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Highlights






An electro-thermal model is created which is valid from (-)40 → (+)60℃
A peudo-3D thermal model is developed to determine spatial temperature variation
Electrical equivalent circuit model retains physical meaning
Differing rates of heat generation are defined for the individual cell constituents
The temperature gradient between the core of the cell and surface is defined

Abstract
An electro-thermal model is generated to predict the internal temperature of an
Electrochemical Double-Layer Capacitor (EDLC) undergoing high current
charging/discharging. The model is capable of predicting the electrical and
thermal behaviour of a cell over a wide range of operating conditions. Spiral
symmetry is used to reduce the heat generation and transfer model from 3D to a
pseudo-3D, which runs faster without losing fidelity.
Unlike existing models, each element in the developed model retains physical
meaning and the electrical model is coupled with a high-fidelity thermal model
including material geometries, thermal properties and air gaps. Unequal entropy
is calculated using first principles, included in the model and compared to
experimental data, and shown to be valid. More entropic heat is generated at the
positive electrode than the negative in a typical EDLC, and there is little spatial
variation of heat generation rate within the jelly-roll.
The heat-transfer model predicts temperature variations within a cell; this study
examines these variations for multiple conditions. Whilst undergoing high
current charging (2 seconds, 400A, 650F cell), a temperature gradient in excess
of 3.5℃ can be generated between the positive terminal and the jelly-roll. The
time dependent spatial temperature distribution within a cell is explored.

1.0 Introduction
Electrochemical Double Layer Capacitors (EDLCs), also commonly referred to as
supercapacitors, or ultracapacitors, are energy storage devices which store
energy via a physical process of charge separation at the solid/liquid interface.
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They possess high power density, efficiency and cycle life, but low energy density
when compared with batteries.
Given their characteristics, EDLCs are ideally suited to applications requiring
high power and highly transient loads such as those seen on hybridized
passenger and commercial vehicles. Multiple investigations, [1–8], have shown
that the addition of EDLCs to batteries in hybridised vehicles reduces the power
demanded of the batteries and consequently reduce their temperature rise. This
in turn could reduce battery degradation and improve the efficiency of the
hybridised energy storage system, [5].
When combining batteries and EDLCs, a large portion of the power demand is
met by the EDLCs, therefore they will rise in temperature during operation.
Repetitive high current charge and discharge pulses, as are common in the
automotive environment, can lead to the formation of temperature gradients
where the internal structure of the cell is hotter than the surface of the cell. The
performance of EDLCs varies with temperature, particularly at low
temperatures,[9]. Consequently, accurate electric modelling of EDLC
performance for high currents over extended time periods requires knowledge
of the temperature across the active material.
Furthermore, numerous authors,[10–14], have demonstrated that EDLC
degradation is highly dependent upon temperature. Faradaic reactions, which
are the primary cause of capacitance fade and resistance rise, increase
exponentially with temperature, and hence an increase in temperature by 20℃
typically increases degradation by an order of magnitude, [14] [15].
To determine the temperature variation of a supercapacitor during operation,
multiple authors have developed thermal models, which are suitable for a range
of applications. For consideration of early cell design, d’Entremont et al [16] have
calculated the reversible and irreversible heat generation during electrical
operation using a continuum physical electrical model based on the GouyChapman-Stern approximation of double layer. The model therefore defines the
non-uniformity of heat generation throughout the active material. However, the
study assumes the use of solid carbon planar electrodes rather than highly
porous electrodes.
The majority of works are concerned with the study of commercial EDLCs, where
the heat diffusion equation is solved in one [17], two [18], or three dimensions
[19] [20]. If solving the heat diffusion equation in one direction, heat transfer
occurs through the material thickness of contacting materials, directly between
the core of the cell and the outer surface of the can; axial temperature gradients
(between the terminals of a Maxwell 650F cell) are not considered. If solving in
two dimensions, axial temperature gradients can be considered, however the
heat transfer around the spiral of the jelly-roll cannot. If solving in three
dimensions, the aforementioned limitations are addressed, at the expense of
computational cost. The full 3D model developed by Frivaldsky [20] in Comsol
can be used to verify the thermal results of reduced order models, (if the
temperature changes are not a result of electrical activity).
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The works of Gualous et al [18] experimentally measure the difference in
temperature between the core and the surface of a cell during operation, and
latterly model the thermal behaviour using a simplified two dimensional heat
diffusion equation. These results demonstrate that the core of the cell is hotter
than the surface during operation. It must be considered however that the
insertion of (non-calibrated) thermocouples into the jelly-roll increases
resistance, reduces axial thermal conductivity (some contact welds are missing),
reduces radial thermal conductivity (looser winding), and increases the radial
temperature gradient between the core and surface of the cell, (via elimination of
the air gap between the jelly-roll and can).
The few authors [17,21] who have combined electrical and thermal models to
produce electro-thermal models have used lumped thermal models only. The
models are capable of providing reasonable estimations of electrical
performance and temperature change over a range of electrical and thermal
conditions. Berrueta et al [21] develop a temperature dependant electrical model,
but ignore thermal gradients. The works of Parvini et al [17] do not constrain
parameters within logical limits as their electrical model has a capacitance value
10-15 times greater than the capacitance of the cell. The thermal model is
lumped with an assumption of a fourth order polynomial cooling rate radially
between the core and can, which does not account for the discontinuity of the air
gap between the jelly-roll and can.
This paper will focus upon the development of a coupled electro-thermal model
capable of predicting temperature variations throughout a cylindrical cell, and
subsequently uses this information on thermal gradients to determine the
temperature dependent electrical behaviour.

2.0 Modelling:
Nomenclature
Variable
𝛼
A, B, D, F
C
𝐶0
𝐶𝐵𝑟𝑎𝑛𝑐ℎ 𝑥
𝐶𝐵1 , 𝐶𝐵2
𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝐶𝑅
𝐶𝑅𝐶 𝐵𝑟𝑎𝑛𝑐ℎ
𝐶𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛_𝐿𝑖𝑛𝑒
𝐶𝑣
e
I
k
N
𝑄

Units
℃−1
F
F
F
F
F
F
F
F
𝑉 −1
C
A
𝑚2 𝑘𝑔𝑠 −2 𝐾 −1
J

Temperature coefficient of terminal material
Dimensionless experimentally derived constants from EIS
Capacitance
Primary Capacitance
Capacitance of Branch ‘x’
Capacitance of RC Branch 1,2
Measured Capacitance
Re-distribution Capacitance
RC Branch Capacitance
Transmission Line Capacitance
Voltage proportionality of Capacitance
Electron charge
Current
Boltzmann constant
Number of branches
Heat Generated
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𝑅𝐵𝑟𝑎𝑛𝑐ℎ 𝑥
𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡
𝑅𝑖𝑜𝑛𝑖𝑐
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑅𝐿𝑒𝑎𝑘
𝑅𝑠𝑒𝑟𝑖𝑒𝑠
𝑅𝑠𝑒𝑟𝑖𝑒𝑠0
T, 𝑇0
t
𝜏
𝑇ℎ𝐶𝐶 , 𝑇ℎ𝐸𝑙 , 𝑇ℎ𝑆𝑒𝑝
𝑆𝑑𝑙
V
𝑣0 , 𝑣𝐻
x
Subscript
+
CC_Thick
El_Axial
El_Spiral
El_Thick
i
j
n
m
Sep_Thick
x

Ω
Ω
Ω
Ω
Ω
Ω
Ω
℃
s
s
𝐽𝐾𝑔−1 ℃−1
𝐽℃−1
V
𝑚−3

Resistance of branch ‘x’
Contact resistance
Ionic resistance
Measured resistance
Leakage resistance
Series resistance
Series resistance at initial temperature
Temperature, Initial Temperature
Time
Time Constant
Thermal Mass of current collector, electrode, separator
Entropy of double layer
Voltage
Volume occupied by the electrolyte in the uncharged state, and
charged state (Helmholtz layer thickness).
RC Branch Number

Units
In relation to the positive ion
In relation the negative ion
Current Collector Thickness
Electrode in the y-direction
Electrode in the x-direction
Electrode Thickness
Denotes the turn number within the spiral of the jelly-roll
Denotes the discretisation unit number in the y-direction
Denotes the number of turns of the spiral of the jelly-roll
Denotes the number of discretisation units in the y-direction
Separator Thickness
Denotes RC branch number

Table 1: Nomenclature table

2.1 Overview
The electro-thermal model consists of three distinct yet coupled models; an
electrical model, a heat generation model and a heat transfer model. The
electrical model, (a physically meaningful equivalent circuit), simulates the flow
of charge through the system and determines the voltage response of a cell for a
given current input. It defines the currents and resistances used as an input for
the heat generation model.
The heat generation model defines the quantity and distribution of the generated
thermal energy due to ionic activity and ohmic losses in the electrical conductors.
The physical heat transfer model determines the temperature change across the
spatially discretised cell, in which different discretisation units are characterised
by their geometric and thermal properties. Appropriate boundary conditions are
set. The local temperature is an input into the electrical model and it has a direct
effects capacitance, internal resistance and contact resistance.

2.2 Heat Transfer Model
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2.2.1 Background
Cylindrical EDLC cells comprise a wound jelly-roll within an aluminium can,
where the positive current collectors are welded to one side, and the negative to
the other. The jelly-roll consists of sheets of carbon electrodes, aluminium
current collectors and paper based separators which are wound in a spiral; these
are arranged as depicted below in Figure 1. In this particular cell, (Maxwell K2
Series 650F), the jelly-roll is measured to be 5m long and is wound into a spiral
consisting of 42 turns, with an outer diameter of 56mm.

Figure 1: Image of cross section of a Maxwell 650F cell, including an illustration (not to scale) of the repeating
element within the jelly roll

2.2.2 Model description
To predict the temperature distribution across a cylindrical EDLC, a pseudo-3D
heat transfer model is developed. The cell is divided into unit areas, and the
geometric and thermal properties are defined using an equivalent thermal
circuit analogy.
Each material has a defined thermal capacity and thermal resistance in the x, y
and z directions; Figure 2 graphically illustrates the manner in which this is
distributed across the jelly-roll. The nomenclature for directional heat-transfer
in this paper is defined as:




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

Each turn of the spiral is discretised individually, and further split into ‘n’
segments along the Y-direction of the jelly-roll. As shown in Figure 2, each unit
cell of the jelly-roll can conduct in the x and/or y directions to adjacent unit cells,

5

or in the case of current collectors at the ends of the cell, into the terminal
materials. Each unit cell can also conduct heat in the z direction, through the
intermediate layers, which can be represented as a thermal short-circuit through
the jelly-roll rather than around it. Heat-transfer in the z-direction through
different materials is treaded as per the x and y direction, with varying material
geometry and properties for each layer. This is graphically illustrated in the
lower portion of Figure 2. It is assumed that the interface between materials
does not introduce an additional thermal resistance; the model was found to be
insensitive to the use of this assumption as the heat transfer in the z-direction is
dominated by the low thermal conductivity of porous carbon.
Unit cells increase in width in the x-direction from the core to the edge of the
jelly-roll because each x-direction discretisation consists of one turn of the spiral,
and each turn of the spiral results in a progressively larger diameter. For the
outer turns of the jelly-roll, where the unit cells are relatively long in the xdirection, heat transfer across the layers (in the z-direction), can be appreciable
relative to heat transfer around the jelly roll (in the x-direction) despite the
higher thermal conductivity of the materials in the x and y directions. For the
inner turns of the jelly-roll, heat transfer in the x, y direction around the jelly roll
is dominant compared to through the layers, as the unit cells are now relatively
short in the x direction. By discretizing with unit cells with variable x length and
thermal short-circuits representing heat transfer between layers it is possible to
model 3D temperature gradients in a straightforward way. Unlike the thermal
model developed by Gualous et al, [22], heat transfer is considered in each
direction, the heat transfer rate is dependent upon the geometric and thermal
properties of each material, and crucially the air-gap between the jelly-roll and
aluminium can is accounted for. This approach makes use of spiral symmetry to
prevent the high computational cost associated with a fully discretised 3D model.
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Figure 2: Illustration of the structure and discretisation of the jelly-roll in the developed pseudo-3D thermal
model – [Top] Partially unwound jelly-roll with grey blocks illustrating the thermal model discretisation [for ‘n’ x
‘m’ elements] and a thermal equivalent circuit showing the thermal resistance and capacitance through a single
electrode only, [Bottom] Illustration of the thermal connection between material layers, (heat transfer in the Z
direction), in the jelly roll at discretisation segment (n-1,m) via a thermal equivalent circuit.

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

2.3 Electrical Model
2.3.1 Model Structures
Numerous authors have constructed models to predict the electrical behaviour
of EDLCs that can broadly be categorised as either physical models [23–25] or
equivalent circuit models, [16,26–31] . Although the physical models provide us
with more information about the phenomena occurring within the cell, these
models remain relatively immature, and to date, no model has provided
validated results over a complex drive cycle. Lajnef et al, [29], developed a
generic equivalent circuit model for an EDLC as shown in Figure 3a, and
demonstrated that it reproduced EDLC behaviour reasonably well over long time
periods whilst at a constant temperature. Devillers et al, [31], compares the
accuracy of multiple electrical models over a period of 700 seconds at different
temperatures, and confirms the findings of Lajnef et al. For this study, good
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reproduction of electrical behaviour over complex drive cycles is necessary,
therefore an equivalent circuit model is favoured over a physical model.
The generic model in Figure 3a can be simplified to the very basic form seen in
Figure 3b for frequencies between 1mHz-10Hz and time periods <500s. The
author found that a single transmission line and a single RC branch can provide
good voltage matching over transient loads and provide a good estimate for
charge-redistribution for a particular time period, whilst being relatively simple
to parameterise. A cell utilising porous electrodes has many time constants, thus
for longer model operational time it is necessary to utilise additional RC and
transmission line branches.
The transmission line branches model the available capacitance for a given
resistance to adsorption, which is analogous to the ion adsorption path
tortuosity, [32]. Each RC branch has a time constant that relates to the rearrangement of ions; charge re-distribution is a non-linear process, hence the
greater the number of RC branches utilised, the lower this discrepancy will be, at
the trade-off of greater complexity. A detailed description of the correlation
between electrical circuit elements and the physical processes occurring within
the cell during operation has been complete by numerous authors, [15,21,33].
The following works study the effect of transmission line length, [15], and the the
number of RC branches, [34].
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Figure 3: [a] A generic electrical equivalent circuit model which has been discretised by time domain for the
electrical modelling of an EDLC - adapted from Lajnef [33] [b] Highly simplified electrical equivalent circuit
model, [c] Selected model to be used during electrical parameterisation, [d] Repeated ionic unit used within
semi-physical high fidelity model.

Figure 4 shows the evolution of the constituents of a pore within the electrode
from an uncharged state to a fully charged state, and their representation in the
model. Following the elapse of time period T1, the initial charge of the
transmission line is complete, however counter-ions and solvent molecules
remain trapped within the pore. Given continuation of charging, the charge
saturation of the pore will increase, with different stages of charge saturation
being associated with increasing time constants of an RC branch.
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Figure 4: Illustration aligning the transmission line (𝝉1) and the RC Branches (𝝉2 & 𝝉3) with different degrees of
charge saturation within a carbon pore. Illustrations depecit findings of [35–37]

The number of RC branches required to re-produce cell behaviour depends upon
the time period of interest, and the accuracy required. Additionally, it is desirable
to minimise the number of model parameters for consistency and
reproducibility. The model shown in Figure 3c provides sufficient accuracy for
the scope of this study over a broad range of conditions upto an operation time
of 1500s, as shown in the model validation section.
Although electrical equivalent circuit models are capable of predicting the
voltage response of EDLCs very accurately, the existing electrical cell models are
empirical models and therefore cannot spatially define electrical activity and
hence heat generation. Therefore, the use of a single electrical equivalent circuit
model with lumped resistances, such as that seen in Figure 3c, with a highly
detailed thermal model necessitates the assumption of uniform volumetric heat
generation. However, due to differing current paths and internal temperature
gradients, the electrical activity, and hence rate of heat generation could vary
throughout the cell. Consequently, it is necessary to create an electrical model
that accounts for localised electrical activity throughout the cell, which can be
used to determine whether the heat generation model must be distributed or
lumped.
The equivalent circuit model in Figure 3c can very accurately recreate the
voltage response of an EDLC, as shown in the model validation section. Therefore
it is adapted to create a semi-physical high fidelity EDLC electrical model,
illustrated in Figure 5. The model describes the electrical resistance path and
spatial ionic activity of the cell using resistor networks and repeated equivalent
circuits. The connections between the electrodes mimic ionic activity; each
connection is via the repeated ionic circuit illustrated in Figure 3d. The
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electrodes are discretised into ‘m’ axial segments, (between the electrodes/ydirection), and ‘n’ radial segments, (each turn of the spiral jelly roll/x-direction).
A reduced schematic of the electrode resistor networks used to model the
current collectors and electrodes is shown in Figure 5. Electrical resistances for
the current collector and carbon are given as a function of the material resistivity
and geometry. In the rolled jelly-roll, the matching node co-ordinates marked on
the electrodes will form a locally flat electrode pair between which ionic
movement can take place. The positions of nodes for ionic connection are shown
on the resistor networks and the ionic connection between the resistor networks
are illustrated in Figure 5. Each node is marked with co-ordinates (i,j), where i
denotes the number of the turn within the spiral of the jelly roll, and j denotes
the distance in element numbers away from the positive terminal, where each
element is an equal fraction of the distance between the positive and negative
terminals. Each ionic connection is made via the electrical circuit shown in
Figure 3d, where its positive connection connects to (x,y) on the positive
electrode, and its negative terminal connects to (x,y) on the negative terminal.

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

11

2.3.2 Parameter variation with operating conditions
The resistance and capacitance of EDLCs are affected significantly by cell voltage,
operating temperature, charge/discharge frequency and operating current, [15].
Each of these variations affects the process of double layer formation, which lies
at the basis of EDLC function.
Starting with a discharged cell, upon the application of a potential difference
between the positive and negative terminals of the cell, the electrodes become
either electron rich or electron deficient. This gives rise to the formation of
electric fields around the electrodes that attract counter-ions available in the
electrolyte and repel co-ions. Counter ions accumulate at the electrode surfaces
to balance that charge. The electrons from the electrode, and the ions from the
electrolyte are now held in position by a strong electric field between their
opposing charges. The electrical energy applied to the cell is thus converted into
potential energy in the form of electrostatic attraction.

Figure 6: Capacitance & resistance variation of a Maxwell BCAP0650 cell with voltage

A change in the cell voltage results in an increase of both the capacitance and
resistance of the cell as shown in Figure 6. The capacitance of the cell increases
significantly and non-linearly with voltage, typically by 50-80% for a change in
voltage of 2.7V. An increase in the cell voltage results in a decrease in the charge
separation distance at the electrode/electrolyte interface, thereby increasing the
electrostatic force of attraction. Consequently, the potential energy that can be
stored in the double layer is increased, as is the cells’ ability to store charge. This
effect can be approximated with a linear increase in capacitance with voltage,
[38].
It is possible to distinguish the series and ionic resistance of a supercapacitor
through fitting of EIS data to a simple equivalent circuit, as seen in the inset of
Figure 6, consisting of a series string of an inductance, a series resistance and
Warburg element, [39]. The series resistance represents all of the bulk material
and interface resistances hindering electron flow, whilst the ionic resistance
(resistive element of the Warburg element) relates to the restriction of ion
movement as a result of separator and electrode porosity, electrolyte resistivity
and concentration dependant tortuosity. Consequently, the series resistance

12

does not vary with voltage, however the ionic resistance increases because the
diffusion resistance increases due to larger ion path tortuosity.
2.3.2.1 Variation with Temperature

Figure 7: Measured capacitance & resistance variation of a Maxwell BCAP0650 cell with temperature

Whilst the capacitance of a cell is independent of temperature at very low
frequencies, it is highly temperature dependant at higher frequencies where
capacitance is diffusion limited. The capacitance at low temperatures is lower
due to the reduced mobility of ions. At 1Hz, the capacitance is 80% greater at
60℃ compared with −40℃. Higher temperatures assist ion diffusion and reduce
electrolyte viscosity, and hence effectively increase the accessible surface area
when capacitance is diffusion limited. This is evident from the higher capacitance
and lower ionic resistance at higher temperatures, as shown in Figure 7.
For this particular cell, the total resistance varies little with temperature,
however both the series and ionic resistance vary significantly. It is worth noting
that larger capacitance cells which retain the same form factor, (simply increase
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in length between the terminals), have a larger ionic to series resistance ratio.
The series resistance, which is made up of electrical conductors, increases
linearly with temperature. Conversely, the ionic resistance follows an Arrhenius
relation and decreases with an increase in temperature due to an increase in
electrolyte conductivity, and thus reduced diffusion resistance, [15].
2.3.2.2 Variation with Current
The variation of capacitance with current can be calculated by using the below
formula with a constant current and consistent voltage limits,
𝐶=

𝐼. dt
𝑉𝑚𝑎𝑥 − 𝑉𝑚𝑖𝑛

(1)

where C is the capacitance (F), I is the current (A), V is the voltage (V) and t is the
time (s).

Figure 8: Available capacitance variation with applied current, measured during both a charge and discharge

The accessible capacitance of the cell changes with current, as less of the
electrode surface area can be utilised over a shorter time period. Additionally,
we observe a difference in the measured capacitance over a charge and a
discharge. This occurs as the calculation is based upon measured cell voltage,
and the measured voltage is not necessarily the voltage at all points within the
cell. The easily accessible electrode surfaces will charge or discharge first; the
more difficult to access surfaces will initially lag behind and eventually balance
with the remainder of the cell. This phenomenon has been termed the residual
charge effect [28,40], and is the cause of charge re-distribution. When charging,
the measured cell voltage is slightly greater than the real voltage, whilst when
discharging, the measured voltage is slightly lower than the real voltage. The
true or equilibrium charge and discharge capacitance are almost identical.
The steady state and dynamic capacitance of the cell are not equal; the dynamic
capacitance (due to the residual charge effect) will tend to the highest applied
current.
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2.4 Model Parameterisation
2.4.1 Electrical Model
The electrical model parameters are estimated using data acquired from
Electrochemical Impedance Spectroscopy (EIS), and constant current charge and
discharge curves. These parameter values are subsequently refined within tight
boundaries using the Simulink parameter estimation toolbox. The parameters
used in this model can be found in Table 2.
2.4.1.1 Capacitance
The measured capacitance is defined in the model as:
𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝐶𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛_𝐿𝑖𝑛𝑒 + 𝐶𝑅𝑐 𝐵𝑟𝑎𝑛𝑐ℎ

(2)

where the transmission line capacitance, 𝐶𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐿𝑖𝑛𝑒 , is analogous to the
capacitance of the easily accessible part of the porous structure, whereas the
capacitance of the RC branches, 𝐶𝑅𝐶 𝐵𝑟𝑎𝑛𝑐ℎ , is analogous to the capacitance of the
difficult to access regions of the porous structure. The ease of access to the
porous structure and the required adsorption energy vary based upon the
tortuosity of the ions path to adsorption.
The transmission line capacitance is equal to the measured capacitance at the
highest current of interest. Further, the transmission line capacitance is split into
two capacitances, 𝐶0 , and 𝐶𝑅 each of which has a voltage proportionality, 𝐶𝑣 .
𝐶𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛_𝐿𝑖𝑛𝑒 = (𝐶0 + (𝐶0 . 𝐶𝑣 . 𝑉)) + (𝐶𝑅 + (𝐶𝑅 . 𝐶𝑣 . 𝑉))

(3)

Where 𝐶0 is the primary capacitance and is the capacitance measured at zero
volts, which can be determined by backwards extrapolation of the capacitance
curve in Figure 6, and inspection of the y-intercept. 𝐶𝑣 is the capacitance voltage
proportionality factor, and 𝐶𝑅 is the re-distribution capacitance, which is
typically 10% of 𝐶0 .
Given equations ( 2 ) and Error! Reference source not found., it is possible to
determine the RC branch capacitance from experimental data. However, the
capacitance of each branch depends upon the number of branches, and the time
period of interest. As an initial estimate, it is therefore suitable to distribute this
capacitance equally between the branches. The optimisation algorithm refines
the value.
2.4.1.2 Resistance
The measured resistance is implemented in the model as:
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 + 𝑅𝑖𝑜𝑛𝑖𝑐

(4)

The series resistance varies linearly with temperature as shown in Figure 6,
hence can be given by:
∆𝑅𝑠𝑒𝑟𝑖𝑒𝑠 = 𝑅𝑠𝑒𝑟𝑖𝑒𝑠0 (1 + 𝛼(𝑇 − 𝑇0 ))

(5)
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where ∆𝑅𝑠𝑒𝑟𝑖𝑒𝑠 is the temperature dependant change of series resistance (𝛺),
𝑅𝑠𝑒𝑟𝑖𝑒𝑠0 is the resistance at the initial temperature (𝛺), 𝛼 denotes the
temperature coefficient of terminal material (℃−1 ) , 𝑇 is the temperature of
terminal (℃) and 𝑇0 is the starting temperature of terminal (℃).
The ionic resistance varies with an Arrhenius relation with temperature, and
also varies with SOC, hence is given by:
𝑅𝑖𝑜𝑛𝑖𝑐 = (𝐴𝑉 2 + 𝐵𝑉 + 𝐷)exp(𝐹 ⁄𝑇)

(6)

Where 𝐴, 𝐵, 𝐷𝑎𝑛𝑑 𝐹 are dimensionless experimentally derived constants from
EIS.
The RC branch resistance, 𝑅𝑅𝐶 𝐵𝑟𝑎𝑛𝑐ℎ , is the resistance associated with the
adsorption occurring in the high-energy/difficult to access adsorption areas.
The resistance to ion flow in these areas is significantly higher than that of easily
accessible areas, however the former contributes little to the measured
resistance of the cell as there is little activity in these regions. As such, equation (
4 ) should include 𝑅𝑅𝐶 𝐵𝑟𝑎𝑛𝑐ℎ with a weighting factor determining its
contribution to 𝑅𝑖𝑜𝑛𝑖𝑐 as a function of the current through the RC branches. In
reality, the current passing through the RC branches is difficult to quantify
without a model, hence the calculated values of 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 and 𝑅𝑖𝑜𝑛𝑖𝑐 are overestimates and are used in the parameter optimisation as maximum values. The
time constant of the redistribution branch, 𝜏𝑅 = 𝐶𝑅 . 𝑅𝑅, must correspond to the
time required to discharge the cell from its maximum SOC, to minimum SOC at the
maximum current that the model is valid for.

The resistance of the RC branches is determined by:
𝑅𝐵𝑟𝑎𝑛𝑐ℎ 𝑥 =

(𝑥 ⁄𝑁). 𝑡𝐿𝑖𝑚𝑖𝑡
𝐶𝐵𝑟𝑎𝑛𝑐ℎ 𝑥

(7)

where 𝑅𝐵𝑟𝑎𝑛𝑐ℎ 𝑥 is the resistance of branch x in RC branch x, x is the branch
number, N is the number of branches and 𝑡𝐿𝑖𝑚𝑖𝑡 (𝑠) is the period of model validity,
upto a maximum of one hour.
Parameter
C0
Cv
CR
CB1
CB2

Value (F)
500
0.105
47.0
21.8
12.3

Parameter
Rcontact
Rionic
Rseries
RR
RB1
RB2
Rleakage

Value (Ω)
3.76e-5
3.84e-4
2.41e-4
2.43e-2
6.32e-1
49.86
9.47e+5

Table 2: Parameter values used in electrical model for Maxwell 650F Cell at 25℃

2.4.2 Thermal Model Parameterisation
The parameters for the thermal model were taken from literature, and are
shown in Table 3.

16

Material
Aluminium Can
Aluminium
Current Collector
Carbon Electrode
(wet)
Separator (Paper
Based) (wet)
Polypropylene
Air

Specific Heat
Capacity
(𝑱 𝑲𝒈−𝟏 𝑲−𝟏 )
898
898

Thermal
Conductivity
(𝑾 𝑲−𝟏 𝒎−𝟏 )
205
205

References

700

0.47

[42]

1340

0.22

[43]

1700
1005

0.12
0.02

[43]
[41]

[41]
[41]

Table 3: Material properties for the parameterisation of the thermal model

2.5 Heat Generation Model
2.5.1 Heat Quantification
The heat generated within a supercapacitor can be categorised as either
reversible or irreversible. The ‘reversible heat’ is due to changes in the
arrangement of ions between the charged and uncharged states, and hence,
changes in entropy. Schiffer et al [44] define the entropy of each double-layer for
a monovalent electrolyte within the cell as:
𝑆𝑑𝑙 =

𝑘𝐶𝑉
𝑣𝐻
ln ( )
𝑒
𝑣0

(8)

Where 𝑆𝑑𝑙 denotes the entropy of the double layer (𝐽⁄𝐾 ), 𝑣𝐻 is the volume of the
Helmholtz layer (𝑚−3 ), 𝑣0 is the electrolyte volume, (𝑚−3 ), k is the Boltzmann
constant (𝑚2 𝑘𝑔𝑠 −2 𝐾 −1 ), and e is electron charge (C).
The underlying assumption is that the double layer is solely formed of a
Helmholtz layer; a single layer of ions perfectly balances the charge on the
electrode, the thickness of the double layer does not vary and is equal for both
electrodes. The work of Schiffer et al [44] and Gualous et al [18] demonstrate
that these assumptions remain valid for a highly microporous cell when
assuming homogenous heating within the cell. Whilst the works of d’Entremont
et al [16] indicate that the entropy at the positive and negative electrodes differs
when the electrolyte contains dissimilar ions, to the best knowledge of the
author, no works have shown the difference in the entropic heat generated at the
positive and negative electrodes. The entropy at each electrode is calculated in
order to assess the heat generation within the cell.
Assuming the size of the double layer does not change with time, the entropy
change with respect to time is:
d𝑆𝑑𝑙 𝑘𝐶
𝑣𝐻 d𝑉
=
ln ( )
d𝑡
𝑒
𝑣0 d𝑡

(9)

And the corresponding generation heat rate:
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d𝑄𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒
d𝑆𝑑𝑙
= −𝑇
d𝑡
d𝑡
d𝑉

( 10 )

𝐼(𝑡)

Substituting equation ( 9 ) into ( 10 ), and using, d𝑡 = 𝐶 , an expression for the
reversible heat generated at the positive and negative electrodes can be
obtained:
d𝑄𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒+
𝑣𝐻
𝑇𝑘
= − ln ( − ) 𝐼(𝑡)
d𝑡
𝑒
𝑣0
𝑣𝐻
d𝑄𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒−
𝑇𝑘
= − ln ( + ) 𝐼(𝑡)
d𝑡
𝑒
𝑣0

( 11 )

( 12 )

The electrolyte typically utilised within commercial supercapacitors is
Tetraethylammonium terafluoroborate, (𝑇𝐸𝐴𝐵𝐹4 ), where the de-solvated
positive ion (𝑇𝐸𝐴+ ) is 42% larger than the negative ion (𝐵𝐹4 − ), (0.68nm vs
0.48nm). Consequently, inserting values into equations ( 11 ) and ( 12 ), it is
calculated that approximately 40% more entropic heat is generated at the
positive electrode.
‘Irreversible heat’ generated within the cell is a result of losses due to electronic
resistances within the solid phase and ionic resistances in the liquid phase. The
irreversible heat generated is expressed as:
𝑛

d𝑄𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒
= ∑ 𝑅𝑥 (𝑇) 𝐼(𝑡)2 + 𝐼(𝑡)2 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 (𝑇)
d𝑡
𝑗=1

( 13 )

where 𝑅𝑥 is the resistance of branch ‘x’ (𝛺).
It is assumed that chemical reaction heat can be neglected when operating the
cell within the manufacturer’s defined operating conditions.
2.5.2 Heat Location
The heat generated across the contact resistances is equally applied to the
positive and negative terminals. The heat generated as a result of the series
resistance within the cell is split between the carbon electrodes and aluminium
current collectors. The electrical resistance of the carbon is two orders of
magnitude greater than the resistance of the aluminium, therefore it is assumed
that 99% of this heat is generated within the electrodes, and 1% within the
aluminium elements. The entropic heat and heat generated as a result of ionic
resistance are distributed throughout the electrodes and separator.

2.6 Electro-thermal Model Configuration
The constructed electro-thermal model consists of a heat transfer model, a heat
generation model and an electrical model. Above, multiple electrical models are
presented in Figure 3 and Figure 5. The semi-physical high-fidelity electrical
model presented in Figure 5 enables the heat generation model to locally define
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heat generation at each discretisation of the thermal model. However, it is
significantly more computationally expensive than the use of the model
presented in Figure 3c, which uses an assumption of uniform volumetric heat
generation within a given material. Therefore, it would be highly desirable to
make this assumption if possible.
To determine whether this assumption is valid, the spatial current density
variation through the jelly-roll was examined with the use of the semi-physical
high-fidelity electrical model. Figure 9 shows that dissimilar current paths
through the jelly-roll lead to a variation in the current density, which will
subsequently lead to spatial variations of the heat generated within the jelly-roll.
However, the difference is small; for a 75A discharge starting at a uniform
temperature of 20℃ the total charge delivered between 0-14 seconds shows a
maximum spatial difference of 1.4%, (with the greatest current density toward
the radial core and axial extremities, i.e. (1,1) & (1,5)). These regions have the
highest current density because they have the shortest resistance paths.

Figure 9: [a] Spatial current density variation through the jelly-roll whilst at a uniform temperature of 20℃
during a 15 second 75A discharge - Top. [b] Radial current density variation through jelly-roll of non-uniform
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temperature during a 15 second 75A discharge. An artificial radial temperature gradient of 6K between the core
and edge of the jelly-roll was applied - Bottom.

However, given that active material resistance will change with temperature, it is
known that an existent temperature gradient enhances current density
imbalance; this is shown in Figure 9b. Artificially imposing a constant
temperature gradient of 6℃ from the core to the edge of the jelly roll yields a
maximum spatial difference in charge delivered of 3%.
Gualous et al [18] measured the radial temperature variation through a cell, and
for an applied current of 15A found a temperature gradient of 6℃ between the
can and the core of the jelly-roll, though the thermal gradient within the jelly-roll
did not exceed 2℃. The thermal gradient found by Gualous et al is likely to be an
overestimate due to the elimination of the air-gap between the jelly-roll and can
during the insertion of thermocouples. The cell used by Gualous et al for these
measurements has a volume of approximately a third and resistance 7 times
greater than the cell used in this study, (Maxwell 650F). This study is interested
in higher currents, therefore a value of a maximum temperature gradient of 6℃
across the jelly-roll was assumed to be a reasonable assumption.
Given the small deviations in charge delivered by different regions of the jellyroll, and hence small differences in heat generation, it was determined that it
was reasonable to assume uniform volumetric heat generation in a given
material. Consequently, the electrical equivalent circuit model in Figure 3c is
utilised in conjunction with the heat transfer model in Figure 2 and the described
heat generation model to form the electro-thermal model.

3.0 Experimental
Charging and discharging of the cell is conducted using a Biologic HCP-1005
potentiostat with a 100A booster for currents upto 100A, and a Bitrode MCV for
currents above this. EIS was conducted in galvanostatic mode with current
amplitude of 3A using a Biologic BCS-815 potentiostat. For uniform temperature
testing, an ESPEC BPL-3 thermal chamber was used.
Precise and accurate data was required for the thermal validation of the electrothermal model. The following measures were taken to improve the quality of the
data acquired:
-

-

-

To reduce measurement error – Class 1 type T thermocouples were attached to the cell
using a very thin layer of electrically isolating, yet thermally conductive epoxy; this reduced
the electrical noise in the signal. Relative temperatures are used to reduce thermocouple
error from 1K to 0.02K.
To prevent convection of heat to environment – To prevent the distortion of the thermal
profile due to heat transfer by convection to the environment, the cell was wrapped in
insulation (Rockwool) of very low, and known thermal conductivity.
To control conduction to environment – The cables connecting the cell to the cell cycler act
as large heat-sinks. To reduce heat transfer into these cables, a heating element was
attached to the cables, with a PID controller aiming to match the temperature of the cables
to the temperature of the cell.
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4.0 Results and Discussion
4.1 Electrical Model Validation
A current profile was developed to test the quality of the voltage estimation of
the simple electrical model as seen in Figure 3b. A very good fit was achieved,
with the maximum error occurring during the charge re-distribution process,
most notably a short duration after a high current charge or discharge. The
maximum error in the estimated voltage is 2%.
At times greater than 200 seconds, the voltage error of the simple model (Figure
3b) increases to 12% on the drive cycle seen in Figure 10c, therefore the model
of increased complexity (Figure 3c) is used for all subsequent work in this paper.
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Figure 10a (Top) - Comparison of measured and simulated voltage of a Maxwell 650F EDLC over a highly
transient load-cycle, using the complex model seen in Figure 3c with a constant temperature.
Figure 10b (Middle) - Comparison of measured and simulated voltage of a Maxwell 650F EDLC over a highly
transient load-cycle, using the complex model seen in Figure 3c with an updating jelly-roll temperature.
Figure 10c (Bottom) – Current profile used for simulation in Figure 10a and Figure 10b.

For validation of the electrical element of the electro-thermal model, a transient
drive cycle, seen in Figure 10c, is used to test the performance of the electrical
model. This validation cycle has been developed to incorporate high and low
currents, charges and discharges, different rates of change of current and
different switching frequencies to test the model over an array of conditions.
Figure 10a shows the voltage response of the complex electrical model (seen in
Figure 3c) when operated at a constant temperature, whilst Figure 10b shows
the voltage response when the electro-thermal model accounts for temperature
changes because of electrical activity. The surface temperature rise over this
cycle is 5℃, and thus resistance decreases with time.
If a constant temperature is input into the electrical model, as seen in Figure 10a,
the model will not account for the decreasing resistance, and thus the error will
increase with increase with time and temperature rise. The maximum error at a
time of less than 200 seconds is 2%. This error increases with time and by the
end of the simulation at 950 seconds, the maximum error has increased to 4.3%.
Figure 10b shows the voltage response where temperature change is accounted
for. The resistance now changes with time, therefore the error does not increase
with simulation time. The maximum error is stable at 2% and does not increase
with time or temperature difference.

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

Figure 11: Temperature rise at the positive terminal for charge and discharge events from 20-100A

Figure 11 compares the simulated and experimentally derived temperature
change at the positive terminal when the cell is charged or discharged between
0.1-2.7V. It demonstrates that the model provides a very good estimate for the
total temperature evolution at the positive terminal for each charge or discharge
event tested. Small discrepancies exist for up to 20 seconds for large current
charges, and for up to 60 seconds for the small current discharges. The quality of
fit, and location of maximum error in the simulated result is very similar at the
negative terminal.

4.3 Predicted Internal Temperature
The thermal model allows the study of the coupling between the thermal and
electrical properties of the cell, and its impact upon performance. For example, a
detailed internal temperature map can be obtained for any electrical load.

Figure 12: Predicted temperature distribution within a cell during and following a 100A charge from 0.1-2.7V

Figure 12 shows the model predictions of temperature evolution for various
positions in the y-direction between the terminals, (during a constant current
charge at 100A from 0.1-2.7V). Surface temperature measurements are shown
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for the positive and negative terminal; as in Figure 11 an excellent fit is achieved
with the maximum error occurring at time periods of <20s. The maximum
instantaneous temperature difference between the core of the jelly-roll and the
surface of the cell is 1.23K, (341% higher at core). The maximum temperature
reached by the centre of the jelly-roll is 0.5K (46%) higher than the maximum
temperature reached by the surface. The maximum temperature difference
between the centre and outer edge of the jelly-roll is 0.1K, (6.2% cooler than the
core). Table 4 shows the surface and core temperature differences for a range of
currents. Following a 400A charge, the temperature gradient between the core
and surface of the cell is in excess of 3.5K. Taking the surface temperature rather
than the core temperature will induce an error of up to 6% in the resistance
value, and up to 15% in the capacitance value. Whilst the duration of this error is
limited to the period during which a thermal gradient is present, the errors will
accumulate over time.
Maximum Predicted
Maximum Predicted
Temperature (K)
Temperature Difference (K)
Surface
Jelly Roll
75A
0.97
1.36
0.99
100A
1.09
1.59
1.23
400A
2.91
4.01
3.89
Table 4: Maximum cell temperature and maximum temperature difference for charging
currents from 75-400A
Charging
Current

Following periods of activity, thermal gradients form within the jelly-roll. Figure
13 shows the radial and axial thermal gradients between the core and the
surface of the cell following the charge event at 1700s in Figure 14. There is little
temperature variation (3%) in the radial direction due to the air gap between the
outer surface of the jelly-roll (radial distance of 28mm from core) and the inner
surface of the aluminium can (radial distance of 30mm from core). The axial
temperature gradient (5%) is only slightly larger than the radial temperature
gradient; however the axial temperature gradient is expected to be larger for
longer cells, typically higher capacity cells within a product range, [45,46]. The
core is 16% hotter than the surface in this particular test.

Figure 13: Predicted radial (left) and axial (right) temperature distributions in the cell from the core to the
surface – Presented data taken following 1700s of continuous charging and discharging at 50A with natural
convective cooling.
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It is shown in Figure 14 that following a period of continuously charging and
discharging the cell at 50A between 1.2-2.7V, the predicted temperature at the
positive and negative terminals of the cell matches the experimental data very
well. The maximum error (0.3K) is seen at time periods between 600s and 1200s
is equal for both the positive and negative terminals. The temperature of the
positive and negative terminals diverges slightly over time; this divergence is
predicted by the model and is a direct result of equations ( 11 ) and ( 12 )( 13 )
derived above in section 4.5.1. As a result, this is the first model to predict this
behaviour.

Figure 14: Comparison of temperature rise at the surface and core of the cell when in constant operation, i.e.
continuous charge and discharge at 50A between 1.2-2.7V at 25℃

The model predicts that the temperature at the core of the cell is consistently
higher than at the surface of the cell. Figure 14 shows the increasing divergence
between the temperature at the core and at the surface of the cell.
The temperature gradient between the core and surface of the cell does not
increase significantly over time because of good thermal conductivity between
the current collectors and aluminium can. For heat generated within the carbon
electrodes to conduct into the current collectors and subsequently the
aluminium can, thermal gradients must exist, however these thermal gradients
are supressed when the cell is discharged. Entropic heat generation causes
heating on charge and cooling on discharge, and in the cell under study the
combination of the ohmic and entropic heat caused by a 50A discharge results in
a net cooling of the electrodes.

4.4 Comparison with Existing Works
4.4.1 Comparison with Experimental Data
Gualous et al [18] have inserted thermocouples into a cell and report
measurements which show a much larger thermal gradients than predicted by
this study; a comparison can be seen in Table 5. This result is expected as
inserting thermocouples altered the physical structure of the device, and hence
altered its thermal characteristics. The results of Gualous et al have been
recreated in the model developed by this study to determine the physical
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changes necessary to account for the differences in thermal characteristics of the
cell modified via thermocouple insertion.
Temperature Gradient
Location
Core to radial edge of jelly-roll
Core of jelly roll to cell surface

Measurements of
Gualous et al (℃)
1
Upto 5.4

Predictions of this study (℃)
0.1
Upto 1.2

Table 5: Comparison of temperature gradients predicted by this study with experimental works conducted by
Gualous et al [18]

The thermal gradient between the radial edge and core of the jelly-roll can be recreated though elimination of the air-gap between the outer edge of the jelly-roll
and the aluminium can. Gualous acknowledges that the jell-roll has been wound
manually and that the ‘mechanical tension is much smaller’, which suggests that
the aforementioned air-gap is not present in the cell with thermocouples
inserted.
The thermal gradient between the surface and core of the cell can be re-created
by greatly reducing the area of connections of the current collector with the
terminals. Gualous et al acknowledge that ‘current collector contacting is
incomplete’. As a result the thermal resistance for some parts of the jelly-roll is
greatly increased as heat must conduct through a greater radial distance (in the
x-direction) or through additional layers (in the z-direction) of aluminium,
carbon and separator material to reach an area of current collector which is
directly connected to a terminal.
4.4.2 Comparison with Existing Models
A lumped thermal model as utilised many numerous authors, [18,21,47,48],
typically provides a good estimate of the overall temperature rise, however it
cannot account for the time taken for heat conduct from the core of the cell to the
surface. As a result, the lumped model produces undamped results. A lumped
model was generated using identical parameters for heat generation and heat
transfer to the environment as the pseudo-3D model. A comparison between the
results produced by the lumped thermal model and pseduo-3D model are shown
below in Figure 15.

Figure 15: Comparison of temperature rise predicted by the lumped model and pseudo-3D model (positive
terminal) when in constant operation, i.e. continuous charge and discharge at 50A between 1.2-2.7V at 25℃
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A lumped thermal model is suitable if only the overall temperature rise is of
interest. It cannot predict the temperature of the jelly-roll, and hence will
introduce errors into the electrical model. Furthermore, over a single charge
event the maximum error is in excess of 200% (0.98K error).
Gualous et al [22] created a thermal model which considers heat transfer in the
axial and radial directions (y and z directions), but does not consider heat
transfer around the spiral of the jelly-roll (x-direction). Their model validation is
complete using both a self-generated dataset and one provided by the Paul
Scherrer Institute. The internal temperature measurements used for validation
are of the central airgap of a Maxwell BCAP010 and a Maxwell BCAP0350 cell.
The internal temperature measurements in this study clearly do not show the
effects of entropy, which are shown very clearly in a latter study (2011) by the
same author [18]. Consequently, the model also does not consider entropic
thermal effects. Gualous et al do not show plots that show axial or radial
temperature distributions, and the pseudo-3D model developed in this study
does not model the central air-gap, hence a meaningful comparison of findings is
not possible.
Frivaldsky et al [20] created a 3D thermal model and evaluated the steady-state
results to examine the temperature gradients which form. The axial and radial
temperature distribution results shown in [20] are very similar to the results
produced by the pseudo 3-D model which are shown in Figure 13. The model has
no electrical coupling.

5.0 Conclusions
An electro-thermal model for an Electrochemical Double Layer Capacitor (EDLC)
has been developed to predict the internal temperature of a cell whilst applying
pulse loads. The electro-thermal model consists of a coupled electrical model,
heat generation model and heat transfer model.
The electrical model is adapted from a generic physically meaningful equivalent
circuit model of an EDLC. It is shown that the current density and hence rate of
heat generation does not vary significantly throughout the jelly-roll. Therefore it
is suitable to assume uniform spatial heat generation within the jelly-roll. The
heat generation model considers both irreversible (ohmic) and reversible
(entropic) heat generation. Typically entropic heat generation is defined as a
bulk value, however in this study entropy was independently calculated for the
positive and negative electrodes. It is shown that the entropic heat generated at
the positive electrode of a typical commercial EDLC is approximately 40%
greater than that at the negative electrode. Consideration of entropy
independently at each electrode was necessary to predict the temperature
divergence of the positive and negative electrodes.
A physical pseudo-3D heat transfer model was developed to take advantage of
the axisymmetric nature of cylindrical cells and avoid the high computational
cost of a true 3D heat transfer model. Unlike other non-truly 3D thermal models,
heat transfer is considered in each direction and the rate of heat transfer is
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governed by the geometric and thermal properties of the materials rather than
bulk values. Consequently, the predicted radial temperature variation of the
developed model show a greater non-linearity than the other non-truly 3D
thermal models, which is in line with the predictions of existing 3D thermal
models.
The model indicates that under pulse load conditions, a temperature difference
in excess of 3.5℃ can form between the surface of the positive terminal and the
jelly-roll, however the temperature gradient across the jelly-roll is small.
Therefore, it is important for electrical models to consider the temperature of
the active material and not simply the surface of the cell when considering a high
current pulse load condition. This is of particular importance in high capacity
cells where the ionic resistance is greater than the series resistance. At very low
temperatures, an increase of 3.5℃ can yield a change in resistance of up to 6% in
the resistance value, and up to 15% in the capacitance value.
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