-

topology pack at 32.5 ◦C respectively. As can be seen in Figure 5.18 a, the loss in overall pack capacity

is dependant on the position of the varied resistor, with changes in the resistance of branch 1 leading

to a maximum loss in pack capacity of 2.5 % for RS,1 = 50 mΩ. In contrast, the same change in RS,6

leading to a 6 % pack capacity loss. Due to the relative position of the varied resistors, increasing

the resistance of branch 1 has a smaller overall impact on the pack capacity as initially the increased

resistance serves to balance the overall branch impedances. Varying RS,6 begins to have a significant

impact of the pack capacity above approximately 10 mΩ, while for the RS,1 case the impact is not

significant until RS,1 equals 35 mΩ. In comparison, for the Z-topology as shown in Figure 5.18 b,

less sensitivity to the position of the increased branch resistance is seen. However, while the effect on

overall pack capacity is less sensitive, for the Z-topology the capacity loss under all variations is higher

than for the RS,1 and RS,2 variations in the U-topology. Additionally, the onset of rapid capacity loss

in the Z-topology case occurs more rapidly in all cases except when compared to the RS,5 and RS,6

U-topology variation cases, occurring for all variations at approximately 20 mΩ.

(a) (b)

Figure 5.18: Pack capacity for U- and Z-topology with variable RS,n, where n = {1, 2, . . . , 6}. In each case
RS,n is varied from 0.1 mΩ to 50 mΩ. All simulations under a 1 C discharge at 32.5 ◦C. a) U-topology. b)
Z-topology

For the U-topology, the causes for the overall capacity loss in each case can be seen in Figure 5.19

a-f, which shows the cell current throughput for cells 1-6 respectively. The further from the string

terminals the increased branch resistance occurs, the greater and earlier the impact on the accessible
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capacity of the relevant cell is. For example increasing RS,1 does not lead to significant impacts on Cell

1 accessible capacity until the impedance has increased to 30 mΩ, and the loss in accessible capacity in

Cell 1 is a maximum of 10 %. In comparison, varying RS,6 leads to a more rapid onset of cell capacity

loss above RS,6 equals 10 mΩ, with a maximum loss in accessible capacity of 38 %. This effect can

be explained by considering the location of the relevant branch impedance. In the U topology case,

where the increased branch impedance is close to the terminals, the overall effect is to equalise the

total resistance of branch 1 with that of branches further from the terminals. As previously identified

in Figure 5.19 d, the EoD total branch resistances are of the order of 25 mΩ. As can be seen in Figure

5.19 a, the accessible capacity of Cell 1 begins to decrease rapidly after the branch resistance exceeds

approximately 20 mΩ. The value at which this curve inflects corresponds with the branch resistance

exceeding the maximum resistance of branch 6. Meanwhile for Cell 6, shown in Figure 5.19 f, the

curve inflects almost immediately, as in this case there is no rebalancing of branch resistances and

instead the increased resistance is simply acting to ‘block’ access to energy in Cell 6. It is also noted

that in all cases the accessible capacity of all other branches is marginally increased, compensating

somewhat for the loss in accessible capacity in the branch with increased resistance.

(a) RS,1 Varied (b) RS,2 Varied

(c) RS,3 Varied (d) RS,4 Varied

(e) RS,5 Varied (f) RS,6 Varied

Figure 5.19: Cell accessible capacity for U-topology with variable RS,n, where n = {1, 2, . . . , 6}. In each case
RS,n is varied from 0.1 mΩ to 50 mΩ, at a homogeneous temperature of 32.5 ◦C. All simulations under a 1 C
discharge. a) RS,1 varied. b) RS,2 varied. c) RS,3 varied. d) RS,4 varied. e) RS,5 varied. f) RS,6 varied.

Finally, the effect of mean temperature on the accessible capacity is considered, as shown in Figure

5.20 a-f, which shows the effect of varying branch resistances RS,1 - RS,6 respectively at 3 temper-
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(a) RS,1 Varied (b) RS,2 Varied

(c) RS,3 Varied (d) RS,4 Varied

(e) RS,5 Varied (f) RS,6 Varied

Figure 5.20: Pack accessible capacity for U-topology with variable RS,n, where n = {1, 2, . . . , 6}. In each case
RS,n is varied from 0.1 mΩ to 50 mΩ. All simulations under a 1 C discharge, with Tm = 20, 32.5 and 45 ◦C.
a) RS,1 varied. b) RS,2 varied. c) RS,3 varied. d) RS,4 varied. e) RS,5 varied. f) RS,6 varied.

ature breakpoints, 20.0, 32.5 and 45.0 ◦C. This set of simulations shows that increasing the mean

temperature of the pack leads to overall greater accessible capacity due to the reduced cell impedance.

However, increasing the mean temperature also delays the onset of rapid loss of accessible capacity in

each case. This is due to the reduced overall branch resistance delaying the onset of rapid reduction

in branch accessible capacity, due to the reduced cell impedance at increased temperature.

This effect is caused by the decreased contribution of the cell resistance to the overpotentials in the

pack at higher temperatures. This in turn means that the drop of the pack voltage below the lower

voltage cutoff is delayed. By delaying this point, a greater degree of rebalancing is possible at EoD,

where the high resistance branch experiences a high peak current and the amount of capacity extracted

from each cell is equalised.
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5.8 Conclusion

Using the parallel string 1S6P test bench developed and introduced in Section 4.3, an experimental

investigation into the effects of varying the mean temperature, thermal gradient applied and pack

topology were investigated, for a range of thermal conditions and two topologies, the ‘U’- and ‘Z’-

topologies. The experimental investigation identified the causes of performance loss in parallel strings

compared to the summed capacity of the constituent cells, with both thermal conditions and topology

having a significant impact on pack accessible capacity. The SoC deficit at end-of-discharge was

identified as the principal cause of capacity loss, which in turn is driven by cell impedance variations

induced by temperature, as cell impedance is a strong function of cell temperature. Therefore, changing

the mean temperature of the string in both the U- and Z-topology cases had a significant impact on

the overall accessible pack capacity. Increasing the mean temperature of a parallel connected pack

increases the relative importance of interconnection resistances, due to the consequently increased

IRR.

In conjunction, thermal gradients were identified as having generally negative effects on accessible

capacity and homogeneity. However, thermal gradients have also been shown to have small but positive

impacts on pack performance in the positive case for the U-topology. Therefore, if a U-topology is

required, the thermal management system should be such that a positive rather than negative thermal

gradient is applied. The positive thermal gradient case leads to increasing cell temperature further from

the string terminals and therefore lower cell impedances. This acts to equalise total branch impedances

and therefore increase the consistency of cell degradation. Because of symmetry in the Z-topology case,

the effect of thermal gradients is much more minimal. This is caused by the higher resistance of each

branch, as there are an equal number of interconnection resistances per branch, reducing the overall

impact of the cell impedance. In the symmetric Z-topology case, due to the approximately equal

branch impedances, current heterogeneities are induced by unequal overpotentials in each branch, in

turn caused by the unequal current flows through different segments of the busbars. However, this in

turn leads to an overall reduction in capacity in the Z-topology, due to the increased parasitic resistive

loss in each branch leading to a greater SoC deficit at EoD.

In order to further assess the impacts of heterogeneous conditions within parallel strings, the previously

parameterised ECN model was validated for the 1S6P string. A range of simulations were carried

out, with variations in thermal conditions, topology and both interconnection and branch resistance

considered. For the U-topology, increased interconnection resistances far from the terminals led to

a significant capacity loss when the increased interconnection resistance was approximately equal to

the nominal cell impedance. In comparison, placing the increased resistance close to the terminals

allowed an increase of approximately 5 times the nominal cell impedance before significant impacts were

predicted. Meanwhile increasing the total resistance of branch 1 to approximately 8 times the nominal

cell impedance before significant reduction in capacity was predicted. In comparison, increasing the

resistance of branch 6 led to significant capacity loss above an increase of approximately the nominal

cell impedance, although increasing the pack temperature was shown to delay the onset of loss of

accessible capacity. In general therefore, for a U-topology, it is critical to ensure that resistances in

branches further from the terminals are controlled.

Considering the effects of thermal conditions, it was found that the U-topology was significantly more

sensitive to both the mean temperature and thermal gradients, as well as to heterogeneities in the
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interconnection and branch resistance. In this case, increasingly negative thermal gradients are seen

to lead to a reduction in overall pack capacity at a given mean temperature. Conversely, increasingly

positive thermal gradients lead to relative increases. In contrast, for the Z-topology, thermal gradients

were found to have no significant impact on the overall performance of the pack due to the topological

symmetry. In both cases, increasing the applied current rate increases the sensitivity of the pack

to heterogeneous temperatures. At higher C-rates, branch currents and therefore overpotentials are

higher, and as a consequence thermally driven changes in cell impedance lead to relatively larger

changes in accessible capacity.

In conclusion, generally a Z-topology is preferable under most operating conditions to a U-topology,

with the Z-topology being less sensitive to thermal variations and in most cases to branch resistance

variations. However, this reduced sensitivity comes at the cost of increased overall reduction in

accessible capacity due to the equal and higher branch resistances in the Z-topology case. Despite

this, it is clear that a Z-topology is preferable for most operating cases. However, in this chapter the

impacts of thermal and topological heterogeneities on the lifetime of parallel cell strings has not been

considered and will be addressed in Chapter 6.
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Chapter 6

The Effects of Thermal Heterogeneities

on Pack Lifetime

The work presented in this chapter is entirely the authors own except as otherwise acknowledged here.

The OCV diagnostic model was derived from work by Birkl et al. [25], [87], as introduced in Chapter

4, implemented with the kind assistance of Ryan Prosser. Elements of the pack test bench were

developed with support of others in the Electrochemical Science and Engineering group, as previously

acknowledged in Chapter 4. All other experimental testing, modelling and analysis was carried out

solely by the author. The work presented in this Chapter is under preparation for publication as The

effects of thermal heterogeneities on aging within parallel-connected Lithium Ion batteries, Max Naylor

Marlow, Jingyi Chen and Billy Wu, 2021, In Preparation.

6.1 Introduction

In Chapter 5, the effects of thermal gradients, topology, operating rate and resistance heterogeneities

on parallel string performance was investigated, both experimentally and using an equivalent circuit

modelling framework. However, the effects of varied conditions on the lifetime of parallel strings was

not assessed in detail and is a significant gap in the literature. In this chapter the effects of thermal

heterogeneities on the useful lifetime of packs is investigated and assessed. The overall aims of this

section of the work were as follows:

• Experimentally investigate the impacts of thermal gradients on parallel string lifetime.

• Understand and generalise the impacts of increasingly heterogeneous thermal conditions on

lifetime.

Prior to testing, several hypotheses surrounding the effects of thermal gradients on parallel string

lifetime were considered, and the experimental study was planned to address the following:

• Thermal gradients have been shown in Chapter 5 to be favourable or unfavourable to instanta-

neous performance of a U-topology pack.

• Heterogeneous conditions will have a negative effect of pack lifetime when compared to homoge-

neous temperature packs. This effect is expected to be balanced with the accelerated degradation

139
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rates induced by higher average operating temperatures.

• Different thermal gradients will induce different degradation modes in cells within parallel strings,

due to heterogeneities in temperature and differential current peaks and throughput over life.

6.2 Key Literature

In recent years, researchers have published a range of studies detailing the effects of operating condi-

tions [141], cell-to-cell variations [9], [180], topology [154], [162] and thermal gradients [9], [162]–[164]

on the instantaneous performance of cells and packs. However, there is limited literature addressing

the lifetime implications of such heterogeneous conditions. The critical works, principally published

in the last 3 years, are discussed in detail here and any research gaps are identified.

Gogoana et al. [146] experimentally investigated 6 1S2P packs with deliberately mismatched DC

resistances in their pack construction, with 2 packs each at approximately 0 %, 10 % and 20 %

mismatch, and linked the lifetime of the resultant packs to the resistance mismatch using an SEI

layer growth model. It was found that towards the end of discharge, cells in a mismatched pack may

experience abnormally high currents which may lead to sudden and accelerated degradation of the

system. The proposed degradation model suggests that maximum charging current experienced by a

cell has a strong influence on the degradation rate and therefore current balancing in parallel strings

is critical to maintain pack lifetime. Whilst the C-rate during aging was 4.5 C, the selected cell in

this work was rated for a maximum continuous discharge rate of 32 C. However, the study did not

control the cell temperature or experimentally investigate the effects of high rate operation which may

promote alternative degradation modes, such as active material loss.

Considering the effect of thermal gradients on degradation rates in parallel cell strings, Liu et al. [9]

used a model based approach to investigate the effects on a 1S6P pack, modelling SEI layer growth

as the sole degradation mechanism leading to both capacity loss and power fade. It was found that

the degradation rate of the string is strongly linked to the applied thermal gradient. The study

predicted a 10 % increase in rate of loss of pack output energy when comparing a -25 ◦C thermal

gradient to a + 25 ◦C thermal gradient, indicating that while previous work presented in Chapter 5

indicates a positive thermal gradient will reduce operating heterogeneities, it may lead to accelerated

degradation. However, this work did not experimentally validate these results and the degradation

model is not able to capture alternative degradation modes which may be promoted by high peak

currents in parallelised packs. Cavalheiro et al. [152] investigated a 1S5P pack configured as a cell

stack with the outer surfaces of cells 1 and 5 convectively cooled, and compared the degradation

rate to a single cell under the same nominal cycling procedure. Highly non-uniform degradation

occurred in the string, degrading significantly faster than the baseline cell (7 % greater capacity loss

at 2215 cycles). This effect was attributed to the higher mean cycling temperatures of the pack cells

compared to the baseline single convectively cooled cell, with a peak temperature rise 12.5 ◦C higher

in the parallel string case. However, active cooling of the string was identified as potentially leading

to greater thermal gradients at lower mean temperatures, which was not investigated. Additionally,

no detailed analysis of the underlying mechanisms causing differential degradation was presented, and

thus detailed studies of aging within packs are required.

Shi et al. (Shi et al., 2016) investigated the effects of imbalanced currents on large format LFP cells in
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a 1S2P configuration, comparing a homogeneous and heterogeneous temperature case. It was found

that in the heterogeneous case with an approximately 30 ◦C thermal gradient, the degradation rate

was more than double that of the homogeneous case. Over 1000 cycles, the initial deviation in currents

was higher for the heterogeneous pack, and this diverged with cycle number, while the homogeneous

temperature pack also diverged but by a significantly smaller amount. The retained capacity of the

homogeneous temperature pack was higher, with an approximately 50 % reduction in capacity loss

at 1000 cycles, while the rate of degradation of the individual cells within the homogeneous pack

was approximately equal, with slightly higher rates of degradation seen in the cell closest to the

pack terminals. In the heterogeneous case, degradation rates of the overall pack were higher, to be

expected of a pack at higher mean temperature. The cell capacities diverged over time, with the

higher temperature cell degrading faster, leading to a 9 % difference in cell reference capacity at EoL.

Interestingly, the high temperature cell within the parallel string degraded slower than a reference

cell cycled under identical conditions outside of a parallel string, while the low temperature cell in

the string degraded faster than both the reference single cell and both cells within the homogeneous

pack of identical temperature. This differential aging in both cases was attributed to the imbalanced

currents present in the parallel strings, in particular the high peaks identified at start and end of

discharge, which was hypothesised to lead to significant loss of lithium inventory. However, the small

range of scenarios investigated in this case limits the detailed conclusions which may be drawn. Song

et al. [212] investigated differential degradation within 1S2P parallel strings and found that a 20 ◦C

thermal gradient lead to divergent behaviour within the string, with increasing cell-to-cell capacity

deficits identified, and concluded that increasing thermal gradients lead to accelerated degradation,

although this was not compared to a reference measurement for single cells. It was also concluded

that if thermal boundary conditions are similar, convergence is expected for cells with either convex

or linear degradation curves, whilst divergence is expected with a concave degradation curve, with

the overall shape of the degradation curve dictating the regime. However, the study was confined to

modelling, and the empirical degradation model used only accounts for SEI layer growth, excluding

other possible degradation mechanisms.

Investigating the effects of increasing parallelisation on pack performance by testing a range of increas-

ingly parallel packs, Gong et al. [170] concluded that increasing parallelisation reduces the degree of

heterogeneity experienced by strings, particularly reducing peak currents at the end of discharge.

This was suggested to be a factor prolonging lifetime of highly parallel packs, with reduced impacts

from low capacity or high impedance cells. However, this study only assessed regrouped degraded

cells rather than directly cycling packs, and as a consequence does not provide information about the

development of heterogeneities during cycling. Additionally, the interconnection resistance is unspec-

ified, whilst the pack topology studied is fully symmetric. It is expected that increased parallelisation

of U-topology packs for example will lead to increasingly heterogeneous behaviour due to the stacking

effect of interconnections leading to unbalanced branch resistances. Ultimately, this highlights the

system-specific nature of pack heterogeneous behaviour and the need to draw general insights.

Baumann et al. [149] investigated 1S2P coupled cells harvested from an aged EV battery pack, and

found that after aging in-service, significant increases to parameter spread occurred, with a mean

increase in capacity spread of 0.5 %, and of internal resistance of 3.54 %, with several cell pairs

resistance spread increasing to over 10 %. Further cycling of selected modules indicated that rather

than converging due to self-balancing over time, the heterogeneities in cell performance increased, with
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no general trend of convergence. This disagrees with results presented by Song et al. [212]. However

no general conclusions were able to be drawn due to the application and design specific nature of

heterogeneous aging, and further experimental study was recommended. While work by Offer et al.

[140] identified large and potentially hazardous current variations induced by cell interconnections,

it is possible that during aging, the effects of heterogeneous cell impedances will outweigh the initial

current heterogeneities induced by interconnections and become the dominant factor driving current

distribution within parallel strings.

Therefore, a significant question remains, which is if the aging trajectories of cells within parallel

strings are convergent or divergent during cycling, what drives the convergent or divergent nature of

this behaviour? Divergent behaviour is undesirable as it may lead to extreme currents in areas of

packs, leading to reduced lifetime, extreme peak currents and safety concerns, as identified by several

authors [139], [162]. Several authors have tried to address this question, however the results presented

in the literature remain inconclusive and somewhat contradictory. For example, Pastor-Fernandez et

al. [171], who cycled cells with deliberately induced SoL deviations in cell capacity found that during

cycling, cell capacity converged due to the differential currents and therefore current throughputs

induced. Meanwhile, Yang et al. [145] indicate that when thermal conditions are consistent and

degradation follows the commonly seen linear or convex pathway, initially diverging cells will converge

to identical capacities during cycling. However previous works discussed have indicated that thermal

gradients within packs will lead to divergent cell performance over time [9], [185], [212]. As such,

a comprehensive view of the influence of temperature is required, as direct comparisons between

multiple homogeneous and heterogeneous temperature cases in the literature are limited. Additionally,

comprehensive datasets for pack aging under heterogeneous conditions are rarely if even available in

the literature, and therefore remains a significant research gap.

6.3 Cell Selection and Grouping

As previously identified by both work in Chapter 5 and other authors [9], [62], [149], [173], [180], small

variations in cell capacity and impedance may potentially lead to significant variations in lifetime

performance. In order to minimise any potential influence of cell-to-cell variations on the thermal

effects selected for investigation, the differences in capacity and resistance between the cells within

each pack were minimised. An initial set of 19 cells from the same batch, which had been stored under

identical conditions were characterised, and the cell capacity was measured at 0.04 C with the cell

charged to 4.2 V at 1 C using a CC-CV charging protocol with a cutoff current of 0.01 C (50 mA),

then rested for 60 mins before discharging to 2.7 V. In each case, the cells were characterised in a

thermal chamber (Binder KB53) at 20.0 ◦C. The cells were then charged to 50 % SoC (referenced to

the 0.04 C measured capacity of the cell) allowed to equilibrate overnight, before a single EIS spectra

was taken at 50 % SoC. The EIS measurement was taken with an RMS current of 0.2 A from 2500 to

0.01 Hz, with 10 frequencies logarithmically spaced per decade.

The resultant spectra are shown in Figure 6.1 a, with the inset showing the ohmic intercept and high

frequency semicircle. As can be seen, the impedance spectra from the fresh cells were highly consistent,

indicating there is minimal variability in cell impedance at SoL. Once obtained, the resultant EIS data

was processed and fitted and the ohmic or series resistance, R0, obtained from the real axis intercept.

The fitted R0 values are shown in Figure 6.1 c, with a mean R0 value of 1.283 mΩ. The measured cell
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(a) (b)

(c) (d)

Figure 6.1: Measured capacity and impedance of cell batch. a) Cell impedance at 50 % SoC, 20 ◦Cfor all 19
cells. b) Resistance and capacity scatter plot for all 19 cells. c) Fitted R0 values for all cells. d) Measured
capacity for all cells at 0.04 C.

capacity values are shown in Figure 6.1 d, with a mean capacity at 0.04 C of 5.014 Ah, marginally

above the nominal cell value of 5 Ah. Once the cell capacity and R0 were measured, the cells could

then be grouped to minimise variation in capacity and series resistance. A scatter plot of the R0 and

capacity values, shown in Figure 6.1 b, shows the minimal correlation (R2 = 0.03439) between the SoL

R0 and capacity values. Although not plotted here, a similar trend is observed for RSEI and RCT ,

and the consistency of the cell SoL impedances can be seen in Figure 6.1 b.

In order to group the cells, the capacity and series resistance were considered for grouping. As shown in

Figure 6.1 b, there was a marginally higher resistance group of six cells, and these cells were discarded

from selection. The next highest resistance cell was then removed to leave twelve cells to produce

six 1S2P packs, and the cells were then sequentially grouped by their corresponding R0 values to

leave six pairs, shown in Figure 6.2 a-f. As can be seen, the resultant deviations in both capacity

and impedance were small, with all resistance differences minimised to below 0.45 % (5.72 µΩ) and

capacity differences to below 0.85 % (42.3 mAh), excepting pair 3 which showed a larger deviation

of 1.314 % (65.6 mAh). Despite this, the spread at SoL was deemed acceptable and the cell pairings

were subsequently used as shown.

Of the remaining cells from the batch, the group of 4 cells with approximately 5 Ah capacity and 1.31
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(a) (b) (c)

(d) (e) (f)

Figure 6.2: Allocated cell pairs for 1S2P aging experiments, showing ∆R and ∆Q. a) Pair 1. b) Pair 2. c) Pair
3. d) Pair 4 e) Pair 5. f) Pair 6.

mΩ R0 were used for single cell baseline testing, and the remaining lowest R0 cell was set aside to

be used to provide an EIS baseline over a full temperature range, as based on the single spectra EIS

results shown in Figure 6.1 a, the impedance response of all cells from the batch at SoL was highly

consistent. To provide a baseline cell for comparison during cell disassembly, a final cell was selected

and torn down for imaging. The final selected cells and their assigned purposes from the batch are

summarised in Table 6.1. Overall, out of the initial batch of 19 cells, 16 were cycled for 2000 cycles

either as individual cells or as part of 1S2P packs, 2 were used for reference impedance and teardown

characterisation, and 1 cell remained spare.
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Table 6.1: Cell IDs for full batch and allocation to experiments

Cell ID Selected Use
Cycling

Temperature [◦C]

01 Fresh EIS Baseline N/A
02 Pack 6 Cell 1 38.8
03 Pack 3 Cell 1 20.0
04 Pack 4 Cell 2 32.5
05 Pack 5 Cell 2 20.0
06 Pack 1 Cell 1 20.0
07 Pack 6 Cell 2 26.3
08 Pack 2 Cell 1 45.0
09 Pack 3 Cell 2 45.0
10 Fresh Teardown N/A
11 Pack 5 Cell 1 45.0
12 Single Cell Cycling 20.0
13 Single Cell Cycling 32.5
14 Unused N/A
15 Single Cell Cycling 45.0
17 Pack 4 Cell 1 32.5
18 Single Cell Cycling 20.0-45.0 TG
19 Pack 2 Cell 2 45.0
20 Pack 1 Cell 2 20.0

6.4 Experimental Methods and Data Analysis

In order to experimentally investigate the effect of varied thermal conditions, a 1S2P parallel U-

configuration pack was selected as a test case, as this represented the smallest unit pack size which

captures the physical effects in question. This increased the number of possible permutations of

thermal conditions that could be investigated given the limits on available testing resources. The

electrical topology, shown in Figure 6.3 was selected to replicate the conditions previously investigated

in Chapter 5, with equal interconnection and current sense resistances of 1 mΩ used. For branch 2 the

interconnection and current sense resistances RIC,2 and RS,2 were combined in practice into a single

resistor of 2 mΩ to simplify assembly. After assembly, all busbars were calibrated using a Biologic

VMP-3 potentiostat to accurately calibrate sense and busbar resistances, as discussed previously in

Section 4.3.6.

The thermal gradients selected for investigation were 0, -12.5 and ± 25 ◦C. These values were se-

+ RIC,1

RS,1

B1

-

RIC,2

RS,2

B2

Vs

Figure 6.3: Circuit diagram of 1S2P packs used during aging experiments



146 Chapter 6. The Effects of Thermal Heterogeneities on Pack Lifetime

Table 6.2: Pack aging thermal conditions and identifiers

Pair No. Pack Name
B1

Temperature
[◦C]

B2
Temperature

[◦C]

Thermal
Gradient

[◦C]

Mean
Temperature

[◦C]

1 P20.0/0.0 20.0 20.0 0.0 20.0
2 P45.0/0.0 45.0 45.0 0.0 45.0
3 P32.5/+25.0 20.0 45.0 +25.0 32.5
4 P32.5/0 32.5 32.5 0.0 32.5
5 P32.5/-25.0 45.0 20.0 -25.0 32.5
6 P32.5/-12.5 38.8 26.3 -12.5 32.5

lected to both replicate previously identified values obtained by other researchers and to provide wide

bounds for subsequent model validation. For example, Hosseinzadeh et al. [162] found a maximum

thermal gradient of 29.4 ◦C in a 1S15P parallel string, while Cavalheiro et al. [152] measured a peak

thermal gradient of 8 ◦C in a 1S5P convectively cooled cell stack. The final selected thermal cases are

summarised in Table 6.2. Overall, 3 packs were cycled under a homogeneous temperature regime, at

20.0, 32.5 and 45.0 ◦C respectively, while 3 packs were cycled under thermal gradients with a constant

mean temperature of 32.5 ◦C and applied thermal gradients of +25 ◦C, -12.5 ◦C and -25 ◦C, providing

a range of thermal conditions for investigation. Thermal control of the 1S2P parallel cell strings was

achieved using the test bench previously introduced in Section 4.3.

With the thermal conditions selected, cells were initially assessed and paired from a single batch,

as described in detail in Section 6.3, to ensure consistency of performance at SoL. Once cell pairs

were selected, at the SoL, each cell was individually characterised as follows, with all characterisation

experiments using the previously introduced quick-change jigs taking place in a thermal chamber at

a temperature of 20.0 ◦C. In all cases, cells were allowed to thermally equilibrate for 180 mins. All

cell-level characterisation tests were carried out using a BaSyTec 60 A XCTS G2 battery cycler. For

each cell, the capacity was measured at 0.04, 0.1, 0.5, 1, 2, and 3 C, referenced to the nominal cell

capacity of 5 Ah. In each case, the cell was charged to 4.2 V at 1 C using a CC-CV charging protocol

with a cutoff current of 0.01 C (50 mA), then rested for 60 mins before discharging to 2.7 V at the

selected rate. HPPC measurements were taken using the modified HPPC protocol specified by Mulder

et al. [213], which is designed to provide improved rate capability information compared to a standard

HPPC measurement by combining multiple charge and discharge pulses at each SoC breakpoint. In

the protocol used, 18 s charge and discharge pulses of 0.2, 1 and 3 C are applied, with a 60 second

relaxation period between pulses before discharging at 0.25 C to the next SoC breakpoint and allowing

the cell to rest for 1 hr. Finally, a discharge SRCV measurement was taken between 4.2 and 2.7 V

with a slow scan rate of 2.5 mV/min. SRCV measurements were taken as a comparative diagnostic

metric, with scope for future analysis. This scan rate was selected to provide an approximately 10 hr

test, in line with the approximate rate of the 0.1 C discharge test used for ICA analysis. In all cases,

data was logged at 1 Hz, excepting during HPPC pulses where the highest possible logging rate was

used, 20 Hz or 1 mV voltage change.

After cell selection and grouping and cleaning of the cell tabs and pack contacts using Acetone and

Isopropanol, the cells were assembled into packs. The contact resistance at each terminal was recorded

using a Keithley 2182A Bench Digital Multimeter. In the event the total contact resistance exceeded

500 µΩ, the pack terminals and tabs were cleaned again. Once contact resistances were minimised
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below the threshold values, the cell-level SoL tests, excluding the HPPC measurement were repeated

for the assembled packs. All pack-level experiments were carried out using a BaSyTec 50 A XCTS

G1 battery cycler. After SoL characterisation, the packs were cycled using a constant current 2 C

cycling regime, referenced to the nominal pack capacity of 10 Ah. During each cycling run, the packs

were initially charged to 4.2 V using a 1 C CC-CV scheme with a 0.01 C (100 mA) cutoff, before

being allowed to rest for 60 mins before start of cycling. After 125 cycles at 2 C, the packs were then

recharacterized using a subset of the SoL measurements, with discharge capacity being measured at 0.1,

1, and 2 C measured using the same protocol as SoL measurements. Discharge SRCV measurements,

using the same protocol as SoL were then taken. After pack-level characterisation, the packs were

disassembled and the two individual cells from each pack characterised using the same protocols as at

the pack-level, with the addition of the modified HPPC measurement to estimate cell DC resistance.

All pack and cell level characterisation experiments were conducted at a constant temperature of 20.0
◦C, controlled either using the pack temperature control rig or thermal chamber as required. These

cycling and characterisation processes were then repeated for 16 subsequent breakpoints until each

pack had experienced 2000 total 2 C cycles1.

After final characterisation, a subset of cells was selected for EoL teardown to identify any morpho-

logical changes in the electrodes induced by cycling. The cells selected in this case, alongside a fresh

cell from the same batch, were discharged to 2.7 V, with a CV hold to 0.01 C to ensure the cells were

fully discharged. The cells were then opened using a ceramic scalpel to cut the pouch inside an Argon

filled glovebox (MBraun LabMaster), and electrodes through the stack were sequentially removed as

the stack was unwound. The harvested electrodes were then washed using DMC and vacuum dried at

55 ◦C for 1 hr to remove any excess solvent. Samples were then subsequently cut from the electrodes

near the tabs and in the centre of the electrodes and imaged using Phenom ProX Scanning Electron

Microscope, with an acceleration voltage of 10 kV, operating in backscatter mode. Additional optical

microscopy images and photographs were taken of the torn-down cells and electrodes as appropriate.

For clarity, the details of the characterisation undertaken are summarised as follows:

1. Cell Selection: p-OCV (0.04 C); EIS (50 % SoC)

2. SoL Cell Characterisation: p-OCV (0.04 C); Capacity (0.1, 0.5, 1, 2, 3 C); SRCV; HPPC

3. SoL Pack Characterisation: p-OCV (0.04 C); Capacity (0.1, 0.5, 1, 2, 3 C); SRCV

4. Cycling: 125 CC cycles (2 C)

5. Interim Pack Characterisation: Capacity (0.1, 1, 2 C); SRCV

6. Interim Cell Characterisation: Capacity (0.1, 1, 2 C); SRCV, HPPC

7. Final Pack Characterisation: p-OCV (0.04 C); Capacity (0.1, 0.5, 1, 2, 3 C); SRCV

8. Final Cell Characterisation: p-OCV (0.04 C); Capacity (0.1, 0.5, 1, 2, 3 C); SRCV; HPPC;

EIS (50 % SoC)

1Due to laboratory closures caused by the COVID-19 pandemic, a break time of approximately 3 months occurred
between the initial 125 cycles and subsequent cycling. However, no appreciable impacts on overall cycling performance
was observed, as the cells were stored at approximately 5 ◦C for the duration of the interruption to experiments to reduce
any impacts of calendar aging



148 Chapter 6. The Effects of Thermal Heterogeneities on Pack Lifetime

9. Post-Mortem: Cell teardown; Visual inspection; SEM imaging (Selected cells)

During cycling, steps 4-6 were repeated 16 times for a total of 2000 cycles applied to each cell. For

interim cell-level characterisation, the packs were disassembled

To provide a comparative baseline for single cell lifetime performance, 4 single Kokam 5 Ah cells

selected from the same batch were also cycled under the same nominal cycling regime (2 C for 2000

cycles), under a range of thermal conditions selected to match those experienced by the 1S2P packs.

The thermal conditions selected are summarised in Table 6.3 and include cycling at the 3 major

temperature breakpoints selected for the 1S2P study (20.0, 32.5 and 45.0 ◦C) alongside a single cell

cycled with a 25 ◦C through plane thermal gradient at a mean temperature of 32.5 ◦C. In order to

provide similar conditions to those experienced by the pack cells, the 1S6P test bench, introduced in

Section 4.3, was repurposed to provide surface cooling during the single cell tests by removing the

busbar interconnections and replacing the acrylic tab clamps with brass clamps with direct cycler

connections, allowing the test bench to be used to cycle up to 6 individual cells. Prior to testing, a

full set of EIS measurements of the cells were taken, using a Biologic VMP-3 potentiostat. The cells

were placed in a thermal chamber (Binder KB23) and allowed to equilibrate at 20.0 ◦C for 24 hours,

before being charged to 4.2 V using a CC-CV scheme with a cutoff current of 0.01 C (50 mA). The

cells were then discharged to 2.7 V at a rate of 0.04 C to measure reference capacity. The cells were

then recharged to 4.2 V using an identical CC-CV scheme, before being discharged a nominal 5 %

SoC (250 mAh), and then were allowed to equilibrate for 4 hours. EIS measurements were then taken

in galvanostatic mode from 1 kHz to 0.01 Hz, with 10 frequencies per decade used and an excitation

RMS current of 250 mA applied.

Once the EIS characterisation was complete, the cells were initially characterised and discharge ca-

pacity measured at 0.1, 1 and 2 C, using identical test parameters to the 1S6P characterisation, while

under surface temperature control at a temperature of 20.0 ◦C. All cycling and capacity charac-

terisations were carried out using a Neware BTS-4000 20A battery cycler. At SoL, the cells were

also removed from the test bench and placed inside a thermal chamber (Binder KB53) and a HPPC

measurement, again using identical parameters to those used for the 1S2P cells. The cells were then

cycled at 2 C charge and discharge for 100 cycles at the set temperatures, before the temperature was

reduced in each case to 20.0 ◦C and the capacity characterisation repeated. Every 200 cycles, the cells

were removed from the test bench and a HPPC measurement taken

Table 6.3: Single cell aging thermal conditions

Cell
Top Surface
Temperature

[◦C]

Bottom Surface
Temperature

[◦C]

Thermal
Gradient

[◦C]

Mean
Temperature

[◦C]

1 20.0 20.0 0.0 20.0
2 32.5 32.5 0.0 32.5
3 45.0 45.0 0.0 45.0
4 45.0 20.0 25.0 32.5

In order to provide a baseline for cell impedance performance with respect to temperature, B1101

was used to provide further detailed EIS measurements at SoL for reference. The cell impedance was

measured at 5 temperature breakpoints with a 10 ◦C step from 10 to 50 ◦C. The parameters of the

impedance measurements was identical to previously used for SoL characterisation of the cells selected
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for single cell cycling, except the excitation current. This was increased from 200 to 500 mA for the

40 and 50 ◦C temperature breakpoints to improve the signal to noise ratio of the measurements,

as the decreasing impedance at elevated temperature led to significant measurement noise due to

the decreasing magnitude of the voltage response. Comparative measurements at these breakpoints

between the two excitation currents showed no difference in measured impedance response, except the

improved measurement stability.

Data analysis was carried out primarily in MATLAB 2020a, which was used to synchronise and analyse

all data acquired. As previously discussed in Section 4.3, pack level current data was acquired using

PicoLog TC-08 dataloggers, measuring differential voltages across current sense resistors. As multiple

PCs were used to log the data, with an associated drift in the clocks between the PCs, battery cycler

and PicoLog data were synchronised by locating the first logged application of current by the battery

cycler and offsetting the PicoLog total current measurements to align with that timestamp. It was

found that over long durations (weeks) the timing between PCs drifted by up to 10 s, but over the

shorter individual experiments (<5 days), the drift within the experiments was negligible and could be

neglected. During the degradation experiments, several intermittent power failures in the laboratory

led to some brief irretrievable data losses from the pack current dataloggers, totalling to approximately

20 cycles of data per pack. This data is naturally excluded from the analysis of the synchronised data,

including incomplete cycle data. For the heatmaps presented in Section 6.8, the gaps were filled with

constant values from the last recorded full cycle, and as the lost data accounted for approximately 1-2

% of the total dataset, this was judged to have a negligible impact on overall findings. Appendix A

identifies the missing data. For ICA analysis, the discharge data at 0.1 C was selected to provide the

highest possible quality data and was analysed using LEAN algorithm, as derived by Feng et al. [78],

and the degradation fitting model presented in Section 4.4.4. All processing and fitting of EIS data

was carried out using the ZView software package from Scribner Associates.

6.5 Single Cell Reference Lifetime Performance

Initially the performance of the 4 single cells cycled at 2 C under different thermal conditions are

assessed to provide a baseline against which to evaluate the performance of the parallel connected

strings. Firstly, the capacity loss experienced by the 4 cells is presented in Figure 6.4 a and b, showing

the dynamic (under 2 C discharge during cycling) and static measured capacity (0.1 C discharge)

respectively. It is noted that the static capacity measurements do not measure the true capacity of

the cells, and strictly measure pseudo-static or low rate capacity. However, an increase in capacity

of less than 0.3 % is observed at SoL between measurements at 0.1 and 0.05 C, indicating that the

0.1 C measurements are a good approximation of the static capacity, as the cell impedance is low.

The pseudo-static capacity measured at 0.1 C is hereby referred to as the static capacity. Figure 6.4

c shows the total current throughput per cell during the cycling experiment. The low temperature

(20.0 ◦C) cell showed a rapid decrease in accessible capacity, compared to the higher temperature

cycled cells, losing over 20 % accessible capacity over 2000 cycles despite experiencing a total current

throughput 15 % lower. This was in comparison to 17 % dynamic capacity loss in the 32.5 ◦C and

13 % in the 45.0 ◦C cells. This difference may be explained by the decreased impedance of the cells

cycled at high temperature, and in comparison, the static capacity trends are reversed. In this case

the cell cycled at 45.0 ◦C, this experienced a 12 % loss in capacity measured at 0.1 C while the cells
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cycled at 32.5 and 20.0 ◦C showed 7 and 5 % capacity loss respectively. It is noted that the increase

in degradation rate was dramatically increased by the +12.5 ◦C increase in temperature from 32.5 ◦C

when compared to the same increase from 20.0 ◦C, indicating that degradation was highly non-linear.

(a) (b)

(c)

Figure 6.4: a) Dynamic discharge capacity during 2 C cycling for reference cells b) Static measured capacity at
0.1 C, 20 ◦C for all reference cells during aging. c) Total current throughput for all reference cells during aging.

Interestingly, while work from Troxler et al. [165] demonstrated that the impedance of cells under

thermal gradients is decreased compared to isothermal cells, the accessible dynamic capacity of the cell

cycled under a ± 25 ◦C thermal gradient was lower than the cell at the same mean temperature (32.5
◦C). This is likely due to increasing amounts of inaccessible capacity within the cell, due to increased

internal impedance in the colder layers of the cell, and can be considered similar to the underlying

causes of capacity loss within parallel cell strings under thermal gradients presented in Chapter 5.

This is evidenced by the 1.5 % greater static capacity loss seen at EoL.

As impedance change within parallel cell strings has been identified as a key factor dictating the degree

of heterogeneity, the impedance growth of the baseline cells was measured at SoL and EoL. Figure

6.5 shows the impedance response for the 3 cells cycled at 20.0 (Figure 6.5 a and b), 32.5 (Figure

6.5 c and d) and 45.0 ◦C (Figure 6.5 e and f), with the left column of Figure 6.5 showing SoL whilst

the right column shows the EoL EIS response. Note the scales in SoL and EoL plots are different for

clarity. Only a subset of measurements are shown, again for clarity. From a qualitative inspection

of the EIS spectra, the SoL performance of all cells are highly consistent, with minimal differences
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observed excepting at low SoC values. However, the impedance growth over time is highly linked

to temperature. Considering the EoL values for the 20.0 and 45.0 ◦C cells, a similar magnitude of

impedance growth is observed, whilst impedance growth is lower in the 32.5 ◦C cell. Qualitatively in

all cases RCT dominates the cell impedance, whilst during aging the knee frequency is shifted lower.

In order to decouple the contribution of different cell processes to the overall cell impedance response,

an equivalent circuit model (Figure 6.6 a) was used to extract the individual resistances using the

ZView software package. The model uses 2 R-CPE pairs to distinguish between anode and cathode

charge transfer processes, which are expected to have distinct time constants, with longer time con-

stants contributed by the cathode [93]. Typical uncertainties in fitting were <± 2 % for R0 and RCT ,

and <± 10 % for RSEI . The increased uncertainty in fit for RSEI is expected as there is overlap

between the contribution of RSEI and RCT , with RSEI having a significantly smaller magnitude.

Figure 6.6 b, c and d show the SoL and EoL fitted resistances R0, RSEI and RCT for all single cells

cycled respectively. The initial values for all 3 fitted resistances are highly consistent, with R0 and

RSEI exhibiting no appreciable SoC dependence. In comparison RCT is highly SoC dependant, at

SoL increasing by 3 times at 5 % SoC compared to 95 % SoC. After aging, whilst some changes are

identified, the R0 and RSEI remained an order of magnitude smaller than RCT , and thus the remaining

analysis focusses on RCT changes.

For all cycled cells, RCT increased significantly, however the greatest increases were observed in the 20.0
◦C cycled cell, with a 50 % greater increase in RCT observed above 20 % SoC compared to the 45.0 ◦C

case. Both the 32.5 and 45/20 ◦C cells show intermediate degrees of RCT growth. Below 20 % SoC the

increase in RCT approximately matches the increase observed in the 20.0 ◦C cell. Previously both the

dominance of the cathode RCT on the full cell RCT and the increased growth rates of cathode RCT at

low temperature were identified (Section 3.3.7). Therefore, the broad trend identified is expected, with

low temperature cycling leading to accelerated RCT growth due to accelerated cathode degradation

caused by particle fracture and pulverisation, accelerated at low temperature. This behaviour is

significant in parallel strings cycled at interim temperatures (i.e. above those typical for Lithium

plating but below those causing highly accelerated SEI layer growth), as accelerated resistance growth

in low temperature cells may lead to increasingly heterogeneous behaviour over time, which is explored

further in Section 6.8.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.5: SoL and EoL EIS spectra for all reference cells, taken at 20 ◦C from 10 kHz-0.01 hZ, 250 mA
excitation current. a) 20 ◦C cycled cell, SoL. b) 20 ◦C cycled cell, EoL. c) 32.5 ◦C cycled cell, SoL. d) 32.5 ◦C
cycled cell, EoL. e) 45 ◦C cycled cell, SoL. f) 45 ◦C cycled cell, EoL.
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(a) (b)

(c) (d)

Figure 6.6: Fitted resistances for all reference cells at SoL and EoL. a) EIS fitting equivalent circuit model. b)
Fitted R0. c) Fitted RSEI . d) Fitted RCT .
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6.6 Capacity Loss in Parallel Cell Strings

After completion of cycling, with 2000 cycles per pack studied, the capacity loss in the 3 homogeneous

temperature 1S2P packs cycled at 2 C was considered. As shown in Figure 6.7 a, the rate of dynamic

capacity loss is approximately linear when comparing the three homogeneous temperatures studied

(20.0, 32.5 and 45.0 ◦C). The accessible capacity from the string is a function of several factors includ-

ing the underlying cell static capacity, measured from 100 % SoC at low rate, the cell impedance and

the cell OCV curve. Previously in Chapter 5, the cell impedance has been identified as driving current

distributions within parallel strings. Increasing cell impedance at lower temperatures was shown to be

the principal underlying cause of branch resistance change and therefore current heterogeneities during

a single cycle. However, the interplay between these factors becomes more complex when considering

performance over the lifetime of the string. There is also a significant deficit between the accessible

capacity during dynamic cycling and the static reference capacity measured, as shown in Figure 6.7

b, measured at 0.1 C and 20 ◦C. For example, while P20.0/0.0 loses approximately 25 % accessible

capacity over the 2000 cycles experienced, the static capacity loss between the cells is highly consistent

at 20 ◦C. In comparison, P45.0/0.0 loses the least dynamic accessible capacity, 11 %, which is close to

the static measured capacity loss, which has a mean value of 13 %. This implies that the SoC deficit,

identified in Chapter 5 as a key factor in the reduction of accessible compared to reference capacity in

parallel strings, is lower in the high temperature case, which again agrees with previously presented

measurements.

Figure 6.7 c presents the mean difference in current throughput per cycle for each pack during dis-

charge, defined as the mean current over the cycle in B1 minus the mean current in B2. As can

be seen, there is generally a convergence in the homogeneous cases presented here, especially in the

2 lower temperature cases, with a reduction in current throughput difference of 80 % in P20.0/0.0

and 55 % in P32.5/0.0 , while a minimal reduction is seen in P45.0/0.0 . The noise in Figure 6.7 c

is attributed to the minor variations in contact resistance between the cells in the string during the

disassembly/reassembly process. While every effort was made to match contact resistances, it was not

practically possible to exactly match all resistances in each case. Finally, the total current throughput

for each cell in the homogeneous temperature case are shown in Figure 6.7 d, showing a building deficit

between the cells, which may be attributed to the remaining SoC deficit at EoD (examined further in

Section 6.8).

Figure 6.7 b shows that the deviation in reference capacity loss between the two pack cells is negligible

for P20.0/0.0 and P32.5/0.0 while in P45.0/0.0 there is an appreciable building deficit in cell reference

capacity during cycling, up to 1.5 % at EoL. Additionally, it is interesting to note that for P45.0/0.0,

B2 has experienced a higher total current throughput despite seeing lower overall capacity loss. As

previously identified, several critical stress factors are drivers of LIB degradation, and four key factors

may be considered here; peak current rate, total current throughput, mean SoC and temperature. In

the two lower temperature cases, peak currents (discussed in detail in Section 6.8) were observed to

be lower than in the higher temperature case. In this study, the temperature between the cells was

held constant, and the current throughput variation is small (<2.5 %), and so may be excluded from

potential driving factors. Therefore, to explain the difference in capacity loss between B1 and B2

in the high temperature case, the mean SoC and peak current must be considered as the key stress

factors.
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(a) (b)

(c) (d)

Figure 6.7: a) Dynamic discharge capacity during 2 C cycling for homogeneous temperature packs b) Static
measured capacity at 0.1 C, 20 ◦C for all homogeneous temperature packs during aging. c) Current throughput
deficit for all homogeneous temperature packs during aging. d) Total current throughput for all homogeneous
temperature packs during aging.

In general, it is implied that at lower temperatures, the rate of static capacity loss within parallel

strings is consistent, however at higher temperatures some deviation occurred, likely driven by the

differential peak currents, mean current rates and cellwise current throughput totals. The importance

of the total branch impedance, including the contact resistance, is also highlighted. If operating near

the maximum safe rate for a cell, high peaking currents may lead to excessive local heating and safety

hazards. In this case, a nominal applied rate of 2 C led to a peak current of approximately 2.8 C

during discharge in the 32.5 and 45 ◦C homogeneous cases. The minimal difference between peak

currents in the higher temperature cases is due to the non-linear decreases in cell impedance at higher

temperatures. While the Kokam 5 Ah, an ultra-low impedance cell, is able to tolerate these rates, for

high energy cells with lower maximum rated discharge rates this high peak rate may lead to overheating

and both accelerated degradation and safety concerns. Previously, Offer et al. [140] highlighted the

impacts of increased contact or weld resistances on a highly interconnected module topology, with a

fault condition within some module connections leading to a current ratio of 6 between the highest

and lowest loaded cells, compared to a factor of two in a no-fault module.

Having reviewed the degradation of the three packs under a homogeneous applied temperature, the

four cases at the same mean temperature are next evaluated. The cycling thermal conditions are
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summarised in Table 6.2, with 4 packs cycled at a mean temperature of 32.5 ◦C. As previously

discussed in detail in Chapter 5, a negative thermal gradient was found to lead to an overall loss in

performance compared to the positive case while also increasing the peak currents experienced by the

first cell in the string for the U-topology. As shown in Figure 6.8 a, the dynamic performance of the

strings investigated is dictated by the applied thermal gradient, with P32.5/+25.0 and P32.5/-25.0

experiencing an accelerated loss in overall accessible capacity when compared to P32.5/0.0. Decreasing

the magnitude of the thermal gradient reduces the loss of accessible capacity by 65 %, implying that

increasing magnitudes of thermal gradient are increasingly detrimental to both overall performance

and pack lifetime. However, minimal difference is seen when comparing the positive and negative

thermal gradient cases. Considering the static reference capacity loss (Figure 6.8 b), cells within

the strings under thermal gradients experienced significant deviations in static capacity loss. This

deviation is proportionate to the temperature of the cell in question. Again, no significant deviation

in the rate of static capacity loss is seen when comparing the direction of the applied thermal gradient.

Notably there is no appreciable difference in capacity loss rate when comparing B1 in P32.5/0.0, B2

in P32.5/-25.0 (both at 20.0 ◦C) and B2 in P32.5/-12.5 at 26.3 ◦C, while the rate of degradation

accelerates significantly when comparing cells cycled above 32.5 ◦C. This implies that the degradation

rate is non-linear with respect to temperature, and accelerates above approximately 32.5 ◦C.

(a) (b)

(c) (d)

Figure 6.8: a) Dynamic discharge capacity during 2 C cycling for heterogeneous temperature packs b) Static
measured capacity at 0.1 C, 20 ◦C for all heterogeneous temperature packs during aging. c) Current throughput
deficit for all heterogeneous temperature packs during aging. d) Total current throughput for all heterogeneous
temperature packs during aging.
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Considering the current throughput deviation over time, cycle-to-cycle difference and total current

throughput are shown in Figure 6.8 c and d respectively. When compared to the convergent behaviour

in P32.5/0.0 the difference in current throughput per cell is divergent in all thermal gradient cases. In

the positive thermal gradient case, P32.5/+25.0, the difference is negative as B2 at 45.0 ◦C experiences

a higher mean current, and therefore is the limiting cell in the string. This effect is reversed in the

negative thermal gradient cases. Considering the underlying case of the over time, the growth in

cell resistance leads to an increasingly current throughput deficit for all cases with applied thermal

gradients (discussed in detail in Section 6.8). Figure 6.8 d shows that over time the build-up of this

deficit is significant and accelerates. This is despite all the cycled packs maintaining identical mean

temperatures, with a deficits of up to 5000 Ah identified. In all cases, higher current throughputs

are seen in the high temperature cells. In general, this is likely to exacerbate the already accelerated

degradation of the high temperature cells, as increasing temperature and current throughput are stress

factors to consider during cell degradation. Combined these effects is likely to increase the stress on

high temperature cells leading to premature aging within the string.

6.7 Impedance Growth in Parallel Cell Strings

As has previously been discussed in Chapter 5, branch resistance is a key driver of heterogeneous

behaviour within parallel strings, with the location and magnitude of resistance variations are highly

influential in driving heterogeneous currents and SoC distributions. During the experimental study,

current distributions and therefore SoC distributions in all packs were recorded and are explored in

detail in this section. As previously discussed there were significant variations in the peak and mean

currents seen by each cell within the 1S2P packs during cycling. Packs under thermal gradients exhib-

ited divergent behaviour with increasing peak currents and divergent mean currents. This indicates

that over time currents through the initially less-loaded cells are diminishing while those in the initially

more-loaded cells are increasing. Over time, increasing SoC deficits are built up in the packs, leading

to a loss of accessible capacity when compared to P32.5/0.0, the reference case.

Work presented in Chapter 5 has established that current and SoC heterogeneities are driven by

differences in total branch resistance within a parallel string. In this study all resistances contributing

to the total branch resistance were controlled and held constant, and therefore the cell impedance

change was investigated. To provide a SoL reference, the impedance of a Kokam 5 Ah cell was

measured at temperatures from 10 to 50 ◦C with 10 ◦C breakpoints. Figure 6.9 a shows a reference

set of EIS spectra, taken at 50 % SoC. The impedance response exhibits 2 characteristic depressed

semi-circles, associated with the SEI layer resistance (RSEI) and charge transfer resistance (RCT )

respectively. The characteristic ‘tail’ associated with diffusion processes within the cell is also present.

Figure 6.9 b-d show the fitted resistances, R0, RSEI and RCT respectively. The fitting model used can

be found in Figure 6.6 a. The total cell impedance decreases non-linearly with increasing temperature,

due to sluggish kinetics and slower diffusion within the cell at lower temperatures, while an order of

magnitude decrease in total cell impedance is seen over the full temperature range. R0 and RSEI are

relatively insensitive to SoC variations, but decrease as cell temperature increases. Meanwhile, RCT

is strongly affected by the SoC and temperature. At SoL therefore, in the homogeneous temperature

packs, RCT will be the dominant factor driving the current distribution, with the non-linear increase in

RCT below 40 % SoC leading to rebalancing cell currents as discussed in Chapter 5. This rebalancing
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effect occurs due to the non-linear increase in cell impedance at low SoC, with SoC deviation between

cells caused by heterogeneous cell currents.

(a) (b)

(c) (d)

Figure 6.9: Reference SoL EIS measurements for Cell 01, including fitted resistances, taken at 10-50 ◦C from
10 kHz-0.01 hZ, 250 mA excitation current. a) Reference EIS spectra taken at 50 % SoC, with key frequencies
marked. b) Fitted R0. c) Fitted RSEI . d) Fitted RCT .

While EIS is a powerful diagnostic tool, it was not practical to acquire a full range of EIS measurements

on each cell during cycling, due to channel availability and time limitations. Therefore, alternative

measurements were taken to track cell resistance, using a HPPC pulse measurement. This had the

advantages of taking only 25 % of the time of a full EIS scan while being run on a standard cycler

channel. The disadvantage of HPPC measurements compared to EIS is that HPPC protocols measure

the DC resistance of the cell rather than true AC impedance, As such decoupling of different cell

processes is not straightforward. However, it is still possible to obtain indicative measurements of

different processes, provided a prior understanding of the process time constants is obtained from EIS.

In Figure 6.9 a, two frequencies, 20 and 0.2 Hz, are highlighted. As can be seen, 20 Hz is approximately

the frequency at which RCT becomes the dominant process, while 0.2 Hz occurs at the knee, prior

to diffusion dominating the overall cell impedance response. Therefore, the RDC evaluations at the

associated time breakpoints for these frequencies (0.05 and 5 s) are an approximation of the modulus

of the cell impedance at this frequency. As such RDC|0.05s includes primarily the cell R0 and RSEI

response, while RDC|5.0s includes R0, RSEI and RCT . Due to limitations of the cycler current slew rate,
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the highest rate pulse measurement it was possible to accurately obtain a DC resistance measurement

was 0.05 s. Ideally, a shorter time breakpoint of approximately 0.01 s would be used to approximate

the cell R0 and RSEI response, however this was not possible due to the aforementioned limitations

in cycler performance.

(a) P20.0/0.0 (b) P32.5/+25.0

(c) P32.5/0.0 (d) P32.5/-12.5

(e) P45.0/0.0 (f) P32.5/-25.0

Figure 6.10: Growth in measured HPPC resistances, RDC|0.05s and RDC|5.0s, for all packs. All HPPC measure-
ments taken at 20 ◦C, 1 C pulse discharge. a) P20.0/0.0. b) P32.5/+25.0. c) P32.5/0.0. d) P32.5/-12.5. e)
P45.0/0.0. f) P32.5/-25.0.

Figure 6.10 a-f presents the extracted HPPC resistance values RDC|0.05s and RDC|5.0s for B1 and B2

within each pack tested, at 50 % SoC. The magnitude of RDC|0.05s is approximately equal at SoL for

all cells and is used to approximate R0 and RSEI . While the magnitude of RDC|0.05s is approximately

25 % above that measured using EIS, due to the hardware limitations mentioned, it serves as a

useful approximation to track the lumped short time constant resistances over life. Meanwhile at

SoL, RDC|5.0s is consistent between cells and accurately approximates the sum of R0 and RSEI and

RCT . As such, for tracking resistance changes over the lifetime, and providing some limited ability

to distinguish between shorter and longer time constant resistive processes, the HPPC protocol as
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defined was adequate.

As shown in Figure 6.10 a-f, the growth of RDC|0.05s is relatively insensitive to the pack or cell

considered, with a linear growth in all cases of between 35 and 48 % over 2000 cycles. However,

divergence is seen in the longer time constant DC resistance, RDC|5.0s. Interestingly, the growth in

RDC|5.0s is more significant and accelerates at lower temperatures, for example in, P20.0/0.0 (Figure

6.10 a). In comparison for P45.0/0.0 the growth in RDC|5.0s is decelerating (Figure 6.10 e). P32.5/0.0,

the interim temperature case, shows approximately linear growth in RDC|5.0s. This behaviour is

unexpected as it is typically assumed that resistance growth rate increases at higher temperatures, as

would be the case if SEI layer growth was the dominant mechanism of impedance growth. This implies

that a) the rate of growth of RCT is inversely proportional to temperature and/or b) the mechanism is

independent of temperature but promoted by the cell operating conditions at low temperature. Further

confirmation of these observations is seen in the packs cycled under thermal gradients. P32.5/+25.0

shows divergent growth in RDC|5.0s, with significant divergence between B1 (at 20.0 ◦C) and B2 (at

45 ◦C) seen above 7.5 kAh current throughput, shown in Figure 6.10 b. This leads to an eventual

difference in RDC|5.0s of 20 %, significantly increase heterogeneities within the pack. Similar behaviour

is in P32.5/-12.5 and P32.5/-25.0 (Figure 6.10 d and f). The measured increase in RDC|5.0s for the

cells at 20.0 ◦C in both packs under thermal gradients is 5-15 % lower than seen in the homogeneous

20.0 ◦C pack, indicating that the current rate may be stress factor relating to the growth in RCT .

In order to provide confirmation of these observations, EIS measurements were taken at the SoL

and EoL for each cell at 50 % SoC with respect to measured cell capacity at SoL and EoL. In all

cases, the cell voltage at measurement was 3.78 ± 0.002 V. The measured spectra are shown in

Figure 6.11 a-f. The trends highlighted by the DC resistance measurements presented are confirmed,

with the depressed semicircle associated with RCT dominant in all cells. First considering P20.0/0.0,

significant divergence is seen in the magnitude below approximately 20 Hz, while the high frequency

impedance response remains relatively constant, with negligible divergence seen between the cell pairs.

Considering the homogeneous temperature cases (Figure 6.11 a, c and e) it can be seen that the

magnitude of the RCT -associated semicircle is inversely proportional to the applied temperature.

Divergence between the spectra is seen in P20.0/0.0 and P32.5/0.0, however in P45.0/0.0 impedance

is not seen to diverge significantly. The homogeneous temperature cases indicate R0 may grow slightly

at elevated temperatures. Impedance responses for P32.5/+25.0, P32.5/-12.5 and P32.5/+25.0 are

shown in Figure 6.11 b, d and f , and broadly follows the same trends highlighted in the homogeneous

cases. Again the lower temperature cells experience larger increases in RCT , while the high temperature

cells see greater growth in high frequency impedances. The impacts of this impedance change on pack

behaviour is discussed in detail in Section 6.8.

After acquisition, the impedance spectra were fitted using the fitting model found in Figure 6.6 a.

The changes in each associated resistance for each pack is presented in Figure 6.12 a-f, showing the

normalised increase in R0, RSEI and RCT . For P20.0/0.0 (Figure 6.12 a) the magnitude in RCT

increased of 4.8 and 3.8 times in B1 and B2 respectively. Meanwhile P45.0/0.0 shows an increases in

RCT of 2.6 and 2.3 times, and the divergence between cells reduces at higher temperatures. The trends

observed in the homogeneous packs are replicated in the heterogeneous P32.5/+25.0, P32.5/-12.5 and

P32.5/+25.0 packs, as shown in Figure 6.12 b, d and f. In all cases, the change in R0 and RSEI is

negligible compared to the change in the fitted RCT value, confirming that the impedance growth
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(a) P20.0/0.0 (b) P32.5/+25.0

(c) P32.5/0.0 (d) P32.5/-12.5

(e) P45.0/0.0 (f) P32.5/-25.0

Figure 6.11: EIS Spectra at SoL and EoL for all packs, taken at 50 % SoC, 20 ◦C from 10 kHz-0.01 hZ, 250 mA
excitation current. a) P20.0/0.0. b) P32.5/+25.0. c) P32.5/0.0. d) P32.5/-12.5. e) P45.0/0.0. f) P32.5/-25.0.

observed is dominated by changes to RCT .

As a final confirmation of the behaviour of each impedance, the normalised resistance growth values

for each fitted resistance and all 12 cells studied are presented in Figure 6.13 a-c for R0, RSEI and

RCT , plotted against the cycling temperature. No significant correlation with temperature is observed

in R0 (Figure 6.13 a). However, RSEI growth (Figure 6.13 b) is observed to be clearly a thermally

correlated process as expected, with significant increases above 40.0 ◦C. Meanwhile the rate of growth

of RCT (Figure 6.13 c) is negatively correlated with temperature, the rate of growth halving when

cycling temperature increases from 20.0 to 45.0 ◦C.

Distribution of Relaxation Times (DRT) analysis by Zhu et al. [93] indicated that in NMC cathodes,

the total charge transfer resistance is dominated by the cathode RCT , which also increased significantly
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(a) P20.0/0.0 (b) P32.5/+25.0

(c) P32.5/0.0 (d) P32.5/-12.5

(e) P45.0/0.0 (f) P32.5/-25.0

Figure 6.12: Proportional change in fitted resistances R0, RSEI and RCT , for all packs. a) P20.0/0.0. b)
P32.5/+25.0. c) P32.5/0.0. d) P32.5/-12.5. e) P45.0/0.0. f) P32.5/-25.0.

faster than the anode RCT . This increase was found to be inversely proportional to temperature and it

was proposed that the rise in RCT is caused by particle fracture and consequent loss of electrochemically

active material. Meanwhile, Zhang et al. [92] used EIS analysis of aged cells with inserted Lithium-

metal reference electrodes to show that the impedance rise during cycling was predominantly caused

by changes to the cathode RCEI and RCT . In comparison changes in anode impedance lead to minimal

effects on the full cell, with growth in RCEI the dominant change at the full cell level. Consequently,

the impedance growth demonstrated in the cycled cells is likely dominated by cathode degradation

leading to increases in cathode RCT , and this is indicative of cathode capacity loss due to loss of

electrochemically active sites in the cathode.

Further evidence of differing degradation mechanisms, and therefore resistance growth, was obtained

by analysis of the relaxation time constants during HPPC measurements. During the HPPC mea-

surements, cells were discharged by 10 % SoC at 0.25 C and then allowed to relax for 1 hr before

application of current pulses. The relaxation time constant was estimated by analysing the voltage

relaxation after removal of the discharge current, and extracting the time taken for the voltage to

relax by 63.2 % of voltage difference between the start and end of relaxation, equating to approxi-

mately 1 time constant for voltage relaxation. As the time constants identified in EIS measurements

indicate that that τSEI and τCT are both less than 10 s, it can be assumed that the dominant pro-

cess during voltage relaxation is solid-state diffusion within the electrodes (although diffusion within
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(a) (b)

(c)

Figure 6.13: Proportional change in fitted resistances R0, RSEI and RCT against temperature for all cells. b)
R0. a) RSEI . c) RCT .

the electrolyte may also play a role). This assumes that the low rate discharge has led to a linear

concentration gradient forming. Increases to the relaxation time constant are indicative of decreasing

diffusion coefficients within the cell.

(a) (b)

Figure 6.14: Development of τRelaxation during voltage relaxation in HPPC measurements, for selected cells. a)
P20.0/0.0 B1. b) P45.0/0.0 B1.

Figure 6.14 shows the estimated relaxation time constants at SoL, mid-life and EoL for B1 in P20.0/0.0

and P45.0/0.0 (Figure 6.14 a and b respectively), indicative of the differing development of relaxation

time constants. In the lower temperature cell, the relaxation time constant growth is significantly

accelerated in comparison to the high temperature cell, with significantly greater increases observed

in the mid-SoC range (40-80 % SoC). It is noted that the lower SoC time constant values do not

drop in the high temperature cell (Figure 6.14 b) at low SoCs, as seen in the low temperature cell.

This is likely caused by drift in the cell stoichiometry caused by the accelerated capacity loss in the

higher temperature cell. Evidence for this stoichiometric drift is presented in Section 6.9, where LLI

is identified in the low temperature cycled cells, and would lead to drift in electrode stoichiometry.
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While it is not possible to directly attribute the mode of power fade via analysis of the relaxation time

constants, the different behaviour over time is indicative of different degradation modes leading to

power fade at 20.0 and 45.0 ◦C. However, greater changes to the relaxation time constant is indicative

of diffusion limiting degradation within the cell, for example structural changes within the electrode.

Based on the analysis of SoL and EoL EIS results, the following trends are observed. The proposed

mechanisms leading to power fade are discussed in detail in Section 6.10:

• Growth in RCT is inversely proportional to temperature over the 20-45 ◦C temperature range

studied.

• Growth in RCT is accelerated in the low temperature packs in cells closer to the terminals which

experience increased mean and peak currents, implying the growth mechanism is affected by

increased mean/peak currents.

• Growth in RSEI is correlated with increasing temperature, but negligible below 40 ◦C.

• Growth in R0 is weakly correlated with increased temperature, however changes are negligible

(10-20 times smaller), relative to those observed in RCT .

Considering the impedance growth behaviour of the packs during cycling, the expected impacts on

the heterogeneous current distributions are as follows, while the underlying mechanisms suggested to

lead to the cell resistance changes are discussed in Section 6.10:

• In the lower temperature homogeneous cases, convergence of currents is expected due to the

accelerated growth of RCT in B1 increasing the total resistance of branch 1 and compensating

for the increased branch resistance of branch 2, due to the interconnections.

• In the higher temperature homogeneous case, less convergence is expected as there is no con-

sequential divergence in cell impedance over time, leading to minimal rebalancing of branch

resistances.

• The growth in high frequency impedance is shown to be small in all investigated cases, therefore

explaining the minor changes in peak discharge current observed, as the peak applied current

occurs at the beginning of discharge, with high frequency impedance dominant.

• Packs under thermal gradients will exhibit divergent current behaviour, as the accelerated growth

of RCT at low temperature will eliminate any balancing effect of accelerated RSEI growth in the

higher temperature cells in the string.

6.8 Influence of Thermal Gradients on Heterogeneities

So far, both the capacity loss within the parallel strings and the impedance response changes have

been considered in detail, alongside a limited analysis of the heterogeneity within the parallel strings.

In this Section, the influence of capacity loss and impedance changes on the heterogeneous behaviour

within the pack is analysed, with the aim of attributing specific changes in overall behaviour to cell-

level changes within the pack, and subsequently identifying trends that may be generalised to other

systems.
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In the first case, heatmaps of the current distribution observed within the homogeneous temperature

packs are presented in Figure 6.15, plotted against cycles and depth of discharge. The depth of dis-

charge is defined as the current passed, divided by the total current throughput per cycle. Figure 6.15

a and b shows currents in B1 and B2 respectively for P20.0/0.0, while Figure 6.15 c-d and e-f show

the same for P32.5/0.0 and for P45.0/0.0. Minor variations occurring every 125 cycles are caused

by small variations in the contact resistance caused during repeat assembly and disassembly of the

packs. Considering first the two lower temperature homogeneous cases, previously the dominant and

accelerated growth of RCT has been identified and is expected to cause convergence of pack currents.

Initially as the packs are held at constant temperature the cell impedance is approximately equal at

SoL, meaning the initial current distribution is dictated by the interconnection resistance. Subse-

quently during aging, accelerated growth in RCT both at lower temperatures and in cells experiencing

high peak currents leads to convergence, as branch resistances become more balanced. This trend

is observed in both P20.0/0.0 and P32.5/0.0, with significant convergence of currents over the 2000

cycles studied. Using P20.0/0.0 as an example (Figure 6.15 a and b), initial current peaks in B1

are seen below 10 % DoD, with currents peaking at over 2.2 C. In this case, minimal rebalancing of

currents is seen, which is attributed to the increased overall resistance at low temperatures leading to

increased overpotentials and therefore less opportunity for rebalancing at higher DoDs. During aging,

the current distribution is homogenised, with the initial high peak current region steadily decreasing

in duration. In P32.5/0.0, identical trends are seen, but increased rebalancing is seen above 80 % DoD,

due to the decreased cell impedance giving more opportunity for rebalancing of currents towards EoD.

In P45.0/0.0 (Figure 6.15 e and f) current convergence also occurs, however this is less significant

than seen at lower temperatures. At high temperatures the cell impedance is reduced, due to the

non-linearly decreasing impedance with respect to temperature and so at high temperatures, intercon-

nect resistances have a correspondingly greater effect on the current distribution. Therefore, at high

temperatures the degree of convergence is reduced. The convergence observed is principally in the

initial region below 10 % DoD, and this is attributed to the increasing RSEI in the high temperature

pack during aging. Increases in RSEI occur above 40 ◦C and lead to decreasing initial peak currents

and therefore initial SoC deviation, as the high frequency branch impedance is increased at start of

discharge.

Over the life of the pack, a small reduction in current heterogenity occurs due to the increasing

cell impedance reducing the impact of the interconnection resistance on overall current distribution.

However, the degree of convergence is reduced compared to the lower temperature packs, as the increase

in impedance magnitude is smaller. More significant rebalancing occurs within the high temperature

pack at low DoD values due to the decreased overpotentials allowing for more extensive rebalancing.

As the overall current distribution is only partially convergent over time, this rebalancing remains at

EoL.

Figure 6.16 a and b shows the peak current and mean current difference for each homogeneous temper-

ature pack respectively. The noise seen in the measurements, concentrated in B1 for all cases is again

caused by minor variations in the contact resistance between pack assemblies. This highlights the im-

portance of consistent contact resistances in a U-topology parallel string. The peak currents typically

occur within the first 5 s of the discharge and are not shown in the current distribution heatmaps such

as Figure 6.15, as the colourmap is selected to provide contrast over the full DoD. In all cases, the
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(a) P20.0/0.0, B1 (b) P20.0/0.0, B2

(c) P32.5/0.0, B1 (d) P32.5/0.0, B2

(e) P45.0/0.0, B1 (f) P45.0/0.0, B2

Figure 6.15: Heatmaps of current distribution within homogeneous temperature packs over lifetime. Depth of
discharge defined as current passed divided by the total current throughput per cycle. a) P20.0/0.0 B1. b)
P20.0/0.0 B2. c) P32.5/0.0 B1. d) P32.5/0.0 B2. e) P45.0/0.0 B1. f) P45.0/0.0 B2.

peak current reduces over the lifetime of the packs, due to the increasing cell impedance reducing the

impact of the interconnection resistance on current distribution. Due to decreased overall impedance

growth at higher temperatures the convergence in peak current is reduced. For all homogeneous packs,

the peak currents are convergent over time, implying that for a homogeneous or close to homogeneous
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(a) (b)

Figure 6.16: Peak and mean currents over lifetime for homogeneous temperature packs. a) Peak current. b)
Mean current difference

temperature pack the operating currents will become more homogeneous. The mean current difference

in P32.5/0.0 and P45.0/0.0 is relatively stable over life, due to reduced cell impedances and therefore

overpotentials allowing for more extensive SoC rebalancing towards the EoD and therefore overall a

smaller mean current difference.

Current distribution heatmaps for the heterogeneous temperature packs are then presented in Figure

6.17, plotted against cycles and DoD. Figure 6.17 a and b shows currents in B1 and B2 respectively

for P32.5/+25.0, while Figure 6.17 c-d and e-f show the same for P32.5/-12.5 and for P32.5/-25.0.

In P32.5/+25.0, the current is initially higher in B2, as the reduced cell impedance leads to a lower

overall branch impedance in branch 2. Here, the overall current distribution is divergent during aging,

as the accelerated impedance growth in B1 at low temperature and the lower cell impedance of B2

results in an increasing mismatch in branch resistances. Due to the changes in cell impedance, the

resistance of branch 1 increased more rapidly during cycling. As shown in Figure 6.10, the measured

cell DC resistance diverged at approximately 1000 cycles, and this increase in mismatch of branch

resistances is observed in the current distribution above 1000 cycles.

In the converse case, P32.5/-25.0 (Figure 6.17 e and f), it can be seen that broadly the opposite

behaviour is seen. Over the life of the pack the current distribution is divergent, again driven by the

accelerated impedance growth seen in the low temperature cell. As shown clearly in Figure 6.17 e,

the divergence in cell impedance occurring at approximately 1000 cycles has a more significant impact

on the current distribution. This is due to the elimination of the interconnect resistances assisting in

balancing the branch resistances as seen in the positive thermal gradient case, therefore leading to an

increased impact of the divergent cell impedances above 1000 cycles. In the moderate negative thermal

gradient pack, P32.5/-12.5 (Figure 6.17 c and d), while currents are somewhat divergent during aging,

this is significantly reduced compared to ± 25.0 packs. This is attributed to the reduced difference

in cell impedance induced by temperature, alongside the less significant divergence in cell impedances

over the lifetime of the pack. In general, it can be concluded that larger magnitude thermal gradients

will lead to increased impacts on the heterogeneities, provided the cell impedances are divergent within

the pack. Conversely if cell impedances are convergent, heterogeneities in current will be reduced.

Figure 6.18 a and b show the peak and mean current differences respectively for the heterogeneous
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(a) P32.5/+25.0, B1 (b) P32.5/+25.0, B2

(c) P32.5/-12.5, B1 (d) P32.5/-12.5, B2

(e) P32.5/-25.0, B1 (f) P32.5/-25.0, B2

Figure 6.17: Heatmaps of current distribution within heterogeneous temperature packs over lifetime. Depth of
discharge defined as current passed divided by the total current throughput per cycle. a) P32.5/+25.0 B1. b)
P32.5/+25.0 B2. c) P32.5/-12.5 B1. d) P32.5/-12.5 B2. e) P32.5/-25.0 B1. f) P32.5/-25.0 B2.

temperature packs. In the negative thermal gradient packs, peak currents are significantly increased,

to a peak of approximately 3.9 C in P32.5/-25.0. Comparatively in P32.5/+25.0 peak currents are 10 %

lower than seen in P32.5/+25.0 highlighting the benefits of a positive over a negative thermal gradient.

Due to the balancing effects seen on the total branch impedance, peak currents in P32.5/+25.0 are
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(a) (b)

Figure 6.18: Peak and mean currents over lifetime for heterogeneous temperature packs. a) Peak current. b)
Mean current difference

the most consistent out of the 6 packs tested. In the negative thermal gradient packs, the peak

current converged to the higher (P32.5/-25.0) or mean (P32.5/-12.5) current values. This means

the convergent behaviour of the peak current distribution observed in the homogeneous temperature

packs switches to divergent behaviour when a thermal gradient is applied. This switch in behaviour

is caused by differential impedance growth induced by the applied thermal gradients. In general, high

peak currents may have detrimental effects on overall lifetime and safety, and accelerate rate-activated

degradation processes such as particle fracture.

Considering the mean current difference between the cells (Figure 6.18 b) during aging, the thermal

gradients lead to divergent mean currents. Highlighting the comparison of P32.5/0.0 and P32.5/-12.5,

it can be seen that applying a -12.5 ◦C thermal gradient at an identical mean temperature changes

the behaviour of the mean current significantly, switching behaviour from convergence to divergence.

Again, increasing differences in mean current imply increasing deficits in current throughput over time,

accelerating differential cell aging.

In Chapter 5, the SoC deficit at EoD was identified as a consequence of differential branch resistances

caused by thermal gradients, in turn leading to a reduction in accessible capacity from the string.

Therefore, the SoC deficit build-up over pack lifetime is shown in Figure 6.19 a and b for the homoge-

neous and heterogeneous temperature packs respectively. The SoC deficit is calculated based on the

per-cycle current throughput and fitted values to the reference static capacity measurements at 0.1

C providing an estimate for cell static capacity at each cycle. These values were interpolated using

a piecewise cubic polynomial (‘pchip’) algorithm, which was selected to avoid overshoots in the data

fitting.

In the homogeneous temperature packs (Figure 6.19 a), the SoC deficit is initially greatest P20.0/0.0,

as expected. Over time the SoC deficit increases, due to the increased cell impedances leading to

a increased inaccessible capacity during aging, while due to the convergent current distribution the

SoC deficit equalises. In P32.5/0.0 and P45.0/0.0 the initial deficit is smaller, due to the reduced

total branch impedances. In P45.0/0.0 the SoC deficit is consistent throughout the pack life, due to

the more extensive current rebalancing which occurs at EoD (increasing from 11 to 15 % SoC after

2000 cycles). In the heterogeneous cases (Figure 6.19 b), the SoC deficits are highly non-uniform,
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(a) (b)

Figure 6.19: Estimated SoC deficit over lifetime for 1S2P packs. a) Homogeneous temperature packs. b)
Heterogeneous temperature packs.

and are divergent in all cases. In each case the low temperature cell shows a large SoC deficit at

EoD, for example in P32.5/-25.0, with a deficit of 45 % SoC in B2 at EoD, compared to 11 % in

B1. In the the positive thermal gradient case (P32.5/+25.0) the deficit is reduced in B1, due to the

overall reduction of the impact of the interconnection resistances on current distribution. In general

it is implied that the reduction of capacity of a parallel string under an imposed thermal gradient

compared to a homogeneous temperature can be principally attributed to reductions in accessible

capacity in the cold cell.

To further examine the development of the SoC deficit within the parallel strings, heatmaps of the

current throughput difference per cycle with respect to cycles and DoD are presented in Figure 6.20.

Considering the behaviour of the 3 homogeneous temperature cases (Figure 6.20 a, c and e), it can

be seen that in all cases a significant amount of rebalancing of current throughput is possible, with

increasing rebalancing at higher temperatures. As a consequence, the current throughput deviation

over time is reduced, leading to the reduced SoC deficits previously discussed. In comparison, in the

cases with applied thermal gradients (Figure 6.20 b, d and f), the degree of rebalancing is reduced

over the lifetime of the packs, due to the divergent cell impedances leading to a reduction in the

amount of rebalancing of currents that can occur. In particular for P32.5/+25.0 and P32.5/-25.0,

shown in Figure 6.20 b and f respectively, it can be seen that above 1000 cycles in both cases the EoD

current throughput difference exceeds 1 Ah, or 10 % of the nominal SoL pack capacity. This leads to

a significant loss of overall performance under theses operating conditions compared to the nominal

capacity of the packs. Additionally, the region of significant current throughput deficit is increased in

duration in both cases, implying that the mean SoC values of each cell will diverge with time. The

SoC of a cell is a known degradation stress factor, with increasing SoC values accelerating calendar

aging. As such this is a potential cause of accelerated degradation in the low temperature cells in a

pack with a long in-service life, although this may be offset by the lower overall temperature, and a

detailed investigation is outside the scope of this work.

To summarise the presented results, Figure 6.21 shows a simplified schematic representation of the

effects of branch resistance growth on current (and subsequently SoC) distributions within a homo-

geneous temperature pack. As previously identified in Chapter 5, the principal driving factor behind
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(a) P20.0/0.0 (b) P32.5/+25.0

(c) P32.5/0.0 (d) P32.5/-12.5

(e) P45.0/0.0 (f) P32.5/-25.0

Figure 6.20: Heatmaps of current throughput deficit per cycle for all packs over lifetime. Depth of discharge
defined as current passed divided by the total current throughput per cycle. a) P20.0/0.0. b) P32.5/+25.0.
c) P32.5/0.0. d) P32.5/-12.5. e) P45.0/0.0. f) P32.5/-25.0. Note: Colourmaps differ for left (homogeneous
temperature) and right (heterogeneous temperature) columns, to improve contrast.
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Figure 6.21: Schematic representation of homogenisation of current distribution during aging in homogeneous
temperature packs. a) Start of life. b) Mid life. c) End of life. d) Schematic representation of total branch
resistance and branch mean current during aging

current distribution in a parallel string is branch impedance change, however drift in cell OCV will

also influence the current distribution. At SoL (Figure 6.21 a), branch 2 has a higher total resistance

and therefore a higher peak current and greater total current throughput passes through B1. By EoL

(Figure 6.21 c), increases to the impedance of B1 leads to an overall equalisation of branch resistance

and therefore homogenises the current and SoC distribution observed. Whilst the branch resistance is

not constant throughout a single discharge, Figure 6.21 d shows a simplified schematic representation

of the cause and effects of resistance change in the homogeneous packs. Schematically represented

is the start of discharge total branch resistance and the differing rates of branch resistance increase

leading to homogenisation of currents.

Figure 6.22 in contrast shows a schematic representation of the effects of branch resistance growth in

a heterogeneous temperature pack (in this case with a negative thermal gradient). In this case at SoL
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(Figure 6.22 a), the elevated temperature of B1 leads to a greater difference in total branch resistance,

and therefore a greater split in cell currents. However, due to the previously observed accelerated

cell impedance growth at low temperatures (see Section 6.7), this effect is compounded over the life

of the pack, as the total resistance of branch 2 grows faster than that of branch 1. Thus, by EoL

(Figure 6.22 c), the mean current through branch 2 is reduced while branch 1 sees an increased mean

current. Figure 6.22 d shows a schematic representation of this effect. At SoL (a), the difference in

branch impedance is increased compared to the homogeneous temperature case, leading to a greater

current split. During cycling the resistance growth of B2 is accelerated, leading to a greater difference

in branch total impedance (c). By EoL, the branch resistances have significantly diverged, leading to

an overall greater degree of heterogeneity.

Figure 6.22: Schematic representation of heterogenisation of current distribution during aging in heterogeneous
temperature packs. a) Start of life. b) Mid life. c) End of life. d) Schematic representation of total branch
resistance and branch mean current during aging

An important note is that this expected behaviour is only valid for the interim temperatures studied

(20-45 ◦C). These temperatures were selected to reflect the typical optimal temperature range for pack
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operation, where significant SEI growth or Lithium plating may be avoided. EIS analysis has shown

in Section 6.7 that below 40 ◦C, for the cell studied, SEI layer growth leading to resistance increases

was minimal. It is expected that if the mean pack temperature was elevated further, SEI layer growth

would dominate the overall cell impedance growth. As such, current and SoC distributions would

converge during time, due to the greater impedance growth of the high temperature cell in the string.

This highlights the importance of developing a holistic understanding of cell impedance growth over a

range of interim temperature during design, in order to avoid inducing potentially hazardous current

heterogeneities in aged packs.

6.9 Parallel String Cell Level Diagnostics

In order to further analyse the cell-level degradation observed during the pack cycling, and assess

the contribution of various degradation modes to the overall loss of pack performance, OCV analysis

was carried out on the 0.04 C reference discharge data obtained at each SoL and EoL for each cell

to identify the dominant degradation modes occurring within each cell. For full details of the OCV

analysis procedure and diagnostic model fitting are found in Section 4.4.4. Combined with identified

degradation modes with both HPPC and EIS measurements, it is possible to diagnose the likely causes

of degradation within the cells, and as a consequence identify the likely mechanisms underlying the

degradation observed within the packs. In this Section the identified degradation modes are presented,

whilst likely mechanisms are discussed in Section 6.10.

(a) P20.0/0.0 B1 (b) P20.0/0.0 B2

(c) P45.0/0.0 B1 (d) P45.0/0.0 B2

Figure 6.23: Example OCV measurements for P20.0/0.0 and P45.0/0.0 at SoL and EoL. a) P20.0/0.0 B1. b)
P20.0/0.0 B2. c) P45.0/0.0 B1. d) P45.0/0.0 B2. All measurements taken at 20.0 ◦C and 0.04 C. Note that
OCV is presented plotted against SoC.
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Figure 6.23 a-d presents OCV curves at SoL and EoL for both cells in P20.0/0.0 and P45.0/0.0, which

show examples of the change to the shape of the cell OCV response after 2000 cycles at both 20.0 and

45.0 ◦C. As shown, in the lower temperature (20.0 ◦C) cycled cells, a significant reduction in the cell

OCV is observed at the location of the principal voltage plateau (at 3.75 V). Meanwhile, the SoC

location of the principal plateau moves to higher SoC values. In contrast in the high temperature

(45.0 ◦C) cycled cells, a limited reduction in the voltage of the principal plateau occurs. However, the

SoC location of the principal plateau is shifted to lower SoC values in the higher temperature case.

Contrasting the changes to the principal plateau shape and location, at low temperature the principal

voltage plateau has reduced definition and is shifted to higher SoC values, indicative of loss of active

cathode material within the cell. In contrast at high temperatures, the principal plateau definition

and location is not changed as significantly, indicating that if loss of cathode material is occurring,

this is combined with loss of lithium inventory which simultaneously changes the alignment of the

electrodes.

(a) P20.0/0.0 B1, SoL (b) P20.0/0.0 B1, EoL

(c) P45.0/0.0 B1, SoL (d) P45.0/0.0 B1, EoL

Figure 6.24: Example cell for P20.0/0.0 B1 and P45.0/0.0 B1 at SoL and EoL. a) P20.0/0.0 B1, SoL. b)
P20.0/0.0 B1, EoL. c) P45.0/0.0 B1, SoL. d) P45.0/0.0 B1, EoL. All measurements taken at 20.0 ◦C and 0.04
C. Note that OCV is presented plotted against SoC, not capacity.

However, this analysis is qualitative, and using quantitative fitting of the cell OCV curve, it is possible

to decouple the degree to which each degradation mode (LLI, LAMAn and LAMCa) contribute to

overall cell degradation. Example fits at SoL/EoL are shown in Figure 6.24 for B1 of P20.0/0.0

and P45.0/0.0, showing the high degree of fidelity of the OCV fitting model at both SoL and EoL.

Considering the formal accuracy of the fitted OCV at SoL and EoL for each cell, which is shown in

Figure 6.25 for all cycled cells, a RMSE error of <9 mV at SoL and <7 mV at EoL was achieved
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by the model in all cases. As previously discussed in Section 4.4.4, errors in the OCV fit are likely

due to the flat nature of the anode OCV curve. The voltage of graphite (the anode) versus lithiation

in general does not significantly change over most graphite lithiation states, apart from during phase

transitions occurring during graphite staging. As such changes to the shape of the anode curve (caused

by LAMAn leading to a reduction in anode capacity) are more difficult for an OCV-type model to

identify, which is a general limitation of the OCV fitting approach to cell degradation mode diagnosis.

Nevertheless it is possible to sufficiently accurately identify degradation modes occurring within the

cell using this approach.

Figure 6.25: Root mean squared error for OCV fits for all cells.

Figure 6.26 shows the identified losses caused by each of the three identifiable degradation modes at

EoL for each cell cycled. As can be seen in all cases the dominant degradation modes are LLI and

LAMCa. LAMAn in general contributes a significantly smaller amount to the overall cell degradation. A

clear trend may be observed, with the dominant degradation mode in all cells cycled at low temperature

(<32.5 ◦C) being LAMCa, whilst at higher temperatures (>32.5 ◦C) LLI becomes the dominant

degradation mode. At intermediate temperatures (32.5 ◦C) approximately equal amounts of LLI and

LAMCa are observed. The degree of LLI is highly sensitive to temperature, as expected, ranging

from 3.8 % LLI in P32.5/+25.0 B1 to 13.5 % LLI in P45.0/0.0 B1. Meanwhile increasing the cycling

temperature leads to a more modest increase in loss of active material from both electrodes, with

LAMCa increasing from 6.2 % in P32.5/+25.0 B1 to 10.1 % in P45.0/0.0 B1. The range of identified

LAMAn was from 1.0 % in P45.0/0.0 B1 to 3.9 % in P32.5/-12.5 B1.

Figure 6.27 shows a clearer picture of how cell degradation modes change with respect to temperature.

Figure 6.27 a shows the EoL SoH for each cell, and the EoL SoH ranges from 96 % to 86 %. As

shown, the EoL SoH is well correlated with the cycling temperature, indicative of the dominance of

temperature as a degradation stress factor. Considering the identified degradation modes with respect

to temperature, as expected LLI is the dominant degradation mode at higher temperatures, and the

amount of LLI identified is well correlated with temperature (Figure 6.27 b). Increasing temperature

leads to increasing LLI, which is supported by the identified trends in RSEI growth shown in Section

6.7 and corresponds to accelerated SEI layer growth at elevated temperatures, although LLI may also
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Figure 6.26: Fitted degradation modes identified using the OCV model for all cells

occur via loss of lithiated active material. However the OCV model is not capable of discrimination

between loss of lithiated and delithiated active material.

(a) SoH, EoL (b) LLI, EoL

(c) LAMCa, EoL (d) LAMAn, EoL

Figure 6.27: EoL SoH and identified degradation modes for all cells with respect to temperature. a) EoL SoH.
b) EoL LLI. c) EoL LAMCa. d) EoL LAMAn.

Considering loss of active material in both electrodes, significantly more LAMCa is observed than
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LAMAn at all temperatures, with an insignificant correlation between the amount of LAMCa/LAMAn

and temperature in all cases. However with increasing temperature the dominant degradation mode

changes, with LAMCa dominant for temperatures of <32.5 ◦C, and LLI dominant at temperatures of

>32.5 ◦C. In all cases the degree of LAMAn is significantly lower, and the contribution of LAMAn to

overall cell degradation is limited. It is notable that in all packs cycled, the degree of LAMCa identified

is greater in the cell experiencing higher peak currents, as identified in Section 6.8. This is indicative

of higher peak currents leading to greater cathode damage, and is evident in the 3 packs cycled under

homogeneous temperature conditions, where in all cases B1 experiences a higher degree of cathode

damage. The greatest difference in the homogeneous temperature packs is found in P45.0/0.0, in

which B1 experienced significantly higher peak currents at start of discharge during cycling than B2.

This effect is discussed further in Section 6.10.

It is interesting to note that the EoL SoH of the cycled cells is well correlated with the degree of LLI,

due to the initial electrode alignment (identified in Section 4.4.4). The initial excess electrode capacity

and cell stoichiometry mean that loss of active material in both electrodes of the order identified does

not lead to significant measurable loss of overall cell capacity. However LLI, which leads to changes

in cell stoichiometry and thus electrode alignment, leads to significant changes to the accessible cell

capacity. Increasing electrode slippage, caused by LLI, leads to immediately identifiable reductions in

cell capacity, as this slippage limits the capacity of each electrode available over the constant cycling

voltage range, and therefore LLI is the dominant cause of capacity loss during cycling. This effect

can be explained by considering the effect of anode slippage versus the cathode. At SoL, the final

rapid voltage drop seen in cell OCV below 10 % SoC is directly related to the rapidly increasing

anode voltage at low anode litiation states. As the anode slips relative to the fixed cathode, the

degree of anode lithiation is reduced for a given cathode lithiation. As such, even if both electrodes

retain identical capacities, the amount of accessible capacity over the cell operating voltage window is

reduced.

In order to provide independent evidence of the degradation mode identified via OCV fitting, a post-

aging teardown of a single cell from each of the homogeneous packs (P20.0/0.0 and P45.0/0.0) was

carried out. In both cases, B1 was selected for teardown, and an uncycled cell from the same batch

was also disassembled to provide a reference baseline. In each case, the cell was opened in an Argon-

filled glovebox, and the electrode stack unwound to reveal the electrodes. Electrodes were harvested

from layers 1, 10, 20 and 25 (with 50 total anode/cathode pairs in the pack), and samples cut from

the centre of the electrode. No qualitative morphological changes were observed in the electrodes

through-thickness, while no significant morphological changes were observed in the harvested anodes

compared to the baseline, supporting the previously identified limited anode loss of active material.

Washing of the harvested anodes and limitations to the magnification of the instrument used meant

it is not possible to assess the degree of SEI layer formation (which would lead to LLI) based on this

postmortem.

Figure 6.28 presents scanning electron microscopy images obtained from samples at the centre of the

cathodes. In Figure 6.28 a and b, for the uncycled cathode, two particle morphologies are observed.

The cathode consists of spherical agglomerate particles (NMC) consisting of fine angular particles

mixed with layered and faceted grain particles (LCO). Figure 6.28 c and d show the cathode from

P20.0/0.0 B1, and cracks are highlighted in both particle morphologies. Highlighted feature 1 (Figure
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6.28 c) shows intragranular cracks in the faceted particles, extending both through and in the layer

planes. Feature 2 also shows evidence of crack formation in the agglomerate particles, while in other

locations pit-holes and pulverisation of the agglomerates is observed. In the lower magnification

image (Figure 6.28 d), deposition of debris, likely lost cathode material, is highlighted as feature

3. Considering P45.0/0.0 B1 (Figure 6.28 e and f), pit-holes and pulverisation of the agglomerate

particles is also observed (feature 4), whilst fracture also occurred in the faceted morphology particles

(feature 5). Deposition of debris in the binder is also observed in the low-magnification images (feature

6). This debris is likely lost active material from the cathode electrode particles, released during

particle fracture and pulverisation. As this postmortem analysis is only able to qualitatively identify

electrode morphological damage, it is not possible to qualitatively assess the relative amount of loss of

cathode active material in each case. However, qualitatively, no significant differences were observed

between harvested cathodes from cells cycled at low and high temperatures, supporting the results

from OCV fitting that the amount of cathode active material loss is relatively independent of the

cycling temperature.
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Figure 6.28: SEM images of cathodes from fresh and cycled cells, with features highlighted. All samples taken
from the centre of cathode No. 25 (centre of electrode stack). 20 ◦C cycled cell selected is P20.0/0.0 B1, 45
◦C cycled cell selected was P45.0/0.0 B1 a) Fresh cathode. b) Fresh cathode (low magnification). c) Cathode
cycled at 20 ◦C. d) Cathode cycled at 20 ◦C. (low magnification). e) Cathode cycled at 45 ◦C. f) Cathode
cycled at 45 ◦C. (low magnification). Highlighted features: 1) Fracture in LCO particle. 2) Fracture in NMC
particle. 3) Debris deposited in binder. 4) Damage to NMC particle. 5) Fracture of LCO particle. 6) Debris
deposited in binder.



6.10. Discussion and Proposed Degradation Mechanisms 181

6.10 Discussion and Proposed Degradation Mechanisms

Briefly recapping, the aims of this study were to a) identify the effects of thermal gradients and tem-

perature conditions on parallel string lifetime, b) identify and explain the effects of thermal conditions

on heterogeneity over the lifetime of parallel cell strings and c) draw generalised conclusions regarding

best practice for parallel pack or module design. This discussion aims to draw conclusions regarding

the underlying mechanisms leading to the heterogeneous behaviour during aging shown in Sections

6.6-6.9.

Considering the lifetime behaviour of the packs, in the homogeneous temperature cases, convergence

of cell performance and operating conditions was observed. This was attributed to the increasingly

heterogeneous resistance growth in the cells leading to a balancing of branch currents and therefore

reducing the degree of current heterogeneity. In comparison, in the packs cycled under heterogeneous

temperatures, i.e. thermal gradients, a divergence in cell operating conditions and cell performance

was observed. This divergent current behaviour was caused by two principal factors, the first being

the divergent cell impedance growth eliminating the rebalancing effects seen in the homogeneous

temperature packs and the second being increasingly differing cell capacities.

Within packs with applied thermal gradients, at SoL there is initially a significant mismatch between

branch resistances, due to the decreased cell impedance at elevated temperatures. Subsequently during

aging, greater impedance growth is observed in the low temperature cells. In conjunction with the

slower cell impedance growth in the elevated temperature cells, increasingly unequal branch resistances

occur during operation. As a consequence, the behaviour of the packs under thermal gradients were

observed to become more heterogeneous over cycling, with greater SoC deficits and consequently

reduced accessible capacity. These deficits in turn lead to higher mean SoCs at the lower cutoff

voltage in low temperature cells and reduced depths of discharge. While with the 5 Ah Kokam cells

used, this did not lead to significant heterogeneous degradation, this would be a concern if a cell is

more sensitive to the depth of discharge. Additionally, restricted depths of discharge within high SoC

ranges may also accelerate degradation, due to the cell spending prolonged periods at high voltages.

In the homogeneous cases, SoC deficits were also observed to increase but convergently, due to the

increased cell impedances leading to increasingly rapid reaching of voltage limits due to increased cell

overpotentials. The second principal cause of divergence in the heterogeneous packs was the diverging

rates of cell capacity loss, induced by temperature differences, which induce a mismatch in cell voltages

during discharge and consequently drive string currents through the low-resistance cells in the string.

When considering the underlying causes of the differential impedance growth and capacity loss, a

parametric OCV model was quantitatively applied to identify the degradation modes promoted by

the different operating conditions, revealing the underlying degradation modes leading to capacity loss

in the cycled packs. In all cases, limited loss of active anode material was identified, with loss of active

cathode and lithium inventory instead the dominant modes for all cells. In all cells a balance of LAMCa

and LLI are observed. It is notable that for both LAMCa and LAMAn there is a limited correlation

between the degree of each mode and temperature, indicating that the amount of each mode occurring

is not significantly related to temperature under the pack operating regime (over the temperature range

studied). However, this does not eliminate the possibility that the underlying mechanism leading to

the degree of LAM changes with increasing or decreasing cell cycling temperature.
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At the lower temperatures studies (<32.5 ◦C), the balance of LAMCa to LLI is biased in favour of

LAMCa, with 6.1-8.5 % LAMCa identified in comparison to 3.7-5.3 % LLI in cell cycled at 20 ◦C. In

comparison at higher temperatures (>32.5 ◦C), this balance is reversed with a greater degree of LLI

than LAMCa, with 11.4-13.5 % LLI identified in comparison to 8.6-10.5 LAMCa at 45 ◦C. In the cells

cycled at intermediate temperature (32.5 ◦C) there is a remarkably similar balance of LAMCa and

LLI (7.5-8.0 % of both modes for both cells cycled at 32.5 ◦C). Further details of these results are

presented in Section 6.9.

It is notable that the degree of capacity loss in all cells is well-correlated with the degree of LLI

identified, which is expected as whilst LLI will lead to an immediate capacity loss in the cell due to

the induced changes in stoichiometry. LAMAn/LAMCa will not lead to a loss of capacity until the

excess anode or cathode present at SoL is consumed, and in the case of the cells cycled in this study

the amount of LAM in both electrodes is smaller than the excess electrode available at SoL. Note that

LAM in both cases may lead to a loss of accessible energy, due to the reduction in cell OCV induced,

however this effect is expected to be relatively small.

Recapping the underlying mechanisms which can lead to LAMCA, Birkl et al. [25] comprehensively

reviewed and identified cause and effect chains leading to LAMCA, and these can be broadly grouped as

follows; firstly, fracture of electrode particles due to volumetric changes during cycling may lead to loss

of active material through ‘islanding’ of areas of cathode particles, while binder decomposition may lead

to loss of particle electrical contact and isolation of areas of the electrode, again reducing the amount of

electrochemically active cathode available. Particle fracture in the cathode may be exacerbated by high

temperatures which lead to high thermal stresses, although temperatures in this study are unlikely to

significantly exacerbate this effect [214]. High current densities may also exacerbate particle fracturing,

particularly at the electrode-separator interface [45], [46], [215]. However, improved conductivity in

the electrolyte may offset this effect at higher temperatures, as improved diffusion kinetics within the

electrolyte will reduce concentration gradients through-electrode, and therefore reduce local reaction

current densities in the active particles. Consequently, peak stresses in the active particles will be

reduced. As a layered metal oxide, the NMC particles may be considered a ceramic-type material,

and as a consequence are more liable to fracture under tensile rather than compressive stresses, which

are induced during deintercalation i.e. charging of the cathode. Particle fracture may in turn lead to

loss of particle electrical contact due to fracture, whilst binder decomposition may lead to isolation

of particles from the electrode electrical network, in effect removing the particle. While LAM caused

by particle fracture is generally considered to primarily lead to capacity loss, electrical contact losses

may also lead to increased resistances [216], [217].

Finally, direct damage to the cathode active material may lead to LAMCA through dissolution of

transition metals from the cathode, structural disordering of the cathode or via passivation through

p-SEI formation. These mechanisms will lead to loss of electrochemically active sites and consequently

capacity loss, and are all accelerated by increased temperature. Transition metal dissolution may

occur through electrochemical oxidation of oxygen within the layered cathode [49], whilst nickel at

high oxidation states may react when exposed to electrolyte, leading to Ni2+ becoming dissolved in

the electrolyte and being deposited on the surface of both electrodes [38]. This deposition may further

accelerate SEI layer growth at the anode. Meanwhile, as the electrolyte is typically fluoride containing,

acid attack caused by hydrofluoric acid formed due to residual moisture may also dissolve transition
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metal ions from the cathode [41]. All of the aforementioned mechanisms in turn will lead to LAMCA.

Dissolution of transition metal ions into the electrolyte may in turn lead to side-reactions occurring

between the electrolyte and transition metal ions, and consequent deposition of precipitates on the

surface of the cathode, forming a p-SEI (or CEI) layer in a similar manner to SEI layer formation at

the anode surface [52].

Structural disordering or phase change of layered NMC cathodes occurs when the layered structure

decomposes in disordered spinel and rock salt phases. This effect occurs at the particle surface, leading

to passivation of the particle [38]. The formation of the disordered spinel and rock salt phases is more

favourable in delithiated cathode material [39]. Structural changes in NMC particles have been shown

to be unlikely to occur during delithiation, due to the higher potential of the Co3+/4+ redox couple

than that of the Ni3+/4+ redox couple [41], [218]. This implies that if structural disordering is a

dominant mechanism of cathode damage, it will be observed to occur principally during discharge

of the cell (i.e. during cathode lithiation). Increased cathode charge transfer resistances will be

observed after significant cathode phase changes, due to the slower ion exchange kinetics through

the passivated surface and reduction in the availability of electrochemically active sites. Recent work

by Dose et al. [219] indicated that increasing the full cell upper cutoff voltage above 4.1 V in an

NMC811 cell led to significant and non-linear increases in both impedance growth and capacity loss

rate. The upper cutoff potential is linked to accelerated transition metal dissolution, surface phase

change and particle cracking, and therefore anode slippage may also contribute to the overall non-

linear accelerated impedance rise at lower temperatures. This work implies that reduced depths of

discharge at high SoC (and therefore increased average cell voltages) may lead to accelerated cathode

damage and degradation.

Having considered the underlying degradation mechanisms that commonly occur within LIBs, it is

useful to next consider the links between these mechanisms and degradation modes (which may be

observed through OCV model-based diagnostics, such as presented in Section 6.9. Edge et al. [218]

provide a comprehensive review of the state-of-the-art understanding of the links between modes

and mechanisms for LIBs, summarised in Figure 6.29. Distinction is made between primary and

secondary mechanisms, modes and cell-level effects, and due to the in-situ diagnostics applied in

this work, main consideration is given to identification of primary mechanisms, as further detailed

post-mortem analysis would be required to identify specific secondary mechanisms. Considering the

interplay between degradation mechanisms, modes and effects, relevant information to this study may

be summarised as follows;

• LLI may be caused by loss of lithiated active material in the anode or cathode (due to particle

fracture), SEI/p-SEI layer formation (transition metal dissolution from the cathode may lead to

deposition of transition metals on the anode, accelerating SEI layer growth), irreversible lithium

plating at the anode, or Ni-Li site exchange (structural damage) in the cathode.

• Loss of active material in the anode may be caused by ‘islanding’ of areas of the anode, graphite

exfoliation and electrolyte decomposition and loss.

• Loss of active material in the cathode may be caused by ‘islanding’ of areas of the cathode, Ni-Li

site exchange and electrolyte decomposition and loss.



184 Chapter 6. The Effects of Thermal Heterogeneities on Pack Lifetime

Figure 6.29: The complex interplay between the primary and secondary mechanisms explained in this review,
showing how each contributes to a degradation. Distinction is made between primary and secondary degradation
mechanisms, modes and consequences at the cell level [218]. CC-BY 3.0

• Impedance change may be caused by pore blockage at either electrode or loss of active material

in either electrode (which leads to a reduction in overall active surface area and consequently

greater impedance.

Having considered the mechanisms that may lead to the principal observed cathode degradation modes,

suggested mechanisms leading to the behaviour observed in this study are proposed. Reviewing the

principal identified degradation mechanisms identified in the cycled packs (Section 6.9), LAMCa was

found to be the dominant mechanism at low (20 ◦C) temperature, whilst LLI was the dominant

mechanism at high (45 ◦C) temperature for all cells. It is notable that similar amounts of LAMCa

are observed in cells cycled over the full study temperature range, with a minimal positive correlation

with temperature. While the Kokam 5 Ah is a blended cathode, NMC makes up the bulk of the

cathode and so is considered the dominant particle type for discussion. It is important to note that

in reality, most degradation modes considered will occur to some degree during cell cycling – the aim

of this work is to identify the dominant mechanisms and how the dominant mechanism changes with

respect to cycling conditions.

First considering mechanisms in the low temperature aged cells, it is proposed that the dominant

LAMCa degradation mode is principally caused by accelerated particle fracture and consequent pul-

verisation of cathode particles. This mechanism may be summarised as follows:

• Close to the separator-cathode interface, local current densities are high due to concentration

gradients through plane in the electrode. At low temperature, with slower kinetics and reduced

charge carrier mobility, these concentration profiles may be steeper through-plane.
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• Slow kinetics and reduced charge carrier mobility leads to preferential deintercalation from cath-

ode particles close to the cathode-separator interface, and therefore increased local current den-

sities. Consequently, higher tensile stresses are induced, and particle fracture occurs, leading to

loss of active cathode via pulverisation and ‘islanding’ of sections of cathode particles.

• As the particles close to the separator are depleted, this process is progressively repeated through

the electrode. Pulverisation of the cathode and consequent loss of electrochemically active sites

at the cathode-separator interface will lead to increased RCT , especially at low temperatures

where it is kinetically less favourable to access particles deeper into the electrode.

As a consequence of fracture, active material in the cathode becomes ‘islanded’ and disconnected

from the electrode electrical network, rendering areas of the electrode electrochemically inactive. As

a secondary consequence of this process, the active area of the cathode is reduced, leading to an

overall increase in cathode RCT . Mechanical damage to cathode particles has been observed to lead

to accelerated impedance growth at lower temperatures [93]. LLI also occurs in the low temperature

aged cells, but to a lower degree than in higher temperature cycled cells. LAMCa may also occur as

a consequence of cathode structural damage via Ni-Li site exchange or electrolyte loss, but neither of

these mechanisms lead directly to accelerated impedance growth, leading to these mechanisms being

less likely to be dominant at low temperature. Considering the rapid growth in cathode RCT at low

temperature it is most likely that the key underlying degradation mechanism in the low temperature

cycled cells is cathode particle fracture, with a degree of SEI layer formation leading to LLI.

In comparison to the low temperature cells, the high temperature cells were shown to experience

dominant LLI, with similar degrees of LAMCa to the low temperature cells. SEI layer growth has

been shown to be highly positively correlated with cycling temperature, as increased temperatures

accelerate the unwanted side reactions which lead to formation of the SEI. Therefore, it is likely

that the significantly increased amount of LLI identified in the high temperature cells is caused by

SEI layer formation and growth, induced by the elevated temperatures. However, a similar amount of

LAMCa is identified in the high temperature cycled cells, but without an associated significant increase

in cathode RCT identified using EIS and HPPC measurements. This is notable and indicative of a

change in the underlying mechanism leading to the observed LAMCa in the higher temperature cells

when compared to the cells cycled at low temperature. In all cells, generally between 8-11 % LAMCa

is identified using OCV fitting.

It is important to again note that these competing mechanisms at low and high temperature are likely

occurring simultaneously to differing degrees, with the dominant mechanism gradually shifting as tem-

perature increases. Indeed, post-mortem teardown images of cathodes cycled at elevated temperature

(see Section 6.9 clearly show evidence of particle fracture. However by careful consideration of all

the diagnostic evidence available (EIS, HPPC, OCV fitting and post-mortem imaging) it is possible

to identify the most likely mechanisms underpinning degradation at all temperatures. Despite this,

it is critical to consider that these conclusions are reached via indirect observations of cells in-situ,

and therefore more detailed chemical post-mortem would be required to conclusively prove that the

proposed mechanisms are indeed occurring.

Overall, the above mechanisms are proposed to explain the observed behaviour of the cycled cells

within the 6 packs tested. Generally, SEI layer growth has been considered to be the dominant mech-
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anism for capacity loss and impedance growth, while lithium plating is considered a principal cause

of safety concerns. However, this study identifies cathode degradation as the dominant degradation

mode present at interim temperatures (20.0-32.5 ◦C) which would generally be considered in a ‘safe’

operating temperature range. Whilst LAMCa is measured at all temperatures studied, within the

range of the study significant changes to the fundamental cell capacity due to LAMCa do not occur,

due to the initial excess cathode present. If the study had continued to lower cell states of health, it

would be expected that LAMCa would lead to significant changes to fundamental cell capacity, once

the initial excess cathode was consumed. However, LAMCa leads to significant changes to cell kinetic

performance, with significantly greater growth in cathode RCT at lower temperatures. This increasing

cathode polarisation leads to a loss in accessible cell capacity and is typically not considered. As a

consequence, the need to consider cathode degradation in detail when selecting pack designs and oper-

ating modes is highlighted by this work. It is noted that while the mechanisms previously proposed are

supported based on EIS, HPPC and OCV diagnostic measurements taken during pack cycling, more

detailed post-mortem analysis of cycled cells is required to conclusively demonstrate the underlying

mechanisms leading to cathode damage.

6.11 Conclusion

In this chapter, a comprehensive study of the effects of thermal gradients and temperature changes

on the degradation of parallel strings has been presented, including a detailed examination of the

development of heterogeneous currents within the studied packs. Additionally, detailed diagnostics

were obtained at the single cell level by disassembling the parallel strings throughout their lifetime.

This allowed comprehensive examination of the degradation modes occurring within the cells during

cycling, and association these modes with both suggested underlying mechanisms and stress factors.

It was found that there were significant differences in static and dynamic capacity loss rates within ho-

mogeneous packs, with lower temperature cycled packs losing performance significantly more rapidly

than those cycled at higher temperatures. This highlights the advantages of increased operating tem-

peratures on instantaneous pack performance, due to the increased cell impedance at low temperature

leading to increased SoC deficits at EoD. Conversely the low temperature cycled packs exhibited min-

imal static capacity loss. OCV diagnostic analysis identified this behaviour as a consequence of the

degradation modes induced by the cycling temperature. Whilst at both high and low temperatures

significant degradation was caused by loss of active material in the cathode, at high temperatures the

degree of loss of lithium inventory was greater than the loss of active material in the cathode.

Due to the excess cathode present at SoL, LAMCa did not lead to appreciable capacity fade at the cell

level at the levels identified. This explained the differences in measured static capacity loss between

the temperatures, despite the similar overall total loss of active cathode material. If pack aging had

continued, it is expected that LAMCa would eventually lead to considerable capacity fade once the

excess cathode is consumed. It is proposed that the greater increases in cell impedance seen at low

temperatures were caused by particle fracture and pulverisation due to high peak currents leading to

an overall loss in electrochemically active cathode surface area. Meanwhile the loss of cathode active

material at high temperature is more likely caused by structural damage to the cathode, accelerated by

high temperatures. This proposed mechanism would explain the similar levels of cathode degradation

observed at all temperatures, whilst also accounting for the different rates of growth of cathode charge
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transfer resistance observed at high and low temperatures.

Considering the impacts of cell level capacity loss and impedance growth on heterogeneous behaviour

within the cell strings, it was found that in the homogeneous temperature cases the current distribution

converged over lifetime. This effect was due to heterogeneous impedance growth in the parallel strings,

likely induced by differential peak currents, with greater peak currents observed in the cells closest

to the string terminals. As a consequence, over the 2000 cycles applied, current heterogeneities were

almost eliminated in the 20.0 ◦C string, while due to the lower apparent cell impedance and therefore

greater influence of the interconnection resistances, significant heterogeneity remained in the 45.0 ◦C

cycled string albeit with decreasing magnitude over life. In comparison, in the strings exposed to

large thermal gradients, divergence of the cell current distribution over time was observed. This was

attributed to the differential impedance growth between the low and high temperature cells within

the string reinforcing the initially different apparent branch impedances.

Due to the accelerated impedance growth in the lower temperature cells in the heterogeneous packs,

the already higher apparent cell impedance led to increasing SoC deficits between cells during cycling.

As a consequence, the current distributions observed increased in heterogeneity, whilst dynamic per-

formance was lost when compared to the reference case at the same mean temperature. This is a

significant conclusion, as typically impedance growth would be assumed by pack designers to increase

at high temperature. However, in this study growth in impedance at low temperature of the NMC-111

cathode has been shown to drive growing heterogeneities within parallel connected strings, with cells

considered in the optimal pack temperature range of 15-35 ◦C [129], [131] experiencing significant

cathode-driven impedance growth. This effectively blocks access to capacity in the low temperature

cells in the string, increasing the EoD SoC deficit and ultimately leading to decreased performance

over life, even when cell-level capacity loss is relatively minimal. It is noted that this effect will be

more pronounced at higher C-rates, as at low rate increased impedance growth smaller EoD SoC

deficits will be observed despite increased impedance growth. Therefore, while minimum operating

temperatures up to now have typically been set to avoid the onset of Lithium plating, consideration of

interim-temperature cathode impedance growth is needed to reduce avoidable performance loss over

life. This also highlights the need for pack designers to holistically consider cell-level degradation

effects during specification development and thermal management design.

Whilst this study aimed to provide a comprehensive overview of degradation within parallel cell

strings, some limitations remain. For example, only constant current rather than constant power or

drive cycled operating conditions were considered under a single current rate. Cell temperatures were

maintained via surface cooling and held independently. It is known that surface cooling leads to accel-

erated cell degradation when compared to tab cooling, whilst in real battery packs cell temperature is

likely to be coupled rather than independent due to limitations in thermal management. Additionally,

only a single topology was investigated with limited parallelisation. As a consequence, future work is

suggested to include:

• Further investigation of the impedance growth properties of NMC cathode cells at low temper-

ature, and integration of these effects into pack level degradation modelling.

• Investigation of the effects of constant power or drive cycle loading conditions on lifetime when

compared to constant current loading.
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• Investigation of the effects of different cooling strategies, for example tab cooling, and scenarios

when cell temperatures are coupled as opposed to independent.

• Further modelling of the effects of applied rate, charging strategy and topology on heterogeneity

development and lifetime.

• Parameterisation of an empirical or semi-empirical degradation model with the aim of carrying

out a full sensitivity study of the above parameters.

Application of significant thermal gradients to the packs led to loss of both instantaneous and lifetime

performance compared to homogeneous temperature packs at the same mean temperature, highlighting

the need to design for minimisation of thermal gradients. This effect is likely non-linear, with a -12.5
◦C thermal gradient leading to a 10 % increase in dynamic capacity loss compared to a 27 % increase

with a -25 ◦C thermal gradient applied at the same mean temperature. However further experimental

investigation or modelling would be required to conclusively demonstrate non-linearity. As most

systems will have thermal gradients, due to practical limitations in thermal management, the need

to minimise and consider the direction of the resultant thermal gradient is highlighted. In terms

of heterogeneous current behaviour, it was shown that negative thermal gradients led to significant

increases in both peak currents and greater heterogeneity over life, and therefore design for positive

thermal gradients is preferable, especially in cases where this is a low cost design choice (for example

by selecting the direction of air or coolant flow). It was also shown that decreasing the (negative)

thermal gradient by 50 % led to a 66 % reduction in mean current difference and a 25 % reduction

in peak current, highlighting both the non-linear effects of increasing thermal gradients and therefore

the importance of minimising thermal gradients to reduce safety concerns and prolong pack lifetime.

In general, this work provides insights into the behaviour of parallel cell strings over lifetime. It

has been shown that increasing parallel string temperatures over the temperature range studied is

advantageous due to decreasing inaccessible capacity, albeit at the cost of an increased influence of

the interconnection impedance on current distributions and accelerated capacity loss. Nevertheless,

it is clear that operating at lower temperatures has significant costs in performance terms despite

reduced degradation rates. In general, it is therefore preferable to operate at interim temperatures to

maximise performance while retaining cell capacity over life.
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Chapter 7

Conclusions and Future Work

The aim of this work was to improve the understanding of both performance loss and aging within

parallel connected LIB packs and explore the effects of pack-level heterogeneities in both cases. In

the case of aging it was intended to perform a detailed study of aging within parallel-connected LIBs.

In doing so it was necessary to develop tools to both experimentally control pack thermal boundary

conditions and diagnose degradation modes within cells. Whilst the many permutations of both pack

topology and thermal boundaries are possible, by investigation of two model systems, a 1S2P and 1S6P

pack, underpinning insights in dynamic behaviour has been created which allows for the conclusions

of this work to translate into other system configurations. Summary conclusions of the work presented

in this thesis and their relationship to the initial research questions (Chapter 1) are as follows.

Experimental Tools and Models Developed

The main experimental tools developed, two pack test benches, were instrumental in underpinning the

investigations in this work by allowing controlled experimental studies to be carried out. The models

developed allowed detailed investigation of both the coupling between different causes of heterogeneity

and identification of degradation modes within aged cells, allowing definition of a mechanistic model

to describe the effects experimentally observed. Summarising the conclusions of this work in brief:

• Review of the existing academic literature has shown that test benches for controlling thermal

boundary conditions at the pack level are seldom seen and often do not control individual cell

temperatures [145], [163], [164], [168]. The repercussion of this is that conclusions from pack

level studies in the literature are highly dependent on their thermal boundary conditions and

thus results in inconsistent findings. Therefore, a test bench was developed to carry out long-

term aging experiments on 6 1S2P parallel connected LIB packs. Additionally, a separate test

bench was developed for use in investigation of the instantaneous performance of a 1S6P pack.

• Review of the existing literature shows a multitude of diagnostic models for identification of

degradation modes within LIBs, however quantitative models are still limited, especially in the

context of pack level studies. Therefore, a quantitative fitting tool was implemented, based on

work by Birkl et al, [25], [87] to identify degradation modes within LIBs by tracking changes

to the cell OCV over the lifetime of LIBs. This model uses a relatively simple parameterisation

procedure, using half cell OCV curves to identify electrode capacities and stoichiometry at SoL.

191
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The model was shown to be sufficiently accurate to identify dominant degradation modes (LLI,

LAMAn, LAMCa) when validated using synthetic data generated using the OCV model operating

in ’forward’ mode.

• Whilst many detailed models for use in battery packs are available, a simple 1-RC ECN model

was selected to investigate the effects of thermal and resistive heterogeneities within parallel

connected LIBs. The model was validated in comparison to experimentally derived current and

SoC distributions for a 1S6P pack and shown to be sufficiently accurate to simulate pack-level

behaviour. When applied to the 1S6P pack studied, the model was able to predict individual cell

current throughput with a maximum of ± 1 % error, and overall pack capacity with a maximum

of ± 0.2 % error.

The Effects of Heterogeneities on Pack Performance:

Through a combination of experimental and modelling studies presented in Chapter 5, it was possible

to develop understanding of the causal links coupling resistive and thermal heterogeneities within

parallel connected LIBs, alongside the underlying causes of performance loss when moving from single

cells to full packs. Summarising the conclusions of this work in brief:

• Review of the academic literature showed that instantaneous performance loss within parallel

connected LIBs may be attributed to many possible heterogeneous effects within a pack, in-

cluding cell-to-cell variations [162], [180], resistance heterogeneities [9], [139], [159] and thermal

gradients [9], [163], [164], [168]. Whilst the effects of cell-to-cell variations have been explored

in some detail, as have resistive variations, the effects of thermal gradients on performance have

not been well explored. Additionally, experimental studies are often limited in providing un-

derpinning insights and controllability to allow translation across different pack architectures,

providing motivation for this work.

• Using the 1S6P test case, experimental measurements and simulations explored the impacts of

thermal gradients on instantaneous performance within parallel-connected LIBs configured in

both a U- and Z-topology. This analysis identified the SoC deficit at EoD as the principal cause

of reduced capacity in parallel connected cell strings compared to the sum of the capacities of

the naked cells. When under load, current heterogeneities lead to significant SoC distributions

building within parallel strings, and as a consequence non-linear cell impedance changes lead to

eventual SoC deficits at EoD/EoC. While both interconnection overpotentials and the cell OCV

profile contribute to heterogeneous behaviour, the cell impedance was found to be the dominant

cause.

• The orientation of a thermal gradient relative to the electrical topology of parallel connected

cells was shown to have significant impacts on the instantaneous performance of a parallel con-

nected pack, with reversal of a ∆25 ◦C thermal gradient in a U-topology pack leading to a 1.6

% increase in pack accessible capacity under a CC load while reducing heterogeneities in cell

current and SoC. This effect is caused by non-linear cell impedance changes either balancing or

unbalancing branch resistances, dependant on thermal gradient direction. Therefore, during de-

sign, consideration should be made for orientation of the TMS relative to the electrical topology

of the pack.
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• Meanwhile it was found that the impacts of parasitic resistances on overall pack performance

increased at higher temperatures, due to the increased IRR with lower cell impedance, leading

to more heterogeneous current and SoC distributions. Therefore at higher temperatures the

impacts of interconnection overpotentials are more significant. Additionally it was shown that

under fault conditions, the impacts of any fault leading to increased interconnection or branch

resistance are highly location dependant. Additional consideration should also be taken regarding

the magnitude of interconnection resistances and pack topology to maximise performance.

• Comparing the U- and Z- topology, experimental investigation and simulations showed that in

general the Z-topology is less sensitive to thermal and resistive heterogeneities, however at the

cost of marginally reduced capacity due to increased branch resistance losses. In the Z-topology

case, interconnection overpotentials are more balanced, leading to less heterogeneous current

and SoC distributions. If a U-topology is required, the importance of maintaining consistent

branch resistances further from the terminals is highlighted, as these branches have an increased

impact on overall performance.

The Effects of Thermal Heterogeneities on Cell and Pack Lifetime

A key motivation of this work was to link pack level heterogeneities to degradation mechanisms

occuring within cells of packs, and their influence on overall lifetime and behaviour. The lifetime

study presented in Chapter 6 combined with the diagnostic model developed allowed linking of pack

level thermal heterogeneities to cell level degradation modes, and enabled the proposal of a mechanistic

model explaining their causal links. Summarising the conclusions of this work in brief:

• A review of the literature showed that the aging trajectory of parallel connected LIBs is not

well explored. Within a pack, convergent rates of capacity loss and power fade is desirable, as

divergent capacity or power fade will lead to accelerated loss of overall performance. However

the literature is contradictory over whether induced heterogeneities will lead to convergent [171],

[212] or divergent [9], [149], [152], [185], aging. Whilst the literature study indicated that ther-

mal heterogeneities lead to divergent aging, detailed analysis of induced degradation modes via

thermal heterogeneities are lacking alongside comprehensive experimental analysis, providing

the motivation for this work.

• Aging of packs under controlled thermal gradients comprehensively demonstrated divergent aging

under applied thermal gradients, with potential non-linear increases in divergent aging with

increasing thermal gradients. The direction of the applied thermal gradient did not have a

significant impact on either degradation rate or divergence, however in more highly parallelised

systems, directionality is likely to be significant.

• Heterogeneous current distributions over the lifetime of the cycled packs were tracked, and it

was shown that under homogeneous thermal conditions, cell currents are convergent. However,

application of thermal gradients led to divergent cell current distributions. Detailed analysis of

resistance growth within the packs showed that in the heterogeneous temperature packs, dif-

fering degradation modes within the cells occured, leading to divergent cell impedance growth

and consequently more heterogeneous current distributions. In contrast, in the homogeneous
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temperature packs, convergent impedance growth led to increasingly homogeneous current dis-

tributions.

• Under the temperature range studied (20-45 ◦C), cell impedance growth was measured at SoL

and EoL using EIS, and tracked throughout the life of each cell using HPPC measurements.

The growth in charge transfer resistance was found to be negatively correlated with tempera-

ture. The dominant resistance growth was in the charge transfer resistance, which for NMC

cells has been shown to be dominated by the cathode charge transfer resistance. Under the

operating temperatures studied, SEI layer growth was less significant, highlighting the need for

consideration of cathode power fade even at ‘safe’ intermediate temperatures.

• Identification of degradation modes present within the cycled cells using the diagnostic model

developed indicated a switch in dominant degradation mode from LAMCa at low temperature

to LLI at high temperatures. Similar degrees of LAMCa are identified at all temperatures.

It is proposed that LAMCa at low temperatures was principally caused by particle fracture,

due to high local current densities at the cathode-separator interface. At lower temperatures,

slowed solid and liquid phase diffusion lead to increased concentration gradients within electrode

particles, and therefore higher tensile stresses leading to fracture. Meanwhile it is proposed

that LAMCa at higher temperatures was caused by structural damage in the cathode particles,

explaining the differences in rate of growth of cathode charge transfer resistance. However,

further materials-level characterisation would be required to confirm these proposed mechanisms.

• Finally, a comprehensive dataset was experimentally obtained for a model 1S2P system aged

to relatively high cycle numbers under a range of thermal boundary conditions. This dataset

included comprehensive characterisation of both the packs and individual cells at 17 breakpoints

over 2000 full DoD cycles. It is believed this dataset is unique in the literature and will be made

available to other researchers for both pack and diagnostic model validation.

The contents of this thesis therefore present a comprehensive study investigating the effects of a range

of heterogeneities on parallel connected LIB performance and aging. The underpinning insights gener-

ated thus have the potential to be translated into other battery pack architectures. Key contributions

include the description of the root cause of convergent and divergent cell lifetime behaviour under

homogeneous and heterogeneous thermal conditions. Mechanistic diagnostics of the cell performance

allowed for the conclusion that, within the intermediate temperature range studied, that the cathode

polarisation resistance dynamics are the key factor. This is a conclusion which has thus far been

overlooked in the battery pack literature and serves as motivation for future modelling studies.

7.1 Future Work

Within the time constraints of the 3-year funded PhD project the author feels that significant progress

has been made in improving the understanding heterogeneities within parallel connected LIBs, par-

ticularly during aging under heterogeneous temperature. However there remain some areas open to

explore which were not possible to visit in detail during the project, as follows:

• Degradation Modelling – Whilst the ECN model used was a useful tool to predict instan-

taneous performance loss, it was not possible to fully parameterise a degradation model to use
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alongside the ECN model, due to time and equipment constraints. The literature surrounding

parallel string heterogeneities would benefit from detailed sensitivity studies carried out using

computationally inexpensive models, with the aim of providing guidelines to pack designers.

Whilst cathode polarisation resistance increases were experimentally identified as a major cause

of heterogeneity, few models can effectively describe these effects. Therefore, physics-based mod-

els describing cathode degradation effects would be highly beneficial for further improving the

understanding of heterogeneous operating conditions within packs.

• Series Connected Cells – Within this project, series connected LIBs were not investigated

due to equipment limitations. However, investigation of the effects of heterogeneities on aging

within series or mixed series-parallel connected LIB packs would be highly beneficial to industry.

The framework provided by the test benches developed would be suitable for carrying out this

future work with minimal modifications.

• Load Cycles during Aging – Due to time constraints, it was not possible to repeat pack

aging tests under alternative loading conditions to CC. However, investigation of aging processes

induced under constant power or realistic load cycles is highly recommended to identify the effects

of heterogeneities on aging rates.

• Impedance Growth within NMC Cathode Cells – Further investigation of the tempera-

ture dependence of impedance growth within NMC cathode cells is warranted. The experimental

study presented in Chapter 6 concluded that the temperature correlation of cathode impedance

growth is critical to how ongoing heterogeneous current distributions develop within parallel con-

nected cells and should be considered at the design stage when selecting operating temperatures

for parallelised packs.
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Appendix A

Identification of Missing Data

As previously mentioned in Chapter 6, power failures led to loss of a small portion of the tracked
current distribution data. This missing data is tabulated in Table A.1.

Table A.1: Missing cycling cell current data per pack

Pack Missing Cycle Numbers Number Missing Missing Fraction [%]

P20.0/0.0 341-343 2 0.1
P45.0/0.0 341-343 2 0.1
P32.5/-+25.0 206-219, 296-306 23 1.2
P32.5/0.0 204-216, 294-304, 551-565 38 1.9
P32.5/-25.0 148-160, 241-244 15 0.8
P32.5/-12.5 148-160, 237-240, 558-560 17 0.9

217



218



Appendix B

Permission to Reproduce Third-Party
Works

219
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P
a
g
e

T
y
p

e
S
o
u
rc

e
C

o
p
y
ri

g
h
t

H
o
ld

e
r

P
e
rm

is
si

o
n

R
e
q
u
e
st

e
d

G
ra

n
te

d
?

15
F

ig
u

re
2.

3
W

al
d

m
an

n
et

al
.

[2
5]

©
T

h
e

A
u

th
or

s,
C

C
-B

Y
N

/A
N

/
A

16
F

ig
u

re
2.

4
W

al
d

m
an

n
et

al
.

[2
5]

©
T

h
e

A
u

th
or

s,
C

C
-B

Y
N

/A
N

/
A

17
F

ig
u

re
2.

5
W

al
d

m
an

n
et

al
.

[2
9]

©
E

ls
ev

ie
r

B
.V

.
19

/
0
1
/
2
0
2
1

Y
es

19
F

ig
u

re
2.

6
a

C
h

ri
st

en
se

n
et

al
.

[4
5]

©
IO

P
P

u
b

li
sh

in
g,

L
td

24
/
0
1
/
2
0
2
1

Y
es

19
F

ig
u

re
2.

6
b

,
c

A
i

et
al

.
[4

6]
©

T
h

e
A

u
th

or
s,

C
C

-B
Y

N
/A

N
/
A

25
F

ig
u

re
2.

7
D

u
b

ar
y

et
al

.
[7

4]
©

E
ls

ev
ie

r
B

.V
.

25
/
0
1
/
2
0
2
1

Y
es

27
F

ig
u

re
2.

8
D

u
b

ar
y

et
al

.
[2

5]
©

T
h

e
A

u
th

or
s,

C
C

-B
Y

N
/A

N
/
A

37
F

ig
u

re
3.

1
O

ff
er

et
al

.
[1

25
]

©
N

at
u

re
19

/
0
1
/
2
0
2
1

Y
es

38
F

ig
u

re
3.

2
K

im
et

al
.

[1
27

]
©

E
ls

ev
ie

r
B

.V
.

19
/
0
1
/
2
0
2
1

Y
es

43
F

ig
u

re
3.

3
L

eb
el

et
al

.
[1

54
]

©
IE

E
E

N
/A

N
/
A

44
F

ig
u

re
3.

4
L

v
et

al
.

[1
55

]
©

E
ls

ev
ie

r
B

.V
.

19
/
0
1
/
2
0
2
1

Y
es

45
F

ig
u

re
3.

5
D

ia
o

et
al

.
[1

56
]

©
E

ls
ev

ie
r

B
.V

.
19

/
0
1
/
2
0
2
1

Y
es

45
F

ig
u

re
3.

6
Z

h
an

g
et

al
.

[1
58

]
©

J
oh

n
W

il
ey

an
d

S
on

s
19

/
0
1
/
2
0
2
1

Y
es

46
F

ig
u

re
3.

7
B

ar
on

ti
et

al
.

[1
61

]
©

IE
E

E
N

/A
N

/
A

47
F

ig
u

re
3.

8
W

u
et

al
.

[1
41

]
©

E
ls

ev
ie

r
B

.V
.

31
/
1
2
/
2
0
2
0

Y
es

48
F

ig
u

re
3.

9
H

os
se

in
za

d
eh

et
al

.
[1

39
]

©
E

ls
ev

ie
r

B
.V

.
19

/
0
1
/
2
0
2
1

Y
es

49
T

ab
le

3.
2

H
os

se
in

za
d

eh
et

al
.

[1
62

]
©

E
ls

ev
ie

r
B

.V
.

19
/
0
1
/
2
0
2
1

Y
es

55
F

ig
u

re
3.

10
H

of
m

an
n

et
al

.
[1

79
]

©
E

ls
ev

ie
r

B
.V

.
19

/
0
1
/
2
0
2
1

Y
es

56
F

ig
u

re
3.

11
W

u
et

al
.

[1
41

]
©

E
ls

ev
ie

r
B

.V
.

31
/
1
2
/
2
0
2
0

Y
es

58
F

ig
u

re
3.

12
L

iu
et

al
.

[9
]

©
E

ls
ev

ie
r

B
.V

.
19

/
0
1
/
2
0
2
1

Y
es

59
F

ig
u

re
3.

13
C

h
iu

et
al

.
[1

86
]

©
E

ls
ev

ie
r

B
.V

.
19

/
0
1
/
2
0
2
1

Y
es

60
F

ig
u

re
3.

14
G

an
es

an
et

al
.

[1
42

]
©

E
ls

ev
ie

r
B

.V
.

19
/
0
1
/
2
0
2
1

Y
es

61
F

ig
u

re
3.

15
M

ah
es

h
w

ar
i

et
al

.
[1

88
]

©
E

ls
ev

ie
r

B
.V

.
19

/
0
1
/
2
0
2
1

Y
es

62
F

ig
u

re
3.

16
Z

h
u

et
al

.
[9

3]
©

IE
E

E
N

/A
N

/
A

18
4

F
ig

u
re

6.
29

E
d

ge
et

al
.

[2
18

]
©

T
h

e
A

u
th

or
s,

C
C

-B
Y

N
/A

N
/
A

220


	Abstract
	Acknowledgements
	Dissemination
	List of Figures
	List of Tables
	Nomenclature
	Introduction
	Background
	Research Questions
	Thesis Structure

	Background
	Introduction
	Lithium Ion Batteries: Basic Principles and Design
	Operating Principles
	Cell Design and Form Factors

	Electrochemical Characterisation Techniques 
	General Techniques: Capacity, Pseudo-OCV and OCV Measurements
	Electrochemical Impedance Spectroscopy
	Hybrid Pulse Power Characterisation

	Cell Degradation: Modes and Mechanisms
	Overview of Lithium Ion Battery Degradation
	Degradation: The Consequences
	Degradation Mechanisms in Lithium Ion Batteries
	Heterogeneities in Degradation

	Diagnostics: Identifying Degradation Processes
	Incremental Capacity Analysis
	Differential Voltage Analysis
	Open Circuit Voltage Analysis
	Electrochemical Impedance Spectroscopy
	Other In-situ Diagnostic Techniques
	Ex-situ and Post-Mortem Diagnosis
	Diagnostics Overview

	Modelling Lithium Ion Batteries
	Cell Modelling
	Degradation Modelling

	Conclusion

	Literature Review
	Introduction
	Pack Design and Thermal Management
	Pack Design Overview: Topologies and Battery Management
	Thermal Management Strategies
	The Effects of Thermal Management on Performance and Lifetime
	Interim Summary

	Heterogeneities within Lithium Ion Battery Packs
	Overview of Pack Level Heterogeneities
	The Effects of Pack Topology
	The Effects of Interconnection Resistances
	The Effects of Thermal Conditions
	The Impact of Cell-Level Parameter Variation
	The Effects of the Duty Cycle
	The Effects Heterogeneities on Pack Degradation

	Conclusions and Outlook
	Literature Gaps and Proposed Research


	Experimental Methods and Model Development
	Introduction
	Cell Selection
	Development of Experimental Equipment
	Single Cell Testing
	Design and Development of Pack Test Benches
	Peltier Element Thermal Control
	Detail Design of 1S6P Pack Test Bench
	Detail Design of 1S2P Pack Test Bench
	Calibration of Pack Test Benches

	Diagnostic Model Development
	Cell Disassembly, Coin Cell Fabrication and p-OCV Measurement
	Parameterising the OCV Model
	Simulating Cell Degradation Modes and Effects
	Quantitative Degradation Mode Fitting
	Validation of Quantitative Diagnostic Model
	Diagnostic Model Overview

	Equivalent Circuit Modelling
	Equivalent Circuit Model: Selection and Background
	Equivalent Circuit Model: Experimental
	Equivalent Circuit Model: Parameterisation
	Thermal Model: Selection, Parameterisation and Implementation
	Model Validation

	Conclusion

	The Effects of Heterogeneities on Pack Performance
	Introduction
	Key Literature
	Experimental Methods and Cell Selection
	Electrical Topology
	Cell Selection
	Experimental Methods

	The Effects of Thermal Gradients: Experimental Study
	U-Topology: Homogeneous Temperature Case
	U-Topology: Heterogeneous Temperature Case
	Z-Topology: Homogeneous and Heterogeneous Temperature Cases

	Interim Discussion
	Model Outline and Validation
	The Effects of Heterogeneities: Modelling Study
	The Effects of Thermal Conditions
	The Effects of Variable Interconnection Resistance
	The Effects of Variable Branch Resistances

	Conclusion

	The Effects of Thermal Heterogeneities on Pack Lifetime
	Introduction
	Key Literature
	Cell Selection and Grouping
	Experimental Methods and Data Analysis
	Single Cell Reference Lifetime Performance
	Capacity Loss in Parallel Cell Strings
	Impedance Growth in Parallel Cell Strings
	Influence of Thermal Gradients on Heterogeneities
	Parallel String Cell Level Diagnostics
	Discussion and Proposed Degradation Mechanisms
	Conclusion

	Conclusions and Future Work
	Future Work

	Appendices
	Identification of Missing Data
	Permission to Reproduce Third-Party Works

