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A Review on Electro-thermal Modeling of
Supercapacitors for Energy Storage Applications

Li Wei, Member, IEEE, Ming Wu, Mengdi Yan, Shuai Liu, Qiang Cao, and Huai Wang, Senior Member, IEEE

Abstract—Supercapacitors are drawing more and more atten-
tion in energy storage applications. This paper aims to discuss the
state of the art of application-oriented electro-thermal modeling
methods for supercapacitors and identify the limitations and
future research opportunities. Electro-thermal modeling is essen-
tial to model-based design, thermal management, and reliability
analysis of supercapacitors for energy storage applications. The
review provides new perspectives with respect to existing surveys
which focus mainly on materials, cell voltage balancing, electrical
equivalent circuit models and energy management system. It
covers the main aspects of electro-thermal modeling of Electric
Double-Layer Capacitor (EDLC) and hybrid supercapacitor,
from heat generation mechanisms to different modeling and
parameterization approaches. The outcomes of the review are
an archive of important research work in the topic area and an
outlook on future efforts to be made.

Index Terms—Supercapacitor; Electro-thermal Modeling;
Heat Generation; Heat Transfer; Model Parameterization; En-
ergy Storage Application;

I. INTRODUCTION

ENergy storage demand is one of the biggest challenges in
the progress towards better renewable energy solutions.

Developing energy storage system with higher reliability,
efficiency, longer life time and lower cost has been the main
theme for the researchers in the field of power electronics
and energy management. Supercapacitor (SC), also known as
ultracapacitor, is a kind of energy storage device which has
unique features such as high power density, high charging and
discharging speed, long cycling life, wide working temperature
and so on. Therefore, it has been attracting an increasing
attention in energy storage field [1–3].

SC can be classified as Electric Double-Layer Capacitor
(EDLC), pseudo-capacitor, and Hybrid SC [4], among which
EDLC and Hybrid SC are two main types of commercial
SC suitable for large-scale energy storage field. EDLC is
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fabricated by two symmetrical carbon electrodes with high
specific surface area (> 1000m2·g−1). It has huge capacitance
and high power density. With organic electrolytes, EDLC
can reach an operating cell voltage of 2.7 V and a specific
capacitance of 100 to 120 F · g−1 [5], whereas the energy
density is relatively lower compared with batteries. Hybrid
SC is designed asymmetrically with a carbon electrode and
an oxide based [6] or battery type electrode [7–9]. Both
Faradaic and non-Faradaic reactions exist during charging or
discharging process, which will lead to larger capacitance and
higher energy density. It claims that the Hybrid SC can reach
an energy density of 14Wh/kg, which is about 2 to 5 times
higher than symmetric designs [10].

Because of its fast response time (milliseconds), fast dis-
charge time (usually less than 1 hour) and high cycling
times (normally higher than 20, 000 cycles), SC is widely
used in applications such as maintenance of power quality,
integration renewable smoothing intermittent, grid/network
fluctuation suppression, motor starting, uninterruptible power
supply, and promising in more various fields like power
system protections, low voltage ride-through, transmission and
distribution stability, et.al [2, 11–17]. It can be used to replace
one energy storage device and play the same role, whereas
cooperating with others (e.g. battery, fuel cell, compressed
air energy storage) to build a hybrid energy storage system
(HESS) is a more common solution [3, 18, 19]. It is also
worth mentioning that Hybrid SC is very suitable as the power
supply of electric bus, and the total energy consumption and
cost can be reduced by 14% and 6% respectively compared
with battery powered bus [20].

In energy storage fields, a large number of serial and parallel
SCs are needed for the system design. Although numerous
work has been carried out in developing high performance SC
cells [21–24], more attention should be paid to SC system
integration. The main challenge is how to design and manage
the energy storage system to make sure of the reliable op-
eration, extending the service life and achieving maintenance
free. Hence, the optimized system design and management
based on practical loading profiles is drawing more and more
attention, such as model-based system design, electrical and
thermal management, mission profile based reliability analysis
and life time extension strategies.

Temperature is one of the most important factors affecting
the SC performance [25–28], it will cause irreversible impacts
on SC cell, such as solvent evaporation [29–31], impurities
production [32], and accelerated aging [33]. Furthermore,
the uneven temperature distribution inside a SC module will
exacerbate the inconsistency among SC cells and result in
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Fig. 1. The main structure of the paper. In this paper, we highlight the thermal
modeling and application-oriented electro-thermal modeling approaches.

the degradation of system performance and shortening of the
service life. Therefore, accurate modeling of electrical and
thermal behavior of SC under a wide range of operation
conditions is quite important for optimized system design and
management in energy storage applications [34]. It all requires
electro-thermal models for analyzing the electrical and thermal
loadings, model-based sizing and design of SC stacks, thermal
management and reliability study.

A number of models describing the electrical characteristics
have been well developed, such as classical equivalent circuit
model [35–37], ladder circuit model [38], transmission line
model [39], Zubieta Model [40], artificial neural network
[41–43], fractional-order models [44], and so on. However,
only few works referred to the thermal effect of SC modeling
[45–47]. The existing review papers about SC mainly focus
on the material innovation [4, 48, 49], voltage balancing
methods [50, 51], electrical equivalent modeling and charac-
terization [34, 52], electrical characteristic management [53],
and battery-SC hybrid storage system [54, 55]. Nevertheless,
there is still a lack of comprehensive discussions and insights
on electro-thermal modeling of SC.

The design of an optimized SC management system requires
the interdisciplinary knowledge from both electrical and ther-
mal field. The purpose of this paper is to make a comprehen-
sive investigation in the study of SC electro-thermal modeling
in energy storage system application, and the thermal study
of SC will be highlighted due to the lack of related studies.
The following three prominent contributions distinguish our
endeavor from existing review articles [4, 34, 48–55]. First,
heat generation characteristic of EDLC and Hybrid SC are
discussed respectively, due to the different electrochemical
mechanism. Second, we review the modeling approaches of
SC cell and SC module from the prospective of thermal and
electro-thermal characteristics. Third, we classify the model
into three categories and discuss the application-oriented state
of the art on electro-thermal modeling approaches. The elec-
trical models of SC have been fully discussed by numerous
literature, thus we won’t go into details here. The main content
of this paper is shown in Fig. 1.
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Fig. 2. Temperature fluctuations of EDLC caused by reversible heat under
different current.

The paper is structured as follows: Section II discusses the
characteristic of heat generation mechanism of EDLC and
Hybrid SC. In Section III, heat transfer modeling has been
fully discussed for SC cell and SC module with cooling. In
section IV, experimental design and analytical methodology
on how to acquire thermal parameters is presented. In section
V, the application-oriented state of the art on electro-thermal
modeling has been discussed. In section VI, an outlook for
future research challenges and opportunities on electro-thermal
modeling have been provided.

II. HEAT GENERATION MECHANISM OF SC

The heat generation model defines the quantity and distribu-
tion of the generated heat caused by ionic activity joule loss
inside SC. Due to the different electrochemical mechanism,
the heat generation mechanism of EDLC and Hybrid SC is
different. Therefore, the detailed heat generation mechanism
is discussed respectively in this section.

A. Heat generation mechanism of EDLC

The total heat generated in EDLC includes both irreversible
and reversible heat. The irreversible heat is the joule heat
mainly caused by the resistance of electrodes, current collector
and electrolyte, and the reversible heat is due to the non-
Faradaic reactions and the entropy change of ions in the
electrolyte [26, 56, 57].

The reversible heat of EDLC is sometimes neglected be-
cause it was considered that the proportion of reversible heat
was small compared with irreversible heat [27, 58–60]. In
fact, reversible heat is the cause of temperature fluctuation,
as shown in Fig. 2. The dotted line in the figure represents
the temperature curve considering only irreversible heat, and
the solid line represents the real temperature fluctuation. We
can see that when the current is smaller, the influence of
reversible heat is bigger. An explanation from micro level is
that larger ion valence or diffusion coefficient will lead to
smaller irreversible heat generation rate, while larger valence
and smaller ion diameter will result in larger reversible heat
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[61]. Thus, it is necessary to consider the reversible heat
for precise modeling especially under small current [56, 57,
61–65].

The heat generation inside EDLC is non-uniform. A recent
study gives a clearer picture of the reversible heat generation
process [66, 67]: in the positive electrode, the charging process
is exothermic and the discharging process endothermic; in the
negative electrode, both exothermic and endothermic processes
exist during charging and discharging.

Most of the literatures simplify the problem through the
assumption of uniform heat generation for making calculation
easier. With the assumption of uniform heat generation, irre-
versible heat Q̇irev can be calculated by (1):

Q̇irev = i(t)2ESR (1)

where i(t) is the current of SC, and ESR is the equivalent
series resistance of the first-order equivalent circuit [26, 56,
57, 62, 63].

The above method might be less accurate but the parameters
are easy to get and the calculation is simple. If higher accuracy
is needed, higher order equivalent circuit can be adopted. In
[68], an RC series-parallel equivalent circuit model is used
and the irreversible heat is calculated by (2):

Q̇irev = i2(t)Rs + i21(t)R1 + i22(t)R2 (2)

where Rs is the equivalent series resistance (ESR), R1 and
R2 are resistance of different branch in the model, i(t) is the
charging current through Rs, i1(t) and i1(t) are the branch
current through R1 and R2 respectively.

Another method of determining irreversible heat can be
expressed as (3):

Q̇irev = j2(r, t)/σ(r, t) (3)

where r is the distance from the centerline of SC, j(r, t) is
ionic current density vector which is related to valence of
species, Faraday constant; σ(r, t) is electrolyte conductivity
which is dependent on the ion diffusion coefficient in elec-
trolyte, ion concentration of species, valence of species, tem-
perature, etc. This method, derived from the electrochemical
theory, can reflect the non-uniform heat generation mecha-
nism, but less computationally efficient compared with the
former one. Moreover, the microscopic parameters are not easy
to obtain [61, 64, 65].

With the assumption of uniform heat generation, the re-
versible heat generation rate Q̇rev can be derived from
Helmholtz electric double layer model [26, 56], as expressed
in (4):

Q̇rev = −2
Tabsk

e
ln

(
V olH
V olo

)
i(t) (4)

where k is the Boltzmann constant, the coefficient of the
average kinetic energy of a molecule, V olH and V olo cor-
respond to the volume of Helmholtz electric double layers
and the volume of electrolyte in EDLC. V olH

V olo
represents the

probability of one particle to be located in electric double
layers, e the value of elementary charge, Tabs the absolute

temperature, and the direction of current i(t) is positive during
charging and negative during discharging. This method is
precise enough, and has been verified by the Hamid Gualous’s
experiment [56]. The problem is that we should have enough
structure and material information of SC to estimate V olH

V olo
.

Based on the surface Gibbs free energy of electrolyte and
energy conservation [57], another expression can be derived
for calculating reversible heat generation rate with uniform
heat generation assumption, as expressed in (5):

Q̇rev = −2
Tabsk

ze
ln

(
a±2

a±1

)
i(t) (5)

where z is the valence of ions in electrolyte. a±2 and a±1

are the mean activity of ions of the electrolyte in the electric
double layers and the subscript 1 and 2 denote the charging and
discharging states. We can see that (4) and (5) are quite similar,
although based on different derivation principle. The problem
is still that we need enough electrochemical information to
determine the microscopic parameters z, a±2 and a±1.

For the purpose of simplification, an empirical equation
is proposed with the assumption that the reversible heat
generation is proportional to current [62, 63], which can be
expressed as (6):

Q̇rev = α · i(t) (6)

In (6), α can be calculated by α = 2CthδT/(ITp), where
Cth is thermal capacitance, δT is the difference value of
temperature oscillatory steady-state, I the current, and Tp
is the cycling period, which can be easily obtained from
experimental curve. However, the problem is that it is less
accurate and these parameters are specific to each device.

Based on Stern electrochemical model, an expression which
can describe the non-uniform heat generation process of both
irreversible and reversible heat is derived [61, 64, 65]:

Q̇ = Q̇irev(r, t)+Q̇E,d(r, t)+Q̇E,s(r, t)+Q̇S,c(r, t)+Q̇S,T (r, t)
(7)

where Q̇ is the heat generation rate including both reversible
and irreversible heat, Q̇irev(r, t) corresponds to the contribu-
tions of joule heating, Q̇E,d(r, t) is ion diffusion, Q̇E,s(r, t)
denotes steric effects, Q̇S,c(r, t) and Q̇S,T (r, t) are the heat of
mixing associated with ion flow along the partial molar entropy
gradient, and along the temperature gradient, respectively.
Here, Q̇irev(r, t) contributes to irreversible heat generation
rate, Q̇E,d(r, t) + Q̇E,s(r, t) + Q̇S,c(r, t) + Q̇S,T (r, t) together
contribute to reversible generation rate. The variable r is the
distance from the centerline of SC. Although it can perfectly
describe the heat generation process, the problem is that
the microscopic parameters are not easy to obtain and it is
suggested to use finite element numerical analysis to solve
these equations.

B. Heat generation mechanism of Hybrid SC

The heat generated in Hybrid SC also includes irreversible
and reversible heat. The irreversible heat is caused by the
resistance of electrodes, collectors, and electrolyte, and the
calculation method can refer to that of EDLC. The reversible
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heat is caused by entropy change of ions, Faradaic and non-
Faradaic reaction. Because of Faradaic reaction, the proportion
of reversible heat is bigger and cannot be neglected in Hybrid
SC.

The total heat Q generated in Hybrid SC can also be
deduced from one-dimensional Stern electrochemical model
[69], which describes the heat generation process, and ex-
pressed as:

Q̇ = −
n+1∑
i=0

Ni
∂H̄i

∂x
−

n+1∑
i=0

H̄iṙi (8)

where H̄i is the partial molar enthalpy of ion species i(1≤i ≤
n) or of the electrons, corresponding to i = n + 1; ṙi is the
local production rate of species i due to chemical reactions;
x is the distance to the electrode; Ni is the local flux of
species i. The problem is that it demands detailed structural
and material information for obtaining microscopic parameters
and will take up a lot of computing resources for solving
partial difference equations.

For the purpose of simplification, an alternative method is
proposed with the assumption of uniform heat generation [70],
which can be expressed as:

Q̇ = i(t)(Vo − Vt)− i(t)T
∂Vo
∂T

(9)

where Vo and Vt correspond to the open circuit voltage and
the terminal voltage, respectively. ∂Vo

∂T and T denote the
entropy coefficient and temperature. The first part of equation
represents the irreversible heat which is caused by polarization.
The second part calculates the reversible heat, which may
be positive or negative. Although not fully explaining the
complex electrochemical processes, it is much easier to obtain
the parameters and to calculate the heat generation rate which
is adopted in several studies [71–73].

C. Summary of heat generation estimation method

Table I gives a brief summary of the mentioned heat
generation estimation method of EDLC and Hybrid SC. With
non-uniform heat generation assumption, the heat generation
process can be very well described by the partial differ-
ential equations. However, it is computationally inefficient
for solving these equations, and the microscopic parameters
which require a clear knowledge of the structural and material
information of SC are not easy to obtain. It is more suitable
for electrochemical study of SC.

With uniform heat generation assumption, the heat gener-
ation rate calculation is simplified and the equivalent macro-
scopic parameters are comparatively easy to acquire. There-
fore, it is more suitable for using in the study of energy storage
system.

III. HEAT TRANSFER MODELING OF SC

Heat transfer model determines the temperature change
across the spatially discretized cell characterized by the ge-
ometric and thermal properties. Heat transfer model includes
heat convection, radiation and conduction: heat convection is

governed by the heat dissipated from the cell surface to the
ambient environment which is caused by ambient fluid; heat
radiation can be expressed by Stefan–Boltzmann’s law; heat
conduction described by heat conduction equation can be used
to estimate the temperature distribution inside the layers and
on the surface of the SC [74, 75].

In this section, heat transfer modeling of SC will be dis-
cussed from the aspects of cell thermal modeling and module
thermal modeling with cooling.

A. Heat transfer modeling for SC cell

Generally, there are three kinds of heat transfer model:
lumped thermal parameter model, finite difference model, and
finite element model.

1) Lumped thermal parameter model
By using the equivalent thermal circuit analogy, thermal

model can be described by lumped thermal resistance and
thermal capacitance. In [27], a simple thermal-electric analogy
model which contains two lumped thermal resistance and one
lumped thermal capacitance is established, shown as Fig. 3.
Ta is ambient temperature, Ts is inner surface temperature of
SC, P is the total power dissipated in the SC, Rconv represents
the heat transfer between the surface of SC and the ambient
air, Rth and Cth denote the thermal resistance and thermal
capacitance, respectively.

aT

P thR

thC

(air)

ST

convR

Fig. 3. Lumped thermal parameter model of the SC [27].

This first-order thermal model assumes uniform tempera-
ture distribution inside SC, which can simplify the modeling
process but it is less accurate and doesn’t reflect the real
temperature gradient either inside or on the surface of SC.
As it doesn’t occupy too much computational resources, it is
suitable for real time application such as on-line temperature
observation for SC energy storage system [27, 62, 76, 77].

EDLCs are generally cylindrical structures. For describing
the temperature gradients across a cylindrical EDLC, a pseudo-
3D thermal model is introduced by defining thermal capacity
and thermal resistance in x, y, z directions [78]. The x
direction represents the heat transfer around the spiral in a
given material; the y direction denotes the axial heat transfer
between the terminals of the cell in a given material; the z
direction represents the radial heat transfer across the zness
of the jelly-roll between different materials, as shown in
Fig. 4. The partially unwound jelly-roll with grey blocks in



2168-6777 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2019.2925336, IEEE Journal
of Emerging and Selected Topics in Power Electronics

SHELL et al.: BARE DEMO OF IEEETRAN.CLS FOR IEEE JOURNALS 5

TABLE I
COMPARISON OF SC HEAT GENERATION RATE ESTIMATION METHOD

Category Heat generation
Mechanism

Heat generation
Assumption

Heat generation rate
Estimation Upside Downside References

EDLC

Irreversible heat
Uniform i(t)2ESR Less computation, easy to

get parameters
Less accuracy [26, 56, 57, 62, 63]

Uniform i2(t)Rs + i21(t)R1 +
i22(t)R2

Less computation, easy to
get parameters Less accuracy [68]

Non-uniform j2(r, t)/σ(r, t)
High accuracy, good in
describing heat distribution

Heavy computation,
difficult to get parameters [61, 64, 65]

Reversible heat

Uniform −2Tabsk
e

ln(V olH
V olo

)i(t)
Less computation,
accuracy Less easy to get param-

eters
[26, 56]

Uniform -2Tabsk
ze

ln(
a±2

a±1
)i(t)

Less computation,
accuracy Less easy to get param-

eters
[57]

Uniform α · i(t) Less computation, easy to
get parameters

Less accuracy [62, 63]

Non-uniform Q̇E,d(r, t) + Q̇E,s(r, t)

+Q̇S,c(r, t) + Q̇S,T (r, t)

High accuracy, good in
describing heat distribution

Heavy computation,
difficult to get parameters [61, 64, 65]

Hybrid
SC

Irreversible heat
Uniform i(t)2ESR Less computation, easy to

get parameters
Less accuracy [71, 72]

Uniform i(t)(Vo − Vt) Less computation, easy to
get parameters

Less accuracy [70]

Non-uniform j2(r, t)/σ(r, t)
High accuracy, good in
describing heat distribution

Heavy computation,
difficult to get parameters [69]

Reversible heat Uniform −i(t)T∂Vo/∂T Less computation, easy to
get parameters

Less accuracy [70]

Total heat Non-uniform −̇
∑n+1

i=0 Ni
∂H̄i
∂x

−
∑n+1

i=0 H̄iṙi

High accuracy, good in
describing heat distribution

Heavy computation,
difficult to get parameters [69]

the top part illustrates the thermal model discretization (for
n × m elements), where ThEl denotes heat generated in
electrode, REL x the thermal resistance of electrode in x
direction, REL y the thermal resistance of electrode in y
direction. The bottom part illustrates the heat transfer between
different materials in z direction, at discretization segment (n-
1, m), where ThCC and ThSep denotes the heat generated
in current collector and separator respectively, RCC x and
RCC y the thermal resistance of current collector in x and
y direction respectively, RSep x and RSep y the thermal
resistance of separator in x and y direction respectively, and
RCC z , RSep z , REL z the thermal resistance of current
collector, separator and electrode in z direction.

By discretizing the thermal model, it is possible to model 3D
temperature gradients in a straightforward way. The geometric
and thermal properties of each material, the air-gap between
the jelly-roll and aluminum can be also accounted for. By mak-
ing use of spiral symmetry, the computational cost associated
with a fully discretized 3D can be also reduced. This model
has higher precision and can be used for internal temperature
estimation inside EDLC. Nevertheless, it is only suitable for
cylindrical EDLC which has symmetrical structure.

The thermal parameters are highly dependent on the geom-
etry of the cell. For Hybrid SC with rectangle packaging with
six sides, a first-order heat transfer model comprised by six
group of lumped thermal parameters is proposed [72], which
is shown in Fig. 5. The thermal capacitance Cth and total
power loss P are still based on the assumption uniform heat
generation. This modeling approach can describe the different
heat transfer speed to each direction caused by asymmetrical
structure and Faradaic reaction of Hybrid SC, which can be
used to estimate the internal and surface temperatures of each

R
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Fig. 4. Illustration of the structure and discretization of the jelly-roll in the
developed pseudo-3D thermal model. The partially unwound jelly-roll with
grey blocks in the top part illustrates the thermal model discretization through
a single electrode in x direction. The bottom part illustrates the thermal
connection between material layers in z direction at the discretization segment
(n-1, m) [78].

side. Though it doesn’t reflect temperature gradient inside SC,
it provides an idea of modeling rectangle packaged SC with
higher precision.

2) Finite difference model
Finite difference model uses finite difference method to
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Fig. 5. First-order heat transfer model with 6 groups of lumped thermal
parameters. Ta and Tint are the ambient and the internal temperature
respectively, Ts1 , Ts2 , Ts3 , Ts4 , Ts front , and Ts back are the
surface temperatures of each side, Rth(i) is thermal resistance from internal
middle point to the side i, and Rconv(i) is the convectional thermal resistance
from side i to the environment. [72].

solve the heat-energy balance equation, which can be ex-
pressed as [75, 79]:

ρCp ·
∂T

∂t
= λx ·

∂2T

∂x2
+ λy ·

∂2T

∂y2
+ λz ·

∂2T

∂z2
+ φ (10)

where ρ , Cp , λ and φ are the density, thermal capacity,
heat conductivity and heat generation rate per unit volume,
respectively.

One of the most popular methods of solving heat conduction
in two or more dimensions is alternating direction method
(ADI) [75, 80]. In [28], this method is used to estimate
transient temperature of cylindrical structure SC with two
dimensions: the axial direction and radial direction. Normally,
this method can estimate the temperature distribution in both
spatial and time domain. However, this model will take up too
much computation resources and the accuracy is limited by the
value of iteration step and boundary condition. The smaller
iteration step may result in less error, but it will cause large
arithmetic operations and make the situation rapidly become
worse for a finer mesh [81]. With the popularity of finite
element simulation software, the finite difference method has
gradually been replaced.

3) Finite element model
Finite element model is also built by solving heat-energy

balance equation, which can be simulated by ANSYS Fluent
or COMSOL Multiphysics [82, 83]. In [59], a finite element
thermal model with an implicit predictor-multicorrector algo-
rithm for getting transient temperature distribution of SC is
established. In [60], a three-dimensional finite element thermal
model by ANSYS for SC under constant current charging and
discharging is proposed.

One of the biggest advantages is that it can observe the
temperature gradient of SC with high accuracy and is suitable

to deal with SC with different geometries and boundary
conditions [84]. The disadvantage is that it requires large
computational resources, and the selection of a proper mesh
size is also important for finite element model, as a smaller
mesh size may scale the relative error slightly, but sharply
increase the computing time [74, 85].

In the latest released COMSOL Multiphysics 5.4, it has
a package for simulating the electrochemical process with
detailed parameter input from microscopic level, such as the
properties of electrolytes, membranes, and porous electrodes,
which can describe the non-uniform heat generation process
inside SC. When coupled to the “heat transfer” interface,
the temperature gradients can be very well displayed [82].
It is quite useful for SC designers to study the thermal
characteristic from a microscopic perspective. However, due
to heavy computational cost, it is not suitable for on-line
temperature estimation based on embedded system.

4) Comparison of SC cell modeling
Table II gives a brief summary of the above mentioned

heat transfer modeling method of SC. The lumped ther-
mal parameter model, though less accurate in reflecting the
temperature distribution, is suitable for on-line temperature
observation based on embedded systems. Furthermore, through
discretizing the lumped thermal model with certain groups
of parameters, we can estimate the temperature of SC with
different geometric shapes.

The finite difference models and finite element models
have very good accuracy in temperature gradient description.
The electrochemical heat generation process and heat transfer
process can be very well displayed, which is close to the
thermal behavior of real SC. It is quite suitable for SC
designers in electrochemistry field. The problem is that it may
be not easy for engineers from energy storage application field
to acquire so many microscopic parameters of SC, and it also
requires high computational capability.

B. Heat Transfer modeling for SC module with cooling

Thermal management is drawing more and more attention
in energy storage field [86–89]. Cooling design plays an
important role in optimized SC module configuration which
will directly impact the system performance and reliability.
In this part, thermal modeling for SC module with cooling is
discussed.

1) Thermal network model
Thermal network model is comprised by multiple lumped

thermal cell models coupling with each other. Generally, it is
established upon thermal energy equation:

Cth
dT

dt
= [Acond +Aconv +Atrans]T + qgen (11)

It includes conduction, convection, and mass transport which
reflect the forced air cooling mechanism of heat exchanges,
where T is the vector of the temperature representing the
terminal (inner) temperature of each element cell, Acond

and Aconv are the conduction and convection matrix that
contains the thermal resistance between two thermal nodes,
respectively. Atrans is the fluid transport matrix that contains
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TABLE II
SUMMARY OF SC CELL MODELING APPROACHES

Category Real time Application Upside Downside References
Lumped thermal
parameter models

Yes On-line temperature
monitoring and
estimation

Less computation, easy to
obtain parameters

Poor in temperature gradient de-
scription

[27, 62, 72, 78]

Finite difference
models

No Off-line thermal anal-
ysis

Good in temperature gra-
dient description

Heavy computation, sensitive to
boundary condition and iteration
step

[28]

Finite element models No
Off-line thermal anal-
ysis, SC cell design

Good in temperature gra-
dient description

Heavy computation, sensitive to
model structure and mesh grid,
microscopic parameters needed

[59, 60, 74, 85]
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Fig. 6. Thermal network module with 3 Cells. Cth−SC and Cth−air

is the thermal capacitance of SC and the air, Rconv and Rcond represent
the convection and conduction thermal resistance respectively, Φ is the heat
generation rate and Φair is the air flow rate. [90].

mass flow rate from one node to another. qgen represents the
heat production in each SC [90].

A thermal network model is developed with MATLAB for
a module containing 20 cells which is arranged into four rows
in [77]. It is used for estimating the temperature distribution
inside the module and determining if the module needs a
cooling system. In [90], a thermal network model with 3
cells is built, as shown in Fig. 6. To validate the model, an
experiment with six cells under different air velocity (0.2 m/s,
0.23 m/s) and different rest periods (90 s, 110 s) is carried.
Due to the assumption of homogeneous thermal properties of
each cell, the relative error between simulation and experiment
is up to 4.5%. However, this error is still acceptable with the
advantage of less computation time.

Considering the forced air-cooling, a thermal network model
is proposed in [76]. The heat balance equations of this model
are deduced from three aspects: cell itself, cell to cell, cell
to air cooling fluid. For estimating the string temperature and
tracking the temperature fluctuation, a closed-loop observer is
designed, and the applicability for predicting the instantaneous
temperatures of each cell is further confirmed. Based on this
model, on-line temperature monitoring and diagnostics can be
achieved.

2) Computational fluid dynamics (CFD) module
CFD model can be used to describe thermal behavior of SC

module through finite element solution. It can reflect the real

temperature distribution of the module, explore the inlet and
outlet of forced air and optimize the configuration of each cell
for a better thermal design [91, 92].

A CFD-based model with forced air-cooling is proposed in
[93], and SCs are staggered configurated with three arrange-
ment combining three ventilation power. The result shows that
the staggered arrangement distribution provides better cooling
performance than widely spaced ones. In [58], a 4-cell CFD
module connected in series is simulated by COMSOL. The
result shows that a 3mm spacing between the cell and external
fan with a power of 1.7W can provide adequate cooling [71].
In [85], an 8-cell CFD module is designed with COMSOL. The
simulation has been carried out with different case material
(AL, PVC) and different air flow velocity, and the result shows
that the temperature is lower for aluminum case than PVC,
however, the temperature grad of PVC case is higher.

3) Comparison of SC Module heat transfer modeling
Table III gives a brief summary on heat transfer modeling

of SC module. Thermal network model, which is derived from
lumped thermal parameter model, can be used to estimate the
string temperature and track the temperature fluctuation inside
the module. It is computationally efficient and suitable for on-
line application such as state monitoring and diagnosis. The
CFD module, which is simulated by finite element simulation
software, can well reflect the temperature distribution inside
the module in complex convection environment. It is more
precise in describing temperature gradient, which is suitable
for cooling design, configuration optimization and heat sink
material selection.

IV. THERMAL MODEL PARAMETERIZATION

In this section, experimental design and analytical method-
ology on how to acquire thermal parameters including heat
generation rate, temperature distribution, thermal resistance
and capacitance are presented. As the purpose of this paper is
to review SC modeling from the prospective of energy storage
system application, the thermal parameters discussed here are
macroscopic parameters which are commonly used in system
thermal modeling.

A. Experiment

1) Heat generation rate measurement
Heat generation rate can be measured precisely by calorime-

ter, including both reversible and irreversible heat. It is widely
used in the research of capacitors and batteries for a better
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TABLE III
SUMMARY OF SC MODULE THERMAL MODELING WITH COOLING

Category Real time Application Upside Downside References
Thermal network
model

Yes On-line system thermal
management

Computationally efficient Poor in reflecting temper-
ature gradient

[27, 76, 90]

CFD module model No
Cooling design, module
configuration optimization

Good in temperature
gradient description

Heavy computation, sensi-
tive to model structure and
mesh grid

[9, 71, 85]
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Fig. 7. Schematic of the calorimeter: (1) electrochemical cell under test, (2)
current collectors, (3) heat-flux sensor, (4) cold plate, (5) thermocouples, (6)
force sensor 0–200 kg·cm−2 , (7) cooling fluid, (8) electrolyte bath bubbled
with nitrogen, and (9) thermal insulation. [66].

understanding of electrochemical process [94–97]. In [67],
calorimetric technique is used to measure heat generated inside
an EDLC under cycling. In [58], the time-dependent heat
profiles of symmetric and asymmetric aqueous electrochemical
capacitors with C–C and C–MnO2 electrode under cycling
is measured by calorimeter.

In [66], an isothermal calorimeter is designed to measure
the instantaneous heat generation rates of anode and cathode
of EDLC devices under galvanostatic cycling, as shown in Fig.
7. The heat generation rate can be calculated by the following
equation:

Q̇i(t) =
4Vi(t)
Si

Ai (12)

where4Vi(t)(µV ) is the voltage difference delivered by heat-
flow sensor at positive or negative electrode, Ai(cm

2) is the
area of the negative or positive electrode, Si(µV/(mW/cm

2))
is sensor’s temperature-dependent sensitivity. The instanta-
neous reversible heat generation rate Q̇rev,i(t) at each elec-
trode can be evaluated by subtracting the averaged heat
generation rate ¯̇Qi(t) from the instantaneous heat generation
rate Q̇i(t) [66].

2) Temperature measurement
Temperature can be measured by thermocouple and thermal

imager [68, 78, 90, 98–100]. The outside temperature can be
easily detected by placing a thermocouple, and the surface
temperature distribution can be observed by thermal image.

The internal temperature is more difficult to obtain because
placing thermocouple without changing the inside property of
SC is not easy. In [90], the temperature of positive electrode
was used to represent the internal temperature of SC, which
offers a simple but less accurate approach.

In order to detect the internal temperature distribution of
SC, four Chromel-Alumel micro thermocouples were placed
in different turns of jelly roll of a cylinder SC along the radial
directions [27, 56]. The placing of thermocouples into the jelly
roll will change the characteristics of the test cell, because the
resistance and radial temperature gradient between the core
and surface of the cell are increased according to [78]. It is
still meaningful for the verification of the internal temperature
of thermal model.

B. Thermal resistance and capacitance parameterization

If material and structural parameters are known, thermal
resistance and capacitance can be derived directly [57, 60, 62,
74, 85]. The lumped thermal parameters Rconv , Rth , Cth

for a cylinder SC (shown in Fig. 8) can be obtained by the
following equations [27]:

Rconv =
1

hS
(13)

Rth = Rinsulating layer +Rmetal case +
n∑

i=1

Rth i (14)

Cth = Cinsulating layer + Cmetal case +

n∑
i=1

Cth i (15)

where h is the convection coefficient, S is the surface area
of SC, Rmetal case and Rinsulating layer are the thermal
resistance of the metal case and insulating layer respectively,
Cmetal case and Cinsulating layer are heat capacity of the
metal case and insulating layer respectively, and ‘n’ is the
number of layers. Rth and Cth can be derived by the summa-
tion of all layers thermal resistance or heat capacity parameters
which are acquired from materials datasheet.

As the material data might be difficult to acquire espe-
cially for commercial SCs because of business secrets, some
researchers estimate thermal parameters with empirical equa-
tions from experimental data. In [65, 99], the heat capacitance
Cth is estimated from the heat generation and the temperature
rise obtained from the adiabatic case in a very short time. This
is expressed as (16):

Cth =
4Q
4T

(16)
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Fig. 8. Simplified SC thermal model construction: cross section of SC layers
[27].

where 4Q is joule loss and 4T is the temperature change in
that short time.

Another estimation method is proposed by [90], the internal
thermal resistance Rth and the convection thermal resistance
Rconv are estimated by steady state temperatures at two points
of SC. One was the positive terminal temperature which was
regarded as core temperature, the other was surface case
temperature. So the thermal resistances can be deduced from:

Rth =
Tterminal − Tcase

Q
(17)

Rconv =
Tcase − Ta
Q

(18)

where Ta is the ambient temperature, Tcase is the temperature
of the surface of SC case, and Tterminal is the temperature
of anode which is considered to be the same as the core’s
temperature of SC.

The thermal capacity of the SC is identified by the thermal
time constant τ , which was determined from the curve of
the temperature drooping characteristics of SC. Therefore, the
thermal capacity Cth can be determined by:

Cth =
τ

Rth +Rconv
(19)

The parameter identification methods can also be used to
determine the thermal parameters [98, 101, 102], such as
least square method, difference revolution, etc. Through these
methods higher precision result could be obtained.

C. Summary of thermal model parameterization

From the above discussion, we can make a summary of the
existing thermal parameter acquisition methods.

Heat generation rate can be directly measured by calorime-
ter precisely, which can be used as a verification of heat
generation approaches introduced in section III, or an alterna-
tive method to obtain heat generation rate when the detailed
structural and material parameters of SC are unknown.

For practical application, the measurement of internal tem-
perature of SC is still a challenge as placing thermocouple
without changing the inside property of SC is not easy. Thus,
it would be very meaningful to develop internal temperature
observation method for on-line SC temperature diagnosis.

Thermal resistance and capacitance can be estimated by
empirical equations which is easy but less accurate. Through
parameter identification method, we can obtain thermal resis-
tance and capacitance with higher resolution.

V. DISCUSSION ON APPLICATION-ORIENTED
ELECTRO-THERMAL MODELING OF SC

In this section, we will have an analysis and recommen-
dation of electro-thermal modeling of SC for energy storage
application. Firstly, we classify the models into three cate-
gories according to different application purpose. Then, we
summary the state of the art of application-oriented electro-
thermal modeling approaches accordingly.

A. Model classification for different application purpose

As different application purpose has different requirement
on accuracy, complexity, and function of the model, we
classify the electro-thermal models into three categories ac-
cordingly:

1) Model type I: On-line state monitoring and diagnosis
It refers to models suitable for on-line application with the

purpose of real time state monitoring and diagnosis of SC.
These models are often operated on embedded systems with
limited computation capability, which is widely used in energy
storage applications, such as in hybrid vehicle, etc.

2) Model type II: Off-line system level thermal design
It refers to models suitable for system level research such as

the integration of SC energy storage system into a micro grid
and studying the control strategy, dynamic behavior, efficiency,
etc. These off-line models often run on computer or worksta-
tion with powerful computation capability, and simulated by
software like Matlab.

3) Model type III: Off-line supercapacitor module level
thermal design

It refers to models suitable for energy storage system
integration such as thermal management, optimized SC con-
figuration, cooling design, etc.

B. State of the art on electro-thermal modeling

A general schematic diagram of the electro-thermal model
for energy storage application is given by Fig. 9 It consists
of three main parts: an electrical model describing the elec-
trical behavior, a heat generation model calculating the heat
generated inside the SC, and a heat transfer model predicting
the temperature distribution. The three parts are distinct yet
coupling with each other: the electrical parameters are depen-
dent on the temperature from the thermal model, and thermal
model is also influenced by the electrical parameters. The input
of the electro-thermal model is the working profile generally
including the current I , voltage U , ambient temperature
Tambient , and cooling method, and the output of this model is
supposed to be SOC (State of Charge), SOP (State of Power),
SOE (State of Energy), SOH (State of Health) estimation and
temperature distribution inside and outside the cell.

As the electrical models of SC, such as classical equivalent
circuit model, ladder circuit model, fractional-order model,
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Fig. 9. Schematic of electro-thermal model of SC for energy storage
applications [27].

and Zubieta Model, have been fully discussed by numerous
literature [37, 38, 40, 44], we won’t go into details in this
paper.

When establishing the electro-thermal model, we should
firstly figure out the need of the specific application and
select the model type accordingly, and then we choose a
proper electrical model coupled with a thermal model with
the consideration of precision, complexity, computation cost,
etc. The state of the art on electro-thermal modeling of SC is
summarized in Fig .10 .

1) Electro-thermal modeling approaches of Model type I
As the purpose is for on-line application operated by em-

bedded systems with limited computation capability, the model
shall be simple and computationally efficient which is fit for
on-line calculation. These kinds of models are suitable for on-
line monitoring and the internal temperature estimation of SC.

Generally speaking, a lumped equivalent electric circuit
model coupled with lumped thermal model is suggested. Be-
cause of the limited computation capability, it is not suggested
to use higher order models. The electrical model could be a
first or second order classical RC equivalent circuit model
[36]. The heat generation model shall be built upon the
assumption of uniform heat generation, and the heat transfer
model is a first-order model with one or more groups of
thermal parameters [72]. In [98], an electro-thermal model
consisting of a first-order electric circuit model and a first-
order thermal model is proposed. The coupling of the two
models enables tuning of the temperature-dependent parame-
ters of the electrical model in real time.

With the price going down of embedded system with higher
computational capability, it is well worth trying higher order
electro-thermal models and testing the computational cost.

2) Electro-thermal modeling approaches of Model type II
This kind of model is used to study the performance of

SC system such as efficiency, dynamic behavior, and control
strategy under different working profiles. With powerful com-
putational platform, higher precision electro-thermal model

can be established.
The electrical model can be tried with a higher order

equivalent electric circuit model [103], fractional order model
[44], or Zubieta Model [40] which can better describe the
dynamic behavior of SC. The heat generation model of SC
is suggested to build upon the assumption of uniform heat
generation, and the heat generated by the contact resistance
and cables between SCs shouldn’t be ignored. The heat
transfer model can be a higher order model with several
group of parameters or discretized lumped thermal model
considering the SC geometric structure which could reflect
the temperature gradients [78]. The effect of temperature on
electrical parameters can be achieved through look-up table
method.

There could be different combinations of electrical model
and thermal model. If you want to study more about the
electrical behavior, it can be a high order electrical model
coupled with a simple thermal model, or vice versa. The trade-
off between simulation speed and accuracy for the electro-
thermal model should be considered.

3) Electro-thermal modeling approaches of Model type III
This kind of model is used for optimized SC configuration

and cooling design. It shall be a 3D model reflecting tem-
perature gradients, which can be simulated by finite element
simulation software like COMSOL.

The non-uniform heat generation process can be well de-
scribed by COMSOL as long as the microscopic parameters
like the properties of electrolytes, membranes, and porous
electrodes are provided. If these parameters can not be ob-
tained, uniform heat generation can be also processed but
the accuracy will be reduced. Heat generation model can be
coupled to the “heat transfer” interface of the software, and
hence the temperature gradients both inside and outside SC
can be displayed. In COMSOL, thermal model is coupled to
electrochemical model. The effect of temperature on electro-
chemical model is reflected in the diffusion coefficient and
conductivity of the positive and negative electrodes and the
electrolyte [104].

VI. CONCLUSION

Electro-thermal modeling of SC under a wide range of
operation conditions is essential for optimized system de-
sign and management in energy storage applications, such
as model based sizing and design of SC stacks, thermal
management, mission-profile based reliability analysis, etc.
This paper presents a comprehensive survey on electro-thermal
modeling of SC from the aspect of heat generation, heat
transfer, thermal model parameterization and the state of the
art on application-oriented electro-thermal modeling.

From the discussion in the previous sections, an outlook on
outstanding challenges and future research opportunities can
be summarized as follows:

1) Existing modeling for SC rarely considers long-term
environmental and operation conditions (e.g., mission profile),
which is quite relevant to applications, such as electric bus,
etc. How to model the long-term thermal loading profiles in a
computational-efficient manner is a great challenge.
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Fig. 10. State of the art on application-oriented electro-thermal modeling.

2) The existing heat generation and heat transfer model are
either over simplified or complicated for practical application.
Future study can be made on heat generation and heat transfer
model of EDLC and Hybrid SC under practical loading
profiles, especially on how to construct the model reflecting
the heat generation and transfer mechanism in a simple but
rational way.

3) The construction of electro-thermal model is depen-
dent on the requirement of application field. The author
has summarized the application field as three categories: on-
line application for state monitoring and diagnosis, off-line
application for system integration research, off-line research
for thermal management and cooling design. It is difficult
to develop a universal electro-thermal model suitable for all
application field. Further research can be focused on develop-
ing different application oriented electro-thermal models with
different combination of electrical and thermal models.

4) Simplification and calculation efficiency is always with
the vital importance in practical application, especially for
real-time operation for energy storage system. An optimized
electro-thermal SC model suitable for on-line application
should be further studied. Though the present embedded
hardware may limit the realization of complex algorithms,
the advanced hardware with higher calculation capability like
GPU could be an option.

5) Cooling design is also a very important part for optimized
SC cell configuration. So far only few studies have referred to
the air cooling and configuration optimization of SC module.
Liquid cooling or phase change materials cooling can be
further studied.

As different industry sectors have put an increasing effort to

collect mission profile data of their products, which provides
a more realistic input data for the electro-thermal modeling of
SC cells and modules. At the same time, multi-time scale and
multi-physical modeling methods have been proposed for other
electronic components, such as power semiconductor devices
and modules, electrolytic capacitor banks, etc., which could
provide inspirations for the electro-thermal modeling work on
SCs.
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