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ABSTRACT

Varieties of electrochemical supercapacitors ESs models has been presented in the literature, but most do
not capture all necessary parameters to build theoretical basis for calculations and optimization of pa-
rameters of various types and designs of ESs with simultaneous account of properties of electrode
materials, electrolytes, separators, designs, and values of charge and discharge currents of the ES. This
work reviews existing models and discusses the benefits and setbacks of each type and attempt to
synergize the existing models to realize more real-life model built on realistic assumptions and with
thermal model (temperature distribution) that is useful for thermal management/cooling strategies for
supercapacitors cell.

Results in literature generally show the basic relationship between supercapacitors components, but
hardly any existing model is currently able to take due account of ESs parameters and other factors like
internal temperature rise and interfacial electric field in a rigorous manner, hence the discrepancy be-
tween results of theoretical and experimental measurements of parameters of real-life supercapacitors.

In order to build supercapacitors with improved key parameters and optimal design, account of
thickness, strong dependence of capacitance of polarizable electrodes on their potential, temperature
distributions, specific mechanisms or combination of different mechanisms of self-discharge, type and
value of conductivity of electrodes material and conductivity of electrolyte in its pores must be
considered.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

capacitors as well as higher power density than batteries in general.
Owing to their promises as electrical energy storage devices, ESs

Electrochemical supercapacitors ESs that store charges through
electrostatic charging of a double layer and also through a Faradaic
reaction have higher energy density than conventional electrostatic
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has been the subject of intense studies in recent years. Electric
double layer supercapacitors EDLSs store electric charges electro-
statically using reversible adsorption of ions of the electrolyte onto
active electrode materials that are electrochemically stable and
have high accessible specific surface area SSA, forming the electric
double layer at electrode/electrolyte interfaces accessible to ions
present in the electrolyte [1-5]. The advantages of EDLSs are high
power density, long lifecycle, high efficiency, and wide range of
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operating temperatures, environmental friendliness, and safety.
EDLSs serve as a bridging function for the power/energy gap of
convectional dielectric capacitors [6].

Recently, ES is gaining more attention due to the practical po-
tential in applications areas with increasing power demands.
Because of reversible electrochemical energy storage the super-
capacitors can be recharged very quickly with best long cycle life.
Energy storage is by means of static charge rather than of an
electro-chemical process (inherent to common battery) [7]. ESs
store the energy via two operating mechanisms: (i) electric double-
layer capacitance (EDLC) [5,8] which results from the electrical
double-layer surrounding the surface of electrode, that is, the
depletion of the oppositely charged species which stores the energy
at the interface of the electrode and the electrolyte, respectively.
The accumulation of electrons at the electrode is a non-Faradaic
process. The specific capacitance of an EDLS is measured/deter-
mined by an expression:

_eregA

where ¢; is the relative permittivity of the medium in the electrical
double-layer, e is the permittivity of vacuum, A is the specific
surface area of the electrode, and d is the effective thickness of the
electrical double-layer. (ii) Pseudo-capacitance, which is originated
from the redox reaction of the electrode material with the elec-
trolyte [9—11]. The accumulation of electrons at the electrode is a
Faradaic process where the electrons produced by the redox reac-
tion are transferred across the electrolyte-electrode interface. The
theoretical pseudo-capacitance of metal oxide can be expressed as:

nF
C=— 2
MV (2)
where n is the mean number of the electrons transferred in the
redox reaction, F is the Faraday constant, M is the molar mass of the
metal oxide and V is the operating voltage window. The energy
density (E) of a supercapacitor is expressed as

cv?
E=—- (3)

The maximum power density of a supercapacitor is determined
by

V2
Puax = 25 (4)

where R is the equivalent series resistance of all the components in
the device. EDLC and pseudo-capacitance can simultaneously be
generated in a single supercapacitor to form a hybrid super-
capacitor. Hybrid supercapacitor can achieve higher energy and
power densities while keeping good cycling stability by utilizing
both faradaic and non-faradaic processes simultaneously to store
charges. Other types of hybrid supercapacitors are battery-like
hybrids and composite hybrids. Various types of supercapacitors
combining different electrode materials in order to improve the
device performance have been developed in practice.

The key performance parameters of supercapacitors are specific
capacitance (normalized by electrode mass, volume, or area), en-
ergy density, power density, rate capability (retained capacitance at
a high current loading) and cycling stability [12]. To increase the
energy and power densities of a supercapacitor, it is desirable to
increase the specific capacitance (C) and the operating voltage
window (V) and also reduce the equivalent series resistance (R).
The maximum operating voltage window (V) for supercapacitor is

mainly dependent on the electrolyte used, which is limited by the
stability of the electrolyte. For the supercapacitors based on the
aqueous electrolyte, the Vi, is 1 V. One of the current research
trends in supercapacitors is to develop non-aqueous electrolytes
with high V. For a larger double-layer capacitance it would be
necessary to produce a thin, high surface-area EDL with a combi-
nation of high surface area (about 200 m? g ') and extremely small
charge separation (6 ~10 A) [9].

Regular double-layer capacitance generates from the potential-
dependence of the surface density of charges stored electrostati-
cally at the interfaces of the supercapacitors electrodes as indicated
by Conway [9]. An illustration of the basic components and design
of an EDLS and the movement of cations and anions in the cell is
shown in Fig. 1 above. A double-layer supercapacitors device must
employ two double layers, one at each electrode interface, one
working against the other on charge or discharge, as emphasized by
Conway [9] and shown diagrammatically in Fig. 2(a) below. Pseu-
docapacitance generates in some electrosorbtion processes and in
redox reactions at electrode surfaces or oxide films, and is faradaic
in origin involving the passage of charge across the double layer.

Contrary to the EDLSs, the pseudo-capacitors store energy
through faradaic process, involving fast and reversible redox re-
actions between electrolyte and electro-active materials on the
electrode surface [5], see Fig. 2(b) below. Pseudocapacitors can
achieve much higher pseudo-capacitance than the EDL capacitance.
Notwithstanding, further real-life applications of these electro-
active materials to pseudo-capacitors are still restricted by low
power density that arises from the poor electrical conductivity that
restricts fast electron transport and by the lack of pure cycling
stability due to the easily damaged structure of the materials dur-
ing redox process. Hybrid supercapacitors can achieve higher en-
ergy and power densities while keeping good cycling stability by
utilizing both faradaic and non-faradaic processes simultaneously
to store charges as shown in Fig. 2(c) below. Other types of hybrid
supercapacitors are battery-like hybrids and composite hybrids.
Various types of supercapacitors combining different electrode
materials in order to improve the device performance have been
developed in practice.

Supercapacitors consist of two activated carbon electrodes
immersed into an ionic electrolyte. The two electrodes are sepa-
rated by a membrane, separator which allows the mobility of the
charged ions but prevents electric contact as shown in Fig. 1 above.
The requirements for the separators are electrochemical stability
(high purity and electrochemical stability of the materials), high
porosity, high thermal inertia, and chemical inertia versus elec-
trolyte. Furthermore, because a separator is non-active in a super-
capacitor, the separator thickness should be as thin as possible and
the cost must be relatively low. Its minimum size nevertheless is
constrained by the following: 1) the electrical shortening failure
risk owing to free carbon particles, which may create a contact
between the electrodes (high self-discharge rate or short circuit)
[13]. 2) the mechanical strength in order allows the winding
process.

The electrode thickness and internal area, the porosities and
particle sizes of the active material, as well as the materials selected
for the electrolyte and electrode are the design elements that can
be more accurately investigated with microstructural models such
as that described by Verbrugge and Liub [15]. ESs when in use
encounter “self-heating,” which is accelerated as the interfacial
electric field (related to voltage across the device) and temperature
(related to self-heating/internal power dissipated that can be
correlated with the current profile) increase. The self-heating
process raises the temperature of the device by promoting irre-
versible side reactions which decrease the ionic conductivity of the
electrolyte. The decrease in the ionic conductivity, assuming all
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Fig. 1. Illustration of the basic components and design of an EDLS. Arrows indicate the direction of movement for the cations and anions [75].

other things remain equal, results in additional heat generation
which over time leads to thermal runaway.

Mathematical modelling and numerical simulations of electro-
chemical energy systems like batteries and supercapacitors plays
vital role in their design and estimation of performance. However,
deriving and solving these models analytically and numerically is a
challenging task for two main reasons: first, a model that intends to
capture all physical and chemical phenomena has to consider
conservation of charge, species and energy along with the neces-
sary constitutive relations for the double-layer charging and fara-
daic reaction; and second, it has to do same for all the functional
layers and groups within the cell at differing length scales
(macroscale and microscale) [16].The theoretical research and
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modelling of various processes which take place in the super-
capacitors are of great scientific interest and as well as the basis for
understanding the parameters and the practical proposals targeted
at building supercapacitors with improved energy and power pa-
rameters. Besides, the bulk of the research on supercapacitors and
their components are experimental works. The quite reliable
experimental results on ground and their increasing number have
initiated necessary prerequisites for the development of a modern
theory of ESs, which will enhance the development of ESs with
parameters that meet modern requirements and launch them in
mass commercial production [17].

Characteristics and parameters of the processes occurring in ESs
are closely interrelated and are dependent on the physical,
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Fig. 2. Schematic representation of supercapacitor's types: (a) EDLS type; (b) pseudocapacitor type; (c) hybrid capacitor type (the figure is not to scale) [14].
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electrical, electrochemical and crystallographic parameters of
electrodes and electrolyte materials, and the design of its compo-
nents and supercapacitor as a whole. Therefore, the modelling of
supercapacitor for the determination of its energy, capacity, and
other operation characteristics is inconceivable without proper
account of its component parameters. The bulk of the researchers
do not consider the physical, electrical, and structural properties of
their electrode materials and components while modelling and
estimating the supercapacitor's parameters hence the discrepancy
between the results of theoretical and experimental measurements
of the parameters of real-life supercapacitors [17]. Most of the
existing models assume that the energy is stored purely by electric
double layer at the electrode interface and neglects the electro-
chemical side reactions at the interface [18]. On the other hand,
models that account for these electrochemical side reactions
[19—21] oversimplify the reaction dynamics by not considering
temperature coupling. Furthermore, the effect of pores and varying
pore size has been only treated in a semi-qualitative manner and
there is no single model that takes all the factors into account in a
rigorous manner. Hence, it is important to recognise the setbacks in
the existing modelling approaches, which are mostly not based on
first principles, and then develop a first principles approach to
compensate for the modelling gaps.

A first principles model should be able to predict in real time
the internal temperature and interfacial electric field for the
following reasons: 1) to facilitate more accurate lifetime pre-
dictions. 2) to facilitate the process of sizing the ESs along with
other parallelled storage devices if the objective is to maintain a
bus voltage within certain limits for arbitrary loading profiles or to
increase battery lifetime, and 3) to guide the development of
porous structures (materials and geometries) that allow stored
energy to be extracted at faster rates [1]. Existing models for all
energy storage devices ESs inclusive are currently not able to
accurately predict the internal temperature rise, interfacial elec-
tric field, and the temporal voltage response for arbitrary char-
ge—discharge current profiles.

In this review, we considered progress made so far in the field of
modelling and simulation of supercapacitors by looking at two
basic kinds of supercapacitors and their hybrid supercapacitors. We
discussed their mechanisms with an aim to explore their effective
ways to achieve high supercapacitor performance. The existing
models of ESs were reviewed and the benefits and drawbacks of
each type discussed with the view to exploit the relative advan-
tages and appease the relative disadvantages of models to realize
synergic and more realistic models incorporating a thermal model
that account for temperature distribution inside a cylindrical and
rectangular structured supercapacitor cell.

The main objectives are to develop a mathematical description
of characteristics of symmetric and asymmetric ESs and parameters
of the processes therein subject to the physical, electrical, electro-
chemical and crystallographic parameters of electrode materials,
electrolyte, and the design of the components and the super-
capacitor as a whole; to build a theoretical basis for the calculations
and improvement of the parameters of various types and designs of
symmetric and asymmetric ESs with simultaneous account of
properties of electrode materials, designs, and spatial structures of
electrodes and separator; to provide an ideal alternative to the
time-consuming task of numerous experiments by providing
guidelines for the design and the optimization methodology for ES
cell for a wide range of applications using a modelling approach; to
optimize the parameters of the supercapacitors subject to the type
and value of conductivity of the of electrodes, thickness, porosity
and specific capacitance of electrodes, conductivity of electrolyte,
thickness and porosity of separator and the values of charge and
discharge currents of the ES.
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Fig. 3. Proposed equivalent circuits of a double-layer supercapacitor at a constant
current charging (a) and discharging (b) in the absence of both parallel leakage process
and electrochemical decomposition of the solvent. K: electric switcher; Res;: equivalent
series resistance; I : constant current for charging or discharging the supercapacitor;
Veeni: supercapacitor cell voltage; Cqj: double-layer capacitance; V.: voltage across the
Cai; and isc: current used to charge or discharge Cqj; respectively [6].

2. Current status of electrochemical supercapacitors
modelling

Theoretical models for electrochemical supercapacitors range
from the original Helmholtz model and mean-field continuum
models, the surface curvature-based post-Helmholtz models and
the modern atomistic simulations. Realistic models of super-
capacitors can be built using the high level of development of
classical and quantum molecular dynamics methods as well as the
parallel high performance computing.

These classes of models for an electrochemical supercapacitor
have been proposed by authors/researchers: empirical, dissipative
transmission line, continuum models (Poisson-Nernst-Planck
equations), atomistic models (Monte Carlo, molecular dynamics),
Quantum models (ab initio quantum chemistry and Density Func-
tional Theory, DFT) and simplified analytical models. Each approach
has been developed for a different purpose and, thus, exhibits
different advantages and limitations.

2.1. Empirical models

This empirical electrical equivalent circuit model is often
referred to as a three-branch model and assumes that the imme-
diate branch capacitance is voltage dependent and the long-term
branch only accounts for a variation in charge for 30 min at the
most. One of the first empirical models that addressed the variation
of capacitance (or the rate of change of terminal voltage) as a
function of time was developed by Zubieta and Bonert [22].

Empirical models provide a much better estimate of the ES's
electrical characteristics than a simple RC circuit and also it allows
the users to easily incorporate the model into their system simu-
lations. In addition, empirical models could be used to characterize
parameters such as self-discharge and leakage current [23].

Shuai et al. [6] presented some simple mathematical models
incorporating the voltage-independent parallel leakage process
and electrochemical decomposition to describe the supercapacitors
charge and discharge behaviours in order to give a fundamental
understanding of supercapacitors charging and discharging be-
haviours through experiment validation. Experiment data were
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simulated to obtain the desired values of parameters such as spe-
cific capacitance and equivalent series resistance from which both
the energy and power density can be calculated using the models.
The simulated parameter values considering both parallel leakages
and solvent decomposition could be used to predict super-
capacitor's self-discharge and shelf-life, performance/efficiency
losses, as well as the limiting workable cell voltage of the super-
capacitors. These models are therefore useful in evaluating and
diagnosing the supercapacitors cells and as well is a tool for un-
derstanding charging-discharging behaviour of the super-
capacitors. Also, the models could as well be useful in obtaining the
essential parameters of the supercapacitors such as equivalent se-
ries resistance and capacitance based on the recorded curves of
charging—discharging.

Fig. 3 shows an electrical equivalent circuit of a double layer
supercapacitors that is charged/discharged at a constant cell cur-
rent in the absent of both parallel leakage and electrochemical
decomposition of solvent. The current used to charge or discharge
the double layer capacitance (is) is equal to the charging current
(Icen), which has a constant value given by Equation (5) assuming
that before the charging starts, the supercapacitor is at zero-charge
state, that is, the voltage across the supercapacitor (V) is equal to
zero.

(5)

The voltage across the supercapacitor when the charge process
is then started as a result of turning on the switch can be expressed
as Equation (6) below.

Icell = iSC

/ iscdt = / Ieendt = Ce“t

Vsc = ron (6)

The supercapacitors cell voltage during charging process can
therefore be expressed as Equation (7) below.

Veell = IceniResr + Vsc = IceiResr + Icc-i“t (7)

If the supercapacitors are charged to a designed cell voltage of
Vi, adischarge process at a constant current (lcepr) can be started
immediately, as shown in Fig. 3(b). Notice that at this desired cell
voltage (or maximum cell voltage) of VX, the voltage across the
double layer capacitance (Cyp), V. sc» should be given by Equation (8)
and in the instance of discharging, this V. will be the load to
discharge the supercapacitors and the cell voltage (Vce) during

discharging process can be expressed as Equation (9) shown below.

0 1 t=t t=t

isc + exp (b

t=t

i ex V Avo ex 1 iscdt 1
sc — €Xp bp +ba )P\ T By + bn)Car / s RuCa
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\% 1
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Fig. 4. Proposed equivalent circuits for a double-layer supercapacitor at a constant
current charging (a) and discharging (b) in the presence of electrochemical decom-
position of the solvent. K: electric switcher; Res;: equivalent series resistance; Ry:
parallel leakage resistance; iy: parallel leakage current; Ij: constant current for
charging or discharging; Vcey: supercapacitor cell voltage; i: current of solvent elec-
trochemical decomposition; Cq;: double-layer capacitance; is.: current used to charge
or discharge the double-layer capacitance; Vg: electrode potential of the solvent
electrochemical decomposition; and V. (=Vg): voltage across the double-layer
capacitance, respectively [6].

(8)

(0] max
VSC = Vcell = IeenRest

Icen
— LggiResr — el ¢
ce esr Cd]

Vel = Vgc 9)

Parameters like the double-layer capacitance (Cq;), the voltage
across the double layer capacitance at the end of charging (V$.), as
well as equivalent series resistance (Res;) with the aids of both the
charge and discharge curves, can be simulated from Equations (8)
and (9), respectively. Fig. 4 shows the electrical equivalent circuit
of a double layer supercapacitor for constant current charging/
discharging in the presence of both parallel leakage process and
electrochemical decomposition of the solvent. A constant
charging current (Ie) integration equation for the charge and
discharge processes can be written as Equations (10) and (11)
respectively.

t=t

/ iSCdt - Icell =0

(11)
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The cell voltages (Vp1) for the charge and discharge process in
this Fig. 4 are expressed respectively as Equations (12) and (13)
shown below.

t=t
1 .
Veell = IcenRest + Vsc = IeliResr + Ca / iscdt (12)
t=0

t=t

1 .
Veell = —lceliResr + Vsc = V& — IcenResr — Ca / iscdt (13)
t=0

The models developed could be used to describe the charge and
discharge behaviours of supercapacitors in the presence of both
voltage-independent parallel leakage process and solvent decom-
position as suggested by its ability to reasonably fit the experiment
data. However, there is a slightly mismatch/difference that might
have originated from experimental trivial factors such the effect of
gaseous evolution, dissolution of current collectors, electrolyte
crystallization in separator, assembly quality, and etc. at the
discharge curves in particular.

The main setbacks of these models are the decreased accuracy of
the model for 1) the operating conditions (i.e., initial voltage level,
loading profile, etc.) that differ from those used for parameter
extraction [24], and 2) longer time intervals where the internally
generated heat changes the electrical characteristics of the super-
capacitor. Because the models were not derived from fundamental
basis of physics of the supercapacitor, they are incapable of esti-
mating the internal temperature rise and thus, are only accurate if
the temperature rise is inconsequential. On this understanding, the
models cannot be used to predict the lifetime of a particular
supercapacitor.

2.2. Dissipation transmission line models

The porous structure of the electrodes that impedes the move-
ment of ions to interfacial sites located deep within a pore is one of
the main reasons for the nonlinear rise of terminal voltage is. It is,
thus, desirable to have a model that describes the transient and
steady-state response of the porous electrolyte region since the
bulk electrolyte region can be modelled to first order by a simple
resistor. The first porous electrode model, developed by de Levie
[25], treated the double-layer interfacial capacitance along a porous
electrode's wall as a dissipative transmission line, a distributed
double-layer capacitance and a distributed electrolyte resistance.
The model assumes a straight, cylindrical pore of uniform diameter
and a perfectly conducting electrode as presented in Fig. 5 below.

The effect of ion depletion on the charging rate of porous elec-
trodes deserves further scrutiny for several reasons; 1) it will
improve understanding of performance limits of double-layer

Fig. 5. Transmission line equivalent electrical circuit model [22].

R, I I-dI

Fig. 6. De Levie's transmission line equivalent circuit for an electrolyte filled con-
ducting pore [129].

supercapacitors as a function of device parameters. For instance,
depletion can occur in both the electrodes and the separator, and
tuning geometry may improve power and linearity.

2) the study of this phenomenon raises fundamental questions
about the relationship between the adsorption and transport of
ions in nanoporous conductors and about the influence of
differing ion mobilities on these effects.

The de Levie model treats the pore as a distributed RC circuit
Fig. 6 and states that voltage and current vary with respect to time t
and position x along the pore through the following differential
Equations (14) and (15).

dv
o~ IR (14)
dl dv

where C and R are capacitance per unit length and resistance per
unit length, respectively. De Levie assumed that the concentration
(and therefore solution resistance) throughout the entire pore is
constant.

Basically the available capacitance is maximal at low frequency,
as could be explained with the longer time available for the ions in
the electrolyte to get to the surface which is located deep in the
carbon pores. Only the superficial carbon surface is accessible for
the ions at higher frequency, hence much smaller capacitance.

The series resistance is composed of an electronic and an ionic
part, the electronic contribution comes from the ohmic resistance
in the conductor and in the carbon particles while the ionic
contribution comes from the ions mobility in the electrolyte.

Conclusively, the current and energy for a given voltage are
quite larger than what were expected on the base of the classical
expressions in the instance of constant capacitance.

The value of capacitance and the series resistance varies over the
frequency spectrum and the performance may be determined with
an Impedance Spectrum analyzer [130]. To account for the voltage,
temperature and frequency dependencies, a simple equivalent
electrical circuit has been developed by Rafik et al. [23] using a
combination of the De Levie frequency model and Zubieta voltage
model with the addition of a function to take into account the
temperature dependence.

The main advantage of the dissipative transmission line model is
its capability to provide a direct linkage between pore structures
and the time response, which has been well accepted by the re-
searchers in the field of ESs. It also provides a first-order estimate of
the exponential rise/decay of the voltage level with the assumption
of a constant current charge/discharge cycle, and is based on the
physical structure of the interface instead of attempting to match
the experimental measurements through right choice of passive
circuit element combinations. However, this approach considers
only limited aspects of interfacial dynamics (i.e., assuming a ho-
mogeneous electrolyte with a constant resistance throughout the
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conductivity [17].

pore, neglecting the temperature dependence of the parameters,
etc.) and is mainly used for particular purposes such as electrodes
synthesis improvement [26], study of self-discharge behaviour [27],
and prediction of surface impedance of the electrode [28].

2.3. Continuum models (Poisson-Nernst-Planck equations)

The most exact modelling approach currently available exploi-
ted the Poisson—Nernst—Planck (PNP) electrodiffusion theory to
represent the electrode—electrolyte interface but the physico-
chemical parameters was made functions of their local surround-
ings as opposed to a constant value since the electric field at the
interface is large. The PNP theory predicts the properties of bulk
electrolyte accurately when the physicochemical parameters are
held constant. Helmholtz [29] proposed an EDL model which
consists of a simple separation of charges at electrode/electrolyte
interface similar to a convectional parallel-plate capacitor to
determine the specific area capacitance independent of surface
potential and electrolyte concentration though that was not
observed experimentally [30]. The Helmholtz model was modified
by Gouy [30] and Chapman [31] with the consideration of the fact
that ion concentration should be continuous in electrolyte solution
which resulted to Gouy-Chapman model. This model includes the
effects of both the electrode potential and the bulk ionic concen-
tration on the local ionic concentration and potential field in the
electrolyte utilizing Boltzmann distribution function [29]. Chapman
[31] derived and solved the steady-state Poisson-Boltzmann
equation to predict electric potential in the diffuse layer. However,
even for very dilute solutions, this theory predicts unrealistically
large ion concentrations for surface potentials of just a fraction of
1 V. This could be as a result of the fact that the ions are assumed to
be point charges, but in reality they have a finite size [32]. There-
fore, this theory cannot be used to model actual ESs with a typical
surface potential of 1 V and bulk electrolyte concentration of
1 mol L1,

Stern combined the Helmholtz and Gouy-Chapman models to
explicitly describe the ion concentration in two distinct regions
namely: (1) the inner region near the electrode called the Stern
layer, and (2) the outer region called the diffuse layer [33]. Grahame
[34] improved Stern's model by considering that in the Stern layer,
adsorption of anions and cations at the electrode surface lead to
different double layer thicknesses [9]. The model developed by

Stern [33] and Grahame [34] is usually referred to as the Stern
model [35].

Hainan Wang and Laurent Pilon developed a three-dimensional
(3D) model based on continuum theory for simulating EDLSs with
ordered mesoporous electrode structures and simultaneously and
rigorously accounted for (1) 3D electrode morphology, (2) finite ion
size, (3) Stern and diffuse layers, and (4) the dependency of the
electrolyte dielectric permittivity on the local electric field [36].
They derived a new set of boundary conditions to account for the
Stern layer without simulating it in the electrolyte domain. The
model was then used to simulate faithfully the electrode
morphology of CP204-S15 mesoporous carbon EDLS synthesized
and characterized by Woo et al. [37].

This made possible the simulations of EDLSs with 3D ordered
electrode structures while simultaneously and accurately ac-
counting for (i) the Stern and diffuse layers, (ii) finite ion size, and
(iii) the dependency of electrolyte permittivity on the local electric
field [36].

2.4. Atomistic models (Monte Carlos, molecular dynamics)

Classical and quantum molecular dynamics simulations can
provide the most accurate description of the electric double layer.

The state of the development of classical and quantum molec-
ular dynamics and use of parallel high performance calculations
permit the construction of realistic models of such systems. The
consistent classical consideration of the electric double layer at the
interface between a metal and ionic liquid was performed in
Ref. [49]. The molecular dynamics simulation of solid electrolytes
with carbon nanotubes was carried out by Chaban [50] and [51].
Such a classical model makes it possible to satisfactorily describe
the ionic subsystem of the electrolyte, but does not provide infor-
mation on electron subsystem of the material of the electron—hole
conductor of the electrode.

Molecular dynamics (MD) simulation provides the most
fundamental and flexible ground for analysis of molecular in-
teractions. This has been used extensively in modelling of electro-
osmotic flow (EOF) [38—43] and to treat the higher charge den-
sities of importance in EDL supercapacitors [44—46].

However, this entail considerable computational cost hence
made it impractical for treating time and length scales found in
many applications. Challenges also arise in applying boundary
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conditions and computing long-range Coulombic interactions. For
these reasons, alternative methods are still needed.

Using the results of quantum molecular dynamics calculations
of Lankin et al. [47], the maximum specific capacity of electric
double layer EDL on the surface of the electrode made of pure
defect-free graphite has been estimated and the estimation is in
good agreement with the existing experimental data. The
description of the dense part of the electric double layer is
complicated because the distributions of the potentials in it cannot
be described by the averaged charge densities [48]. In this case,
correlations between the positions of charged particles should be
taken into consideration. Due to this reason, the development of a
consistent model of the dense part of the EDL is difficult.

Molecular modelling can provide an atomistic level under-
standing of the equilibrium and dynamic phenomena occurring in
an EDLS. The accuracy of molecular modelling depends largely on
the validity of the force fields used in describing the molecular
interactions in the fluid phase and the geometry and force fields of
the model electrode. Monte Carlo (MC) and molecular dynamics
(MD) are the most favoured molecular simulation techniques
available Molecular Dynamics investigations of temperature influ-
ence on capacitance showed a positive capacitance dependence on
temperature for OLC-based supercapacitors and a weak depen-
dence of capacitance on temperature for CNT-based super-
capacitors, in line with experimental observations. Molecular
insights into RTIL-based supercapacitors, reviewed in this
perspective could facilitate the design and development of a new
generation of energy storage devices and supercapacitors in
particular.

On the basis of mean-field theory and Monte Carlos (MC) sim-
ulations, Kondrat et al. [91,92] attributed the increase of capaci-
tance to the “superionic state” of ions inside pores. Molecular
dynamics (MD) simulations have reproduced the capacitance-
voltage trend measured in experiments with both solvent electro-
lytes and RTILs considering the van der Waals interactions and
complex ionic structure [93,94].

Also a DFT study showed a bell-shaped curve due to the co-ion
removal of counter-ion and counter-ion addition with an absence of
capacitance increase [95]. This observation in DFT calculations is
probably as a result of the simplified RTIL ions in the restricted
primitive model as well as the selected pore size.

Huang et al. [86] proposed two phenomenological models
namely: the exohedral electric double-sphere supercapacitors
model for spherical electrodes and the exohedral electric double-
cylinder supercapacitors model for cylindrical electrodes in order
to rationalize the relation of capacitance and the size of the OLC or
CNT. The origin of the curvature effects that the EDL capacitance
increases as the size of spherical/cylindrical electrodes decreases
displayed by both theoretical models is yet to be fully been un-
derstood. Many efforts have been made to demonstrate that there
are different C—V curves observed and predicted for planar super-
capacitors (e.g., the U-shaped, bell-shaped, and camel-shaped
ones) [83,96—100]. However, few studies have concentrated on
how the differential capacitance varies with applied potentials for
exohedral supercapacitors with OLC/CNT-based electrodes and RTIL
electrolytes.

RTIL-based supercapacitors ability to work under a quite wide
temperature range broadens the application of supercapacitors
under severe conditions due to its excellent thermal stability
[84,102,103]. A number of research groups have explored the
temperature influence on the capacitance of supercapacitors with
RTIL electrolytes. Theoretical and experimental work showed that
the capacitance increases with temperature [85,86], a negative
temperature dependence (i.e., the capacitance decreases with an
increase in temperature) [83,88], and even a complex (e.g., bell-

shaped) capacitance-temperature relationship. Lin et al. [84] re-
ported recently that OLC based supercapacitors with RTIL electro-
lytes exhibited a positive temperature-dependent capacitance,
while that of a vertically aligned CNT electrodes was almost inde-
pendent of the temperature. MD simulations were performed to
model RTIL-based supercapacitors with OLC/CNT electrodes as a
function of temperature in order to gain molecular insights into the
temperature dependence of capacitance [101,103].

A Monte Carlos MC study showed that a change in ion packing
and the location of the counter-ions on the charged surface in
particular plays a big role in the temperature dependency of the
double-layer capacitance near a charged pore wall [89].

MD simulations constitute a unique tool to provide detailed
molecular insights into the capacitive behaviour of RTIL-based
supercapacitors with different types of carbon electrodes. The
capacitance of porous supercapacitors was found to correlate
closely with the specific nature of RTILs the generic features of
pores and the applied potential.

In addition to the development of supercapacitors with
enhanced energy density, improving the power handling (the
charging/discharging process) is another important aspect of
supercapacitors [104] which is influenced largely by electrolyte
transport associated with ion diffusion. Although numerous studies
have been carried out on the properties of supercapacitors in
equilibrated status, little efforts have been made to investigate the
dynamic process of charging/discharging of a supercapacitors using
modelling.

In the absence of a solvent and having a more complex molec-
ular structure, the classical description of EDL formation
completely breaks down for RTILs, thus an acute need for advanced
theoretical modelling and experimental work. MD simulation can
help greatly to develop design strategies for supercapacitors elec-
trodes and selection criteria for the optimized size of SWCNTSs since
the dependency of the differential capacitance of CNT-based
supercapacitors on the potential remains unclear until now.

It is well known that the temperature has an important impact
on the performance of supercapacitors devices beside the influence
of electrode curvature. Majority of experimental studies observed
an increased capacitance with a temperature increase [82,85,86]
while some other work reported the exact opposite effect —
negative temperature dependence [83].

Interestingly, most theoretical and modelling studies predict the
negative temperature dependence or, at least, a complex capaci-
tance-temperature relationship [87—90]; for example, MD simu-
lations by Vatamanu et al. [88] revealed a decrease of capacitance
with an increase of temperature, and Monte Carlo simulations by
Boda and Henderson, [90] showed a bell-shaped trend delineating
the dependence of capacitance on temperature.

Recent experiment using vertically aligned CNT electrodes and
RTIL electrolytes revealed that the capacitance was almost inde-
pendent of the temperature [84]. Hence, an in-depth investigation
is needed to establish a reasonable understanding of the temper-
ature dependency as well as the fundamental mechanisms behind
this interesting phenomenon.

Guang Feng et al. [101] observed that the capacitance of EDL
near the CNT electrode is nearly independent of the temperature, at
least within the range between 260 and 400 K, which computa-
tionally reproduces the novel experimental findings by Lin et al.
[84] for the first time.

However, they noted that the actual device performance
regarding the power rating and charge/discharge rates which
greatly depend on ion mobility rather than ion packing cannot be
predicted from the temperature independence of capacitance.

Comparatively, dynamic effects have been modelled to a lesser
extent and suggestions for exploiting these effects to increase EDLS
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performance are lacking. Future work in molecular modelling could
expand to include a greater focus on ionic transport and char-
ging—discharging kinetics to characterise, and improve perfor-
mance of dense RTIL electrolytes in nanoporous carbons. Again,
simulations that predict kinetics under different char-
ging—discharging rates will be useful for optimisation of energy
and power densities. Dynamic EDLS phenomena have so far only
been modelled to study polarisation relaxation, temperature,
electrode geometry, and ion size effects. Addition of an organic
solvent to RTILs could lead to increased electrolyte performance,
however molecular modelling has shown the capacitance behav-
iour to be complex. The addition of an organic solvent can reduce
viscosity and ESR and as well increase ionic conductivity, and
relative permittivity.

However, this is compensated by a reduction in ionic density
due to solvent molecules electrostatically screening interactions
and reducing ionic correlations, which in turn lowers the
capacitance.

Simulations of more complex electrode structures, such as
three-dimensional hierarchical porous networks, are noticeably
lacking and their inclusion in molecular models would provide a
higher degree of realism and may offer new avenues to further
improve EDLS performance. Similarly, pseudocapacitors and
battery-EDLC hybrids are both areas of research that are receiving
significant attention experimentally. However, accurate models for
these systems are currently limited to a few MD simulations
[131,132] and ab initio calculations [133—137]. Developing effective
models in these areas may be crucial for efficiently identifying
conditions and materials that can lead to huge gains in EDLC
performance.

2.5. Quantum models (ab initio quantum chemistry and DFT)

The Car-Pirandello approach based on the electron density
functional theory (DFT) [52] is one of appropriate methods for
solving problems with the use of ab initio molecular dynamics; it
allows the consistent investigation of the properties of the ionic
sub-system of the electrolyte and electron-hole subsystem of the
electrode in a single calculation.

The density functional theory is based on the assumption that
the energy of the electronic subsystem is a functional of the elec-
tron density EXS [n(r)] and that the energy of the ground state
(T = 0) corresponds to the minimum of this functional.

Lankin et al. [47] constructed a quantum mechanical model
based on the density functional theory, which made it possible to
describe the properties of the electrolyte and electron-hole sub-
system of the solid electrode, as well as the electrical double layer
at the interface between the electrolyte and carbon material.

Recent attention of theoretical and simulation work on ionic
liquids appears to be justified, following their unique characteris-
tics as an electrolyte with low vapour pressure, versatile chemical
functionalities, and wide electrochemical potential windows.
Enormous efforts have been channelled towards the investigation
the ionic liquid electrolyte capacitance dependence on the pore size
in the subnanometer region. Kornyshev and co-workers [91]
explained the anomalous increase as image forces exponentially
screening out the repulsion of the same-charged counterions inside
of the narrow pore phenomenological model of charged ions inside
of a metallic slit pore.

De-en and Jianzhong [95] addressed the issue of microscopic
behaviour of the electrode/electrolyte interface and the capacitance
dependence on the pore size with the classical density functional
theory (CDFT). Although CDFT had been extensively used to study
the EDL structure in aqueous systems, it was not used to investigate
the differential capacitance at the electrode/non-aqueous

electrolyte interface as well as the pore size dependence of an EDLC.
De-en and Jianzhong realized the great potential of the CDFT
method in offering a microscopic view with minimal molecular
details and computational cost, and also its ability to address a large
pore size range from that comparable to the ionic size to macro-
scopic scales. To integrate a polar solvent into the CDFT calculations
in order to test the desolvation hypothesis and discover the contrast
between ionic liquids and organic electrolytes is straightforward.

Basic ideas and applications of CDFT to electrolyte systems have
been discussed in recent reviews [108,109] and it pointed out that
mathematical foundation of CDFT is the same as that of the well-
known electronic DFT [110]. CDFT for electrolytes expresses the
free energy as a function of the local densities of ions and solvent
molecules instead of presenting the system energy as a function of
the electronic density.

The simplicity of this theoretical model also enhances the
observation of physical origin of the capacitance oscillation in an
ionic liquid electrolyte and also full understanding of key param-
eters over a wide range of conditions. CDFT predicts strong oscil-
lation of the ionic density profiles near a charged surface [111,112],
and a small separation between two charged surfaces leads to the
interference of the ionic density profiles in the corresponding EDLs.
Having a more realistic model for the ionic liquid, CDFT is expected
to be able to predict more complex shapes of the capacitance-po-
tential curves and their respective charging mechanisms as well as
the change of the curvature from the bell shape to the u-shaped
with the pore size [107].

A complete picture of capacitance as the pore varies from the
subnanometer range to mesoscopic scales (>2 nm) is provided by
the CDFT simulations. Capacitance virtually becomes independent
of pore size when the pore size is larger than a few nanometres.
Modelling of EDLSs behaviour in the past relied on a division of the
pore size range into several regions, such as below 1, 1-2, and
2—5 nm, etc. [105,106], which becomes irrelevant as it provides a
continuous variation of EDL structure and capacitance as pore size
changes when CDFT is applied. Good agreement with experiments
reflects a fact that CDFT captures the most important physics in the
ionic system.

Factors that could further enhance the understanding of organic
electrolyte EDLSs such as size of solvent molecules, solvent polarity,
ionic concentrations, ionic charges, size disparity between cations
and anions, and the shape of the electrode (for example, slit versus
cylindrical versus spherical [113] versus ink-bottle pores [114])
remained unanswered questions for CDFT investigations. It would
also be interesting to look into the effects of those factors on the
comparison between the integral capacitance and the differential
capacitance [115].

The CDFT approach could address a modelling challenge of how
to establish a predictive structure-capacitance relationship for a
real porous material and specific electrolytes. The CDFT approach
[116,117] represents the state-of-the-art method used by experi-
mentalists to characterize the surface area and the pore size dis-
tribution of porous materials. One can in principle, predict the
capacitance of realistic porous electrodes by combining the pore
size distribution with the capacitance against pore size relationship
from CDFT. Consequently, CDFT modelling can cover the complete
process of energy storage in EDLSs, from porosity characterization
to EDL structures, capacitance estimation, and charging kinetics.
There is still a long way to go for the CDFT to fully incorporate the
complexity of the porous electrodes and predict the best electrolyte
and porous architecture to maximize the energy and power den-
sities of practical EDLSs. A great challenge from a modelling
perspective remains how to establish a predictive structure
capacitance relationship for a real porous material and specific
electrolytes.
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2.6. Simplified analytical models

The last type of model is developed on the basis of the EDLS's
underlying physics. A set of mathematical equations is used to
describe the physical phenomena that govern the properties of the
device such as the transport of charged species and the electro-
chemical reaction rate at the interface [19,21,53—56]. The ESs is
classified into two types based on the main physical phenomenon
that contributes to the overall capacitance of the device: electric
double-layer capacitance implying no charge transfer across the
interface and pseudocapacitance (a fast and highly reversible
electrochemical reaction that leads to an additional contribution of
double-layer charge at the interface). This additional charge de-
pends exponentially on the potential difference appearing across
the electrode interfacial double layer. The ESs models are
commonly developed with an underlying assumption that the
system has a constant interfacial capacitance, a constant concen-
tration of species and physicochemical parameters throughout the
electrolyte, and the electrolytes are binary (binary salt and solvent)
while the electrochemical reactions are neglected. With such as-
sumptions, different aspects of ESs were studied, including the
impact of side reactions [53], porous electrode structure [54,55],
and the prediction of specific energy and specific power [56]. Kar-
thik et al. [16] developed a reduced models for an electrochemical
supercapacitor analysed with scaling arguments, calibrated and
validated with experimental data without accounting for equation
of change for energy and heat generation by assuming temperature
effect and side reactions to be negligible and an isothermal con-
dition for the system.

The key advantage of the simplified analytical model is its ability
to characterize the electrical behaviour of the ESs by means of the
partial differential equations that describe the physical phenomena
inside the device. This approach provides a lower level of empiri-
cism and is more flexible in including additional parameters and
sets of equations. However, this model cannot be used to predict
the aging process (pointed out by Doyle et al. [56] in their paper on
battery models, which share a similar modelling methodology with
the analytical ES models). This is mainly due to the missing features
of the analytical models such as the omission of thermal coupling
variables and the non-homogeneity of the electrolyte near the
interface. Kazaryan et al. [17] developed models for the calcula-
tions, control, and improvement of the energy, capacity, power, and
other parameters important for safe and long operation of various
types and designs of EDL heterogeneous electrochemical super-
capacitors (asymmetric) with simultaneous account of physical,
electrical, electrochemical properties of electrode materials, de-
signs, and spatial structures of electrodes and separator. They
assumed that the negative electrode does not have self-discharge;
the potential of the positive electrode being non-polarizable does
not change during the charge/discharge and does not depend on
the coordinates in the range of the positive electrode.

Jin et al. [57] developed model for a simple planar electro-
chemical capacitor and from where they showed that the nonlinear
polarization density and electrolyte solution should not be
neglected. Also they noticed that the modelling of the interfacial
region is of important interest because majority of the energy is
stored in this very small region that behaves dynamically as a
function of many variables, such as electric and thermal fields, local
concentrations of species and impurities. Julian et al. [35] devel-
oped three-dimensional model for ESs with mesoporous electrodes
consisting of cylindrical pores and were used to investigate the
effects of (i) pore radius, (ii) electrolyte field-dependent permit-
tivity, (iii) porosity, (iv) effective ions diameter, and (v) electrolyte
properties on diffuse layer gravimetric capacitance of the ESs. They
established that reduction of ion effective diameter and pore radius

resulted in strongest increase in diffuse layer gravimetric
capacitance.

Ganesh M and Sanjeev K. G [58] derived from first principles of
ionic movement one-dimensional 1D and two-dimensional 2D
models of electrochemical supercapacitor with no faradic reaction
using isotropic transport properties to explain a recovery of po-
tential during relaxation after discharge/charge and its dependence
on current and concentration, and failure of the ES during charging
at high currents and low concentrations of electrolyte.

Conductivity of polarizable electrode during charging and dis-
charging may change in a wide range subject to the specific
capacitance parameters, type of conductivity, and the electro-
physical parameters of the polarizable electrode. This change has
considerable effect on both the capacitance and other parameters
of electrochemical supercapacitors. The parameter changes must
be put into considerations in order to obtain more precise results.
Fig. 7 shows the distribution of electric charge and potentials in the
walls of pores and in the electrolyte inside the pores of negative
carbon electrode with p-type conductivity. Change of the conduc-
tivity types that result in emergence of physical p-n transition oc-
curs in the near-surface layer of walls of the pores in electrode
during strong polarization. The thickness and distribution of vol-
ume spatial charge of p-n transition depends on the electrophysical
parameters of solid electrode material, electrolyte, and potential of
the electrode.

Polarizable electrodes of electrochemical supercapacitors are in
general, degenerate semiconductors of p-type conductivity in
which the Fermi level (Eg) is in the valence band. The surface layers
of wall pores play an extremely important role in EDL parameters
when there is strong polarization of these electrodes. when there is
a strong bend of the bands in the near-surface layers of the wall
pores by ¢ thickness, Fermi level Eg is above the conductivity band
bottom (material in this area is a degenerate material with p-type
conductivity) as could be seen in Fig. 7. Numerous nonlinear effects
should be expected both in the near-surface layers of the walls and
in wall pores subject to anisotropy of electrode materials as well as
different dimensions and forms of the pores. The capacitance of EDL
from side of the electrolyte and from side of the solid body (elec-
trode) are serially connected with each other, and parameters of
wall pores [118] play a major role in the change of EDL total
capacitance.

Kazaryan et al. [17] developed an analytical model of asym-
metric supercapacitors that made it possible to calculate energy,
capacity, power parameters, energy efficiency of charge-discharge
cycles of the capacitors subject to type and value of conductivity of
solid matrixes of electrodes with EDL, conductivity of electrolyte,
thickness and specific capacitance of electrodes, and values of
charge and discharge currents of the capacitors.

They also observed that the growth of the specific (by volume)
capacitance of the polarizable electrode results in an increase in
specific energy parameters of the capacitors and the growth of
polarization and depolarization energy losses which comes as heat.
The major portion of energy losses resulted from polarization
resistance of the electrodes and electrolyte while some portion is
due to depolarization of the potentials of the electrodes. Also, they
noticed that energy efficiency of charge-discharge cycles of super-
capacitors depends significantly on conductivity of electrode with
EDL and the electrolyte, thickness of electrode, and value of charge-
discharge currents. An increase in the conductivity of the solid
matrix of the electrode and the electrolyte decreases nonlinearly
the polarization and depolarization losses of energy during the
charge and discharge of supercapacitors.

While several mathematical models for symmetric super-
capacitors have been developed, John A. Staser and John W.
Weidner also developed a generic hybrid asymmetric
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supercapacitor composed of a positive redox couple electrode and a
negative double-layer electrode and possess higher energy and
power density than the symmetric supercapacitor [138]. The high
rate of charge transfer in redox couple electrodes leads to high
power density while a negligible mass (because the redox electrode
is very thin) leads to high energy density hence the supercapacitors
high energy and power densities.

3. Heat generation and thermal modelling of ESs

Electrochemical supercapacitors are charged and discharged at
very high current rate and this operating mode generates huge
amount of heat inside the supercapacitor cell. The equivalent series
resistance (ESR) is decreasing, while the capacitance and the self-
discharge are increasing with an increase temperature [59—62].

ECs encounter “self-heating” when in use, which is accelerated
as the interfacial electric field (related to voltage across the device)
and temperature (related to self-heating/internal power dissipated
that can be correlated with the current profile) increase. The pro-
cess of heating-up itself raises the temperature of the device by
promoting irreversible side reactions which decrease the ionic
conductivity of the electrolyte. The decrease in the ionic conduc-
tivity, assuming all other things remain equal, results in additional
heat generation which over time leads to thermal runaway.

During EDLS charging and discharging, a portion of the electrical
energy is lost as heat. The heat generation rate is dependent on the
cell design, its materials, and its operating conditions [120].
Elevated temperatures results in the following: accelerated aging of
the supercapacitors [109—124], increased self-discharge rates
[119,121—-123], increased cell pressure, and possibly electrolyte
evaporation [123]. The resistance of supercapacitors increases and
its capacitance decreases as it age, which this in turn leads to higher
cell temperature and voltage [124]. Temperature differences be-
tween series-connected EDLSs can also cause voltage imbalances
and destructive overvoltage of individual cells [119,120]. Thermal
modelling can be used to predict operating temperatures and
develop thermal management strategies for existing EDLS designs,
and also to predict the thermal behaviour of novel EDLS designs.

The lifetime expectancy and performance of ES is reduced in an
irreversible way due to heat generated by losses from the carbon and
conductor electronic resistance and from the electrolyte ionic resis-
tance. The temperature inside supercapacitors varies as a function of
the position and the time. For electrical conductors, a large number of
free electrons move and transport electric charges, and as such carries
thermal energy from high temperature region to low-temperature
region. The thermal diffusion is related to internal geometry of the
supercapacitor and operating conditions. The temperature at any
point in the supercapacitor depends on three modes of heat transfer:
conduction, convection, and radiation. Parasitic electrochemical re-
actions of electrolyte, such as oxidation, are accelerated at higher
temperatures, according to Arrhenius law, and similarly at increased
voltages. As a result of this continuous process, the capacitance de-
creases while internal resistance and self-discharge rate rises. Due to
the strong dependency on temperature, it is necessary to know the
thermal behaviour of EDL supercapacitors.

A thermal simulation model remains a valuable tool for the
design of future cells as well as its cooling strategies. It is therefore
of great importance to get a mathematical representation of the
heat generation mechanisms.

Electrothermal behaviour of supercapacitors can be difficult to
predict because a large series of transport phenomena (ionic and
electronic transport, heat and mass diffusion) and structure het-
erogeneities are involved. Temperature profiles depend upon the
internally generated power losses which could be non-uniform
within electrochemical cells.

The relation between heat production rate during continuous
charge-discharge and temperature T (M, t) at any point in electro-
chemical supercapacitor cell is basically governed by the heat
diffusion expression:

V(- 2M)-TM, 1) + Cp TR _ g (16)

The heat generation rate Qy is caused by the following:

e lonic transport in electrolyte (electrodes and separator) and
electronic charge transport in current collectors and solid ma-
trix of electrodes.

e Reversible—irreversible electrochemical reactions at solid-liquid
interface of the porous structures.

e Thermal contact and electrical resistances between its layers.

Guillemet et al. [61] using their model performed thermal
analysis on supercapacitors, from where they pointed out that
maximum temperature is reached at the centre of the cell associ-
ation as expected.

Anna d'Entremont and Laurent Pilon [125] developed physical
modelling and understanding of the coupled electrodiffusion, heat
generation, and thermal transport occurring in electric double layer
supercapacitors during constant current charge/discharge cycles
operation. Their model is important because it predicts both the
spatial and temporal variations of the different heat generation
rates and the temperature inside EDLSs from first principles and
accounted for the irreversible Joule heating as well as three
reversible heat generation rates due to ion diffusion, steric effects,
and changes in entropy of mixing. The reversible heat generation
rates are exothermic during charging, endothermic during dis-
charging, and localized in the EDLs. They were able to reproduce
experimental data previously reported in the literature, providing
some verification to their model.

The temperature evolution they predicted were remarkably
similar to that observed experimentally by Guillemet et al. [61] and
Gualous et al. [126] which indicates that the physical model
captured the physical phenomena governing the thermal behaviour
of EDLCs.

Odne et al. [127] observed from experimental results that a
lower thermal conductivity for OLC materials for dry and wet
electrodes strongly implied that a high net pore volume is detri-
mental to conduction of heat, and needs to be taken into account
while designing electrodes from materials with a very high pore
volume or low packing density.

Modelling supercapacitors internal temperature profiles under
conditions corresponding to extreme cycling and a commercially
sized unit demonstrated that temperature gradient of several de-
grees dependent on the ohmic resistance of the cell and on the
wetting of the electrode materials are expected.

4. Charge redistribution and self-discharge of ESs

The challenge of supercapacitors self-discharge is yet to be
thoroughly summarized in review articles up till date and this is
important since Electrochemical Supercapacitors are energy stor-
age devices characterized by fast self-discharge process [24,63—80].
Factors influencing the amount of energy stored at certain tem-
peratures [72,75] and the manner of initial charging or charging
history [71] have been investigated. To aid in identification of ES
electrode self-discharge mechanism, Conway et al. [64,74] pro-
posed mathematical models which predict the self-discharge pro-
file based on three possible mechanisms of self-discharge.
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A major obstacle for application of ESs is the charge and energy
losses due to self-discharge. Recently, this issue has been investi-
gated by number of laboratories [52,66,69,70,73]. Ricketts and Ton-
That [67] came to the conclusion that self-discharge consists of
relatively fast diffusion process and a slower leakage current. Open
circuit voltage decay as a result of charge losses could be caused by
side reactions which may be due to over-potential decomposition
of the electrolyte, redox-reactions caused by impurities or possible
functional groups on electrodes surface. Also observed self-
discharge is due to flaws during supercapacitors production
which may result in micro-short circuits between the anode and
the cathode [9].

Maximilian et al. [81] from their experiments and models clearly
showed that majority of the noticed voltage decay is not caused by
real self-discharge since self-discharge is attributed to processes
where charge carriers go into side reactions and are not available
any more for discharging. In the case of the EDLSs, this accounts
only for a very small rate. This observed voltage decay is mainly due
to the redistribution of the charge carriers which can be discharged
from the device with sufficient discharge time. These findings, from
technical point are of great relevance for application where no
recharging occurs for long periods of time and where the remaining
energy is needed e.g. for cracking an engine. A well charged cell
only shows very slow loss of voltage and power.

5. Modelling challenges

Simple charge-discharge cycle of an ES demands enough
knowledge regarding the impact of the following: 1) the device
geometry on device characteristics, 2) electronic and ionic contri-
butions on electric potential, and 3) temperature and interfacial
electric field on interfacial chemical reactions. The process of
modelling a supercapacitors system involves modelling of the
porous separator soaked in electrolyte, the interfacial regions be-
tween porous electrodes and electrolyte, the bulk electrode, and
metallic contacts between electrode and current collector. Each
stage/layer needs to be modelled differently (i.e., pores should be
treated as a heterogeneous structure but the kinetics in the bulk
and interface differ significantly) and also the interface between the
porous electrode and electrolyte. The electric field in the interfacial
region together with the temperature field determines the kinetics
within the supercapacitors. It is necessary to start with a simple
system first and then increase the models complexity in stages in
order to analyse and characterize such a complex device.

Development of a large-signal time-dependent model that as-
sumes a constant temperature (implies injecting current for a short
time to avoid self-heating) which is a necessary step since it allows
the physics of the interfacial region at constant temperature to be
validated first is the first stage.

Also, the process of thermal runway is the key element missing
in all of the existing supercapacitors models. The approaches of all
the models neglected this runway process and also through over-
simplifications limit further inclusion of coupling variables. The
models cannot be used to study the effect of the cell design and
operation of on the heat generation during constant-current
cycling and so is difficult to develop a thermal-management
strategy for the electrical systems in order to maintain the oper-
ating temperature and the temperature uniformity of the super-
capacitors within a suitable range. Models which relaxes the
assumptions made in the existing analytical models by character-
izing the electrolyte solutions using all the constituting species,
heat generations, charge redistribution effects, self-discharge ef-
fects, polarization and depolarization losses of energy as well as
taking due account of the supercapacitor component's key pa-
rameters and other factors in a rigorous manner is required. The

model will capture the physical and electrochemical phenomena by
considering conservation of charge, species and energy along with
relevant constitutive relations for the electric double-layer
charging and faradic reaction. It has to do the same thing for all
the layers and groups within the cell at macro and micro scales.

However, a charge and discharge cycle of electrochemical
supercapacitors demands the knowledge concerning the effect of
the capacitor geometry, electronic and ionic contributions to elec-
tric potential and interfacial chemical reactions as a function of
interfacial electric field and the temperature.

6. Conclusions

Modelling and simulation remains a key to success in designing
tomorrow's high-energy and high-power cells, and as such math-
ematical theory that moves beyond equivalent circuits to coupling
charging to mechanics, energy dissipation, and use of physics and
chemistry of solvents and ions in nanoporous electrode materials as
well as the electronic and ionic transports in supercapacitor elec-
trodes is required. It is therefore of utmost need to develop from
first principles of physics and electrochemistry the needed math-
ematical model and theoretical basis for design, optimization and
fabrication of the desired high-energy and power density, high
energy efficiency and long lifecycle subject to more realistic
assumptions.

The ESs are to be modelled subject to: (i) electronic, atomic, and
molecular polarization of the solvent; (ii) deformation of external
electron shells of ions and molecules of the electrolyte in EDLS, (iii)
changes of conductivity and density of electron levels on the sur-
face of the solid matrix of the electrode subject to the potential; and
(iv) formation of the volume spatial charge in the near-surface
layers of the electrode's solid matrix; (v) a strong dependence of
the capacitance of the polarizable electrodes on their potential so as
to increase the accuracy of theoretical calculations of the parame-
ters and interpretation of the experimental results of different ca-
pacitors in a wide range of operating voltages.

The increase of the density of the quasi-free electrons (holes) and
ions in the volume of the spatial charge of the electrode and elec-
trolyte, respectively, during the capacitors' charge results to strong
interactions that make the value of the ES capacitance to become a
function of its electric charge, properties of the electrolyte, and solid
electrode materials. Therefore, Equation (1) makes it possible to
evaluate only the maximum expected value of EDL supercapacitance,
and in order to obtain a more precise value of the capacitance it is
appropriate to take account of its electric charge, properties of the
electrolyte, and solid electrode material in Equation (1) above.

Although, the investigation of the temperature effects on the
performance of IL-based supercapacitors with surface-curved
electrodes performed by Guang Feng et al. [101] revealed that the
capacitance of the CNT-based supercapacitors is nearly indepen-
dent of the temperature due to little variation in the EDL structure,
and the capacitance of OLC-based increases with temperature due
to the decrease of EDL thickness with increasing temperature
which computationally reproduces the novel experimental findings
by Lin et al. [84]; they also noted that the actual device performance
regarding the power rating and charge/discharge rates which
greatly depend on ion mobility instead of ion packing cannot be
predicted from the temperature independence of capacitance.

The mechanism at the origin of the enhanced capacitance in
nanoporous electrodes can be fully understood from molecular
dynamics simulations involving realistic carbon materials and
taking into consideration the polarization effects in an appropriate
way [128], since it is the correct introduction of polarization effects
by metallic walls could allow for a complete understanding of the
formation of a superionic state [91,92].
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Moreover, the lifetime expectancy and performance of EDLS is
reduced in an irreversible way due to heat generated by polariza-
tion and depolarization energy losses, carbon and conductor elec-
tronic resistance and the electrolyte ionic resistance. This process of
self-heating raises the temperature of the device and promotes
irreversible side reactions which decrease the ionic conductivity of
the electrolyte and assuming all other things remain equal, results
to additional heat generation which over time leads to thermal
runaway.

Thermal model is very important because it predicts both the
spatial and temporal variations of the different heat generation
rates and the temperature inside EDLSs from first principles and
account for the irreversible Joule heating as well as three reversible
heat generation rates due to ion diffusion, steric effects, and
changes in entropy of mixing.

Therefore, models incorporating a thermal model will present
the needed internal temperature distribution profile that will aid in
designing electrodes materials, predicting operating temperatures
and developing thermal management/cooling strategies for exist-
ing and novel EDLS cell designs as well as their operating condi-
tions. The coupled model will provide the needed temperature
distribution of the supercapacitors, which could be utilized in the
determination of the optimum loading for the device without
losing ions through irreversible chemical reactions or gas formation
in the electrolyte.

Simulations of more complex electrode structures, such as
three-dimensional hierarchical porous networks, are noticeably
lacking and their inclusion in molecular models would provide a
higher degree of realism and may offer new avenues to further
improve EDLS performance. Similarly, pseudocapacitors and
battery-EDLC hybrids are both areas of research that are receiving
significant attention experimentally.

The future efforts and proposed model for improving the per-
formance and life-time of the electrochemical supercapacitors de-
mands a more detailed model of the supercapacitors that is based
on large signal formulation that couples the thermal and electric
fields and also subject to the type and value of conductivity of the of
electrodes, thickness, porosity and specific capacitance of elec-
trodes, conductivity of electrolyte, thickness and porosity of sepa-
rator and the values of charge and discharge currents.
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