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ABSTRACT Energy storage systems are playing an increasingly important role in a variety of applications,
such as electric vehicles or grid-connected systems. In this context, supercapacitors (SCs) are gaining ground
due to their high power density, good performance, and long maintenance-free lifetime. For this reason,
SCs are a hot research topic, and several papers are being published on material engineering, performance
characterization, modeling. and post-mortem analysis. A compilation of the most important millstones on
this topic is essential to keep researchers on related fields updated about new potentials of this technology.
This review paper covers recent research aspects and applications of SCs, highlighting the relationship
between material properties and electrical characteristics. It begins with an explanation of the energy storage
mechanisms and materials used by SCs. Based on these materials, the SCs are classified, their key features
are summarized, and their electrochemical characteristics are related to electrical performance. Given the
high interest in system modeling and a large number of papers published on this topic, modeling techniques
are classified, explained, and compared, addressing their strengths and weaknesses, and the experimental
techniques used to measure the modeled properties are described. Finally, SCs are successfully used in
the market sectors, as well as their growth expectations are analyzed. The analysis presented herein gives
the account of the expansion that the SC market is currently undergoing and identifies the most promising
research trends on this field.

INDEX TERMS Electrical performance, electrochemistry, energy storage, experimental characterization,
modeling, supercapacitor.

I. INTRODUCTION
The concern about climate change, the drawbacks that
petroleum dependency has for many countries, and an
increasingly interconnected society entail significant changes
in systems. Particularly, as a result of the expansion of renew-
able energy generation, the electrification of the transport
sector and the growing demand for wireless electrical devices,
electrical energy storage systems (ESS) are growing into a
major research topic [1].

Supercapacitors (SCs) are ESSs that bridge the gap
between batteries and conventional capacitors with regard
to energy and power densities. As shown in the Ragone
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Plot (Fig. 1), their specific energy is far higher than con-
ventional capacitors and their specific power is greater than
existing batteries. Li-ion batteries are suitable for applications
requiring charge–discharge cycles of a few hours (for instance
PV self-consumption) and traditional capacitors have opti-
mal performance with cycle times in the order of ms or µs
(e.g. power converters). In this context SCs arise as the best
option for several applications in which charge–discharge
cycle times ranging from a few seconds to several minutes are
required, as detailed along the following sections. A number
of terms are used by researchers, manufacturers and users to
refer to SCs. Some authors call them electrochemical capaci-
tors (ECs) [2] or electric double-layer capacitors (EDLC) [3],
given that an electric field created in the double layer
between the electrodes and the electrolyte is the primary
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FIGURE 1. Ragone Plot of electrical energy storage systems.
Characteristic times correspond to lines with unity slope.

TABLE 1. Recently-published review papers on supercapacitors.

energy-storage mechanism. Since SCs behave similarly to
capacitors and are often used to manage high power peaks,
other authors call them pseudocapacitors or power capacitors.
Ultracapacitors [4] and gold capacitors are also names used
to refer to SCs. This terminology has its origin in the first
commercially available SCs, launched in the late 70s and
early 80s by companies such as the Nippon Electric Company
(under the name ‘‘super capacitor’’), Panasonic (commercial
name ‘‘gold capacitor’’) and the Pinnacle Research Institute
(‘‘PRI Ultracapacitor’’) [5]. A simple bibliographic search
reveals that supercapacitors is the most common name.

In recent years, numerous research papers have been pub-
lished on different SC-related topics, given the evident cur-
rent need for such a technology, the year-on-year market
growth, the growth expectations for the future and the pre-
dicted impressive improvement potential [13]. Many review
papers have been published directed at meeting the need to
organize and summaries new published research findings in
each field related to SCs. Table 1 summarizes the focus topic
of the main recently-published review papers concerning
SCs. With this work we aim to complement these SC reviews
from an energy application point of view, with special focus
on large scale systems. For this purpose, the relationship
between the SC material properties and their electrical per-
formance is explained using electrochemical principles. After
this, the applications where SCs can play a significant role

are identified, leading to an intensive analysis of the use
of SC in large scale systems.

With this purpose, the information is structured into the fol-
lowing sections. Following this introduction, the principles of
SC performance are covered in Section II, along with a sum-
mary of the most important material characteristics, a classi-
fication of SCs based on this information and guidelines for
the most suitable SC type based on application requirements.
In Section III, the basic electrical phenomena that can be
measured in an SC are explained based on the previously-
described principles. This is followed in Section IV by a
description of the main trends in SC modeling, as suitable
tools to relate electrochemical principles with electrical per-
formance. This section also includes a critical analysis of
the suitability of each type of model from different points of
view (SC design, manufacturing, design of an energy system,
storage system control strategy, etc.). Furthermore, the most
commonly-used experiments to characterize the parameters
of each type of model are covered, with an emphasis on their
strengths and weaknesses in identifying each phenomenon.
Section V goes on to analyses the key features of currently
available SCs and their suitability for each type of energy
system. Furthermore, we present a critical analysis of suc-
cessful and recently-emerged energy applications in which
SCs play a primary role as an ESS, with particular emphasis
on future trends. The paper concludes with Section VI, which
contains a summary of the most important aspects covered by
the review, emphasizing their relevance and prospects based
on the information provided herein.

II. FUNDAMENTALS AND TYPES OF SUPERCAPACITORS
The aim of this section is to explain the electrochemical
mechanisms and the materials involved in SC energy storage
process. Given the fact that there are similarities between the
SC charge storage and the battery and capacitor operating
principles, for the sake of clarity, a comparison is made
with the principles explained in Section I. Furthermore, since
the energy is stored on the electrode-electrolyte interfaces,
the storage mechanism on each SC electrode needs to be
addressed separately. A combined analysis can lead to mis-
interpretations when the two electrodes in a device are made
of different materials. With this aim in mind, the operation
principle of SCs is briefly covered in subsection II-A and the
energy storage mechanisms used on each of the electrode–
electrolyte interfaces are addressed in subsection II-B. Sub-
sequently, in subsection II-C, a classification of the SCs based
on both electrodes is presented; and a classification based on
electrolyte materials is addressed in subsection II-D. Finally,
the interaction between the electrodes and the electrolyte of
an SC is analyzed in subsection II-E, summarizing the most
noteworthy theoretical and experimental studies on this topic.

A. OPERATION PRINCIPLE
SCs consist in two porous electrodes immersed in an elec-
trolyte. The energy is stored using the electric field created
between the electrodes and the electrolyte, as shown in Fig. 2.
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FIGURE 2. Operation principle of an SC cell.

Positive charges are colored in blue and negative charges,
in yellow. Ionic charges are represented bigger than elec-
tronic ones, since their size is important for the SC perfor-
mance, as detailed below. Both electrodes are separated by
an ion-conductive membrane, which is the central part of the
schematic shown in the figure, that allows ion throughput
while preventing short circuits between the electrodes.

B. ENERGY STORAGE MECHANISMS
A wide range of materials are used to manufacture
SC electrodes and electrolytes, thereby determining
the energy storage mechanisms occurring in the SC.
A knowledge of these processes is critical for the under-
standing and optimal utilization of SCs. Two main exper-
iments are performed to characterize an SC electrode, and
these are convenient tools to understand the different energy
storage mechanisms. On the one hand, cyclic voltammetry
(see Fig. 3 (a) and (b)) is an experiment in which the electrode
potential is ramped linearly versus time. When a set potential
is reached, it is ramped in the opposite direction to return
to the initial potential. The current is measured and plotted
against the applied voltage to give the cyclic voltammogram
trace. On the other hand, a galvanostatic discharge consists
in a constant-current discharge of an electrode. The volt-
age is measured and plotted against the electrode charge
(see Fig. 3 (c) and (d)). The three basic types of behavior
that SC electrodes can exhibit are explained hereafter. Their
properties are compared and contrasted, and the electrical
performance of each type of electrode is described based on
their cyclic voltammetry and galvanostatic discharge.

1) DOUBLE-LAYER BEHAVIOR
The double layer effect consists in an accumulation of
two types of charge on the electrode–electrolyte inter-
face, and is the primary storage mechanism in electrodes
made of carbon powders, fibers or felts. On the one hand,
an excess or a deficit of conduction-band electrons in the elec-
trode, at or in the near-surface region of the interface. On the
other hand, counterbalancing charge densities of accumulated
cations or anions of the electrolyte on the solution side of
the double layers at the electrode interfaces [14]. Given that

FIGURE 3. Schematic representation of cyclic voltammograms (a and b)
and galvanostatic discharges (c and d). Both tests show the difference
between capacitor-like behavior, typical of double-layer and
pseudocapacitive mechanisms (represented in orange in
graphs a and c) and battery-like (or faradaic) behavior
(represented in blue in graphs b and d).

the surface density of these charges, electrostatically stored
at the electrodes interfaces, depends on the applied voltage,
the double-layer capacitance varies with the electrode volt-
age. The only electrochemical reaction involved in double-
layer behavior takes place at the surface of the electrode
and consists in the adsorption and desorption of cations
and anions [9]. Therefore, double-layer capacitance is char-
acterized by rectangular cyclic voltammograms, as shown
in Fig. 3 (a), since the response to a linear change in voltage
is a constant current. Moreover, the galvanostatic discharge
for this kind of material is linear (Fig. 3 (c)) [15].

The double layer effect takes place on every interface
between electronic-conductor and ionic-conductor materials,
which is a typical scenario in most electrochemical ESSs.
It is, however, a parasitic effect instead of the primary energy
storage mechanism in systems such as electrolyzers, fuel
cells and batteries [16]–[19]. Conversely, the SC operating
principle is based on this property, and its electrodes are
designed with the aim of maximizing this effect.

2) PSEUDOCAPACITIVE BEHAVIOR
Pseudocapacitance is the result of fast and reversible faradaic
charge-storage mechanisms [20]. Although there are simi-
larities between these reactions and battery behavior since
they involve the passage of charge across the double layer,
unlike normal batteries, the capacitance is the result of a
particular thermodynamic relationship between the extent of
charge acceptance and the change of voltage [14]. Pseudo-
capacitive electrodes present a capacitor-like behavior, since
their cyclic voltammogram is similar to the double layer
rectangular shape (Fig. 3 (a)) and they have a linear gal-
vanostatic discharge (Fig. 3 (c)). In comparison with double-
layer electrodes, pseudocapacitive electrodes can deliver a
significantly higher specific capacitance, which makes them
attractive for applications requiring high energy density.
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However, they suffer from two main drawbacks associated
with the electrochemical reactions involved: lower power
density and weaker cyclability. The reasons for these draw-
backs are irreversibility and the dynamics of the electrochem-
ical reactions involved. The irreversibilities induce a faster
ageing of the electrode while the reaction dynamics limit its
power capability.

The birth of pseudocapacitive electrodes is due to the dis-
covery of the unusual electrochemical behavior of RuO2 [21].
Since then, various cheap metal oxides have been stud-
ied as potential electroactive materials for pseudocapaci-
tors [14], [22]. Among the currently-researched metal-oxide
materials, iron based oxides and hydroxides are receiving
tremendous interest due to their abundance, high spe-
cific capacitance and low toxicity [23]. Both single
oxides/hydroxides such as Fe2O3 or FeOOH and binarymetal
oxides such as MFe2O4 or FeOOH (with M=Ni, Co, Sn, Mn,
Cu, etc.) are currently being researched [24], [25] with the
aim of obtaining cheap materials with suitable pseudocapac-
itive properties.

In addition to metal oxides, metal carbides [26] and con-
ducting polymers [27] intrinsically display pseudocapacitive
behavior. The main drawback of conducting polymers com-
pared to inorganic materials is that, even though both have
void volume to allow for the intercalation of ions, the spaces
of conducting polymers are not big enough to host the ions
and the intercalation causes severe volume changes in the
electrode. Polyaniline (PANI) is one of the pioneering con-
ductive materials. PANI SCs were first manufactured several
decades ago, but no further research was developed due to
the problems caused by volume change. Greater attention
has been paid to this material over the last few years due to
technology advances that have made it possible to combine
PANI with other electroactive materials to enhance the elec-
trochemical performance of SCs [28], [29].

It should be taken into account that the majority of
SC electrodes available marginally fall within the pseudo-
capacitive category due to the presence of functional groups
resulting in the occurrence of a pseudocapacitive secondary
response [30]. In fact, the electrochemical response of dou-
ble layer capacitors composed of nanomaterials such as
graphene, is partially due to the electrochemical redox sys-
tems of electrochemically active groups over the carbon
chemical and structural irregularities [31].

3) FARADAIC BEHAVIOR
This storage mechanism is based on the redox reactions of
metal ions within the crystalline structure of the electrode.
Usually, metal cations are intercalated and deintercalated,
and this process needs to be coupled with redox reactions
involving the electron gain or loss of the electrode material.
It should be noted that this mechanism also involves phase
transformation and/or alloying reactions, in addition to the
passage of charge mentioned in the pseudocapacitive behav-
ior. The electrode voltage is determined by some singular
value by the Gibbs energies of pure, well-defined phases, and

usually also the composition and concentration of the solu-
tion. Therefore, these materials exhibit a voltage plateau in a
galvanostatic discharge (Fig. 3 (d)) and faradaic redox peaks
in cyclic voltammograms (Fig. 3 (b)). The capacity1 achieved
in Faradaic electrodes is several times (10–100 times) higher
than that of capacitive electrodes.

Unfortunately, many battery-type electrodes, such as
Ni(OH)2 or other materials, that exhibit faradaic behav-
ior have been considered as pseudocapacitive materials in
many reports, causing confusion for readers [9]. Even if the
redox properties of battery materials are electrochemically
reversible, they aremuchworse than those of pseudocapacitor
materials and their charge and discharge power is limited by
the ion diffusion within the crystalline framework.

It is noteworthy that the same electroactive materials
can deliver either pseudocapacitive or battery-like behavior.
This issue is due to the various lattice structures and nano-
architectures that can be achieved in the electroactivematerial
during its manufacturing process. For instance, the current
applied during the electrodeposition of manganese oxide can
be adjusted in order to prepare either a battery-like elec-
trode [32] or a pseudocapacitive electrode [33].

C. TYPES OF SCS BASED ON THEIR ELECTRODES
The most suitable supercapacitor for a system depends on the
specific requirements of each application. A classification of
SCs highlighting their characteristic properties is a useful tool
to correctly select the best SC to be used in each application.
This classification based on the electrode material is the
one most commonly used to categorize SCs, and it is pre-
sented herein with the aim of clarifying the different options
available, identifying their advantages and disadvantages, and
addressing the critical parameters and characteristics to make
a rational selection of SC.

It is important to highlight the fact that the macroscopic
behavior of a given device does not presume the processes
that occur at each electrode inside the device, and furthermore
does not indicate whether individual electrodes are capac-
itive or faradaic in nature. For instance, an SC formed by
a faradaic electrode and a complementary capacitive elec-
trode results in a charge/discharge plot which looks capac-
itive because it is the combination of a capacitive electrode
(triangular shape) and a faradaic one (plateau shape).

As detailed below, SCs can be classified into three main
groups: symmetric, asymmetric and hybrid SCs. Confusion
sometimes arises from this classification since some authors
consider hybrid SCs to be a sub-category of asymmetric SCs.
Given the significant difference between hybrid SCs and the
other two types of SCs regarding characteristics and per-
formance, and following the criteria established in previous
papers [9], [20], three categories of SCs are presented herein.
Typical characteristics of each type of SC are summarized
in Table 2.

1Note that capacity (C or Ah) and not capacitance (F) is the most mean-
ingful metric for the analysis of faradaic materials.
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TABLE 2. Key features of the main supercapacitor technologies.

• Symmetric SCs: The same double-layer material is
used for both electrodes. These are the most commonly
used SCs, given the lower cost of the electrodes (typ-
ically activated carbon) and their higher maturity [34].
Research in these SCs is aimed at taking advantage of
carbon nanotubes [35], [36], carbon aerogels [37], [38]
and graphene [39]. Their energy density is relatively
low, around 5 Wh kg−1, and their power density is as
high as 9 kWkg−1 [40]. Symmetric SCs are the most
suitable option for energy applications in which safety,
low maintenance and long lifetime are essential require-
ments, high power density is also required, but energy
density is not a limiting issue.

• Asymmetric SCs: This term is reserved for SCs that use
two different capacitor-like materials to manufacture
the electrodes and can achieve high energy and power
densities [9], [14]. 30.4 Wh kg−1 and 5 kWkg−1 were
reported for aMnO2 Nanowire/ Graphene and Graphene
asymmetric SC [41]. However, these SCs are still rela-
tively expensive and may suffer from lower efficiencies
and rated voltage due to the need for aqueous elec-
trolytes [34], as well as from poor lifetime (79% of per-
formance retention after 1000 cycles is reported in [41]).
Therefore, asymmetric SCs could be suitable for appli-
cations in which the compromise between power and
energy density is mandatory, and where cost is not a
critical issue.

• Hybrid SCs: Composed of a capacitor-like electrode and
a faradaic electrode, achieve a higher energy density,
reported to reach values of more than 100 Wh kg−1

[42], [43]. By contrast, the power density is lower
than the values achieved by symmetric SCs, around
4.5 kWkg−1 [40]. The development of this technol-
ogy is less advanced than that of symmetric and asym-
metric SCs. Even though there are already hybrid
SCs available in the market [44]–[46], many papers
have been published suggesting new materials and

manufacturing processes [47], [48]. Recently, many
hybrid systems have been reported, such as AC//
PbO2 [49], graphene//PbO2 [50], AC//Ni(OH)2 [51],
AC//Li4Ti5O12 [52] and AC//LiMn2O4 [53], [54]. Man-
ufacturing methods dedicated to using original raw
materials, such as egg white, were also suggested [55],
obtaining a hybrid SC which shows promising power
and energy density characteristics. Only values at mate-
rial level are given in this paper (only the weight of
the electrodes and electrolyte is taken into account).
257 Wh kg−1 and 867 Wkg−1 (material level) with a
performance retention of 79.2% after 15 000 cycles is
reported in this paper.

D. TYPES OF SCS BASED ON THEIR ELECTROLYTE
• Organic electrolyte: An organic solvent, such as ace-
tonitrile (ACN) or propylene carbonate (PC) is the
basic component of these electrolytes. A salt such
as Et4NBF4, whose organic ions are relatively large,
is dissolved in the solvent. These ions should be able
to access the electrode pores in order to contribute to
the energy storage. Therefore, electrodes with micro-
pores that are not able to host the ions are not suit-
able for organic electrolytes. Furthermore, the lack of
micropores enhances the SC power performance. Their
decomposition voltage can be as high as 2.2–3 V [56],
contributing to the high power and energy density of the
device.
The most commonly-used organic solvents are PC and
ACN, due to their low viscosity, high conductivity and
electrochemical stability, making it possible to manu-
facture high-energy SCs that are able to deliver high
power and high cyclic stability [57]. However, there are
some safety concerns regarding the AN solvent, which
is flammable and toxic [58]. Even though organic elec-
trolytes are widely used, research efforts are currently
focusing on the development of new, safe solvents to
provide higher energy densities [59]. A solvent with a
decomposition voltage of up to 4 V has already been
presented [60]. However, the trade-off for this increase
in the voltage window is a considerable reduction in the
maximum power managed by the SC.

• Aqueous electrolyte: These electrolytes consist of small
acid molecules, for instance, H2SO4, dissolved in water.
Given the smallness of these inorganic ions, elec-
trodes with micropores (diameter around 1 nm) such as
T-carbons or carbide-derived carbons are preferred. The
decomposition voltage limit of aqueous electrolytes is
lower than that of organic electrolytes. Given that water
dissociates in H2 and O2 at a voltage of 1.23 V, the sta-
bility of aqueous electrolytes is limited to a maximum
voltage of 0.6–1.4 V [56].
Research efforts in aqueous electrolytes are focusing on
improving their electrochemical properties. The most
noteworthy research trends in this respect are, on the
one hand, the increase in their decomposition voltage,
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which has already been reported to be up to 2.2 V [61]
by the use of an aqueous electrolyte with high solvation
energy. On the other hand, the cycle stability of aque-
ous electrolytes needs to be improved, and a promising
approach is to use a protic ionic liquid as a solute for
aqueous electrolytes [62].

• Room-temperature ionic liquids: These materials were
initially considered as alternative solvents for aqueous
electrolytes, thereby limiting their applicability. How-
ever, nowadays, they are known to be an alternative to
solid electrolytes and are considered to be a promising
electrolyte due to their operating voltage window, which
is even wider than that of organic electrolytes, leading to
a very high energy density [63]–[65]. Their components
are also less toxic than organic electrolytes [66], while
offering higher thermal stability [67], [68] and lower
volatility [69], which increases the maximum operating
temperature.
The current high price of ionic liquids is not due to
the material itself, but to the necessary purification
cost. A better understanding of these materials as an
SC electrolyte is expected to lead to less restrictive
purity criteria and, therefore, to lower the price of ionic
liquid SCs [63]. These materials are still at an early stage
of development and, therefore, a significant research
effort is being made to improve their properties. In this
respect, two important research trends focusing on ionic
liquids for SCs are, firstly, the design and characteriza-
tion of additives to improve the performance of these
devices [70], [71] and, secondly, the achievement of
solvent-free (or solid-state) SCs, offering outstanding
ionic transport properties [72], [73].

E. INTERACTION BETWEEN ELECTRODES AND
ELECTROLYTE
The selection of the electrodes and electrolyte for a particular
SC is not independent. There should be a match between the
physical properties of both elements in order to maximize the
SC capabilities. Regardless of the material or energy stor-
age mechanism (covered above), SC electrodes are porous
materials designed to maximize the usable interfacial area A.
The larger the area, the greater the capacitance and, therefore,
the greater the storable energy E . Moreover, given that these
devices have no isolating material between the positive and
negative charges (contained on the electrode and in the elec-
trolyte), the separation distance between facing positive and
negative charges, called Debye length d , is a molecular-order
distance determined by the size of the electrolyte ions [74].
This small d , combined with the large surface area A, boosts
the capacity achieved by SCs compared with conventional
capacitors.

Therefore, the porous structure of the electrode material
deserves special attention. Nanopore materials with smaller
pores lead to higher surface densities. Currently, electrode
materials with surface densities in the order of 1000 m2g−1

can be manufactured [75]. However, in order to maximize

the contact area between the electrodes and electrolyte,
the nanopores should be large enough to host solved ions and
to thereby actually contribute to the double layer capacitance.
According to IUPAC recommendations [76], nanopores
are classified according to diameter (8) in micropores
(8 < 2 nm), mesopores (2 nm< 8 < 50 nm) and
macropores (8 >50 nm).Whenmanufacturing SCs, themost
suitable size depends on the electrolyte. When the electrolyte
comprises small acid molecules (e. g. H2SO4) and water
as a solvent, micropores with a diameter close to 1 nm,
such as T-carbons or carbide-derived carbons, are desirable.
On the other hand, when an organic electrolyte is used, whose
ions are considerably larger, then mesoporous electrodes are
preferred, enabling faster ion access and thereby increasing
the SC capacitance for higher charge and discharge currents.
In fact, a number of experimental studies confirm the better
performance of mesoporous electrodes with organic elec-
trolytes while microporous electrodes are more suitable for
acid electrolytes [75]. Therefore, the usable double-layer sur-
face of an SCwith an aqueous electrolyte is higher than that of
an organic SC, with the associated capacitance improvement.
However, the decomposition voltage of aqueous electrolytes
is lower than that of organic materials. Organic materials are
typically chosen as SC electrolytes taking into account the
fact that, while the energy stored in an SC (E) is linearly
related to C , it has a quadratic correlation with v [57].
Currently, intensive research is being conducted in mate-

rials science and engineering, focused on achieving the
highest uniformity and accuracy in pore size. The authors
of a recently-published study [77] propose a manufactur-
ing method based on a nickel (hydro)oxide foam which,
according to the reported results, achieves a good distri-
bution in pore size. Other authors [78] propose the use
of salt, so that the electrode material crystallizes around
the salt ions, which are then removed using water. Surface
areas as high as 1400–2100 m2cm−3 have been recently
reported for different electrode materials and manufacturing
processes [79]–[81]. Moreover, significant research efforts
are devoted to achieving electrodes for organic and ionic
liquid electrolytes with higher surface areas. Graphene-based
electrodes with an active area of up to 3100 m2 g−1 have been
published [82].

III. ELECTRICAL PERFORMANCE OF SUPERCAPACITORS
Following the analysis of the main electrode and electrolyte
material properties performed in Section II, we will now
go on to discuss the electrical implications, disclosing the
reasons for the most noteworthy electrical phenomena and
analyzing their impact on the SC performance, when it is part
of an energy system. Greater attention should be paid to one
aspect or another, depending on the particular requirements
of each application, as covered in the following subsections.

A. VOLTAGE-DEPENDENT CAPACITANCE
Variable capacitance is one of the characteristic features of
SCs. Although it is usually not critical to the SC performance,
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since it does not represent a significant feature loss, it does
need to be taken into account when the SC is part of an energy
system. This is due to the fact that the capacity variation
through the entire voltage range has been reported to be
between 15% and 20% of the rated capacity [83], a figure that
cannot be disregarded in most designs.

Capacitance is a magnitude that measures the amount of
stored charge (q) for a given voltage difference (v):

C =
q
v

(1)

This magnitude is of particular interest in traditional capaci-
tors given that, as shown in (1), it is a characteristic property
that relates charge stored in a device to its terminal volt-
age. However, the distance between charges in the double
layer of an SC, d , lies on the atomic scale, and an increase
in the voltage applied to this double layer intensifies the
electric field in this zone, thereby increasing the force of
attraction. This effect induces an increase in the density of
stored charge, which means that the SC capacitance increases
in line with the applied voltage. As a result, since C is a
voltage-dependent parameter, (1) does not offer the same
advantages as when working with conventional capacitors.
This is the reason why differential capacitance Cdif is a
preferred parameter when studying SCs. Cdif is defined as
the ratio between the increase in the stored charge dq and the
induced voltage variation dv:

Cdif =
dq
dv
=
i dt
dv

(2)

Capacitance C and differential capacitance Cdif refer to the
same property of an SC: the relationship between stored
charge and voltage. Even though C is the parameter used
to define conventional capacitors, Cdif is often chosen to
describe SCs. The mathematical correlation between C and
Cdif depends on the expression used to relate C to voltage v.
If a linear dependency is assumed (C = C0 + kv) — which
is a typical approach in the literature [83]–[85] — then the
correlation between C and Cdif can be deduced from the
following expression of current i:

i =
dq
dt
=

d (Cv)
dt

(3)

Substituting the linear expression for Cdif :

i =
d ((C0 + kv) v)

dt
= (C0 + 2kv)

dv
dt

(4)

and using the relationship shown in (2):

Cdif = C0 + 2kv (5)

Therefore,

Cdif = C + kv (6)

In addition to voltage dependency, temperature is a factor
that may affect the capacity of an SC. One of the main
advantages of SCs is their good performance in extreme
temperatures. However, the variation in the capacitance value

FIGURE 4. Desolvation of ions to access small electrode pores [83].

produced by such large temperature fluctuations may require
attention for the proper design of the energy system. Given
the fact that a temperature increase causes a growth in the
Brownian motion of the ions forming the double layer, there
is a larger gap between the positive and negative charges in
this double layer with increasing temperature, which leads to
a decrease in capacitance [86]–[88]. In fact, a capacity loss of
around 0.1% oC−1 has been reported [83]. Assuming a tem-
perature variation of 80 oC, this means an 8% of divergence
in C . Temperature usually has a lower impact than voltage on
the value ofC but may require attention for a system designed
to operate outdoors.

B. CHARGE DISTRIBUTION ALONG THE ELECTRODE
SURFACE
The importance of a match between the size of the electrode
pores and electrolyte ions has already been highlighted in
subsection II-E. Nonetheless, it is important to point out
that the solvents used in most electrolytes are polar (usually
water as an inorganic liquid or an organic solvent such as
acetonitrile). This polarity leads to molecular interactions
with the solved ions and therefore ion solvation, which is
an association process between solvent molecules and solute
ions, as represented in Fig. 4 [34]. This process takes place in
solvents with polar molecules since their partial charges are
oriented towards ions, as a result of electrostatic attraction,
thereby stabilizing the system. The importance of the match
between pore size and ion diameter is also shown in Fig. 4.
Pores with a 8 that is less than that of the electrolyte ions
are too small to allow access and make no contribution to
total capacitance. While those pores with a 8 that is greater
than that of the solvated ions are totally accessible to the ions,
and intermediate pores with a8 between that of the solvated
and non-solvated ions are available to the electrolyte ions that
have undergone a desolvation process [89]. In this respect,
in order to allow the ions to penetrate these intermediate
pores, there is a need to break down the intermolecular forces
established between the ions and the solvent molecules,
a process which has its own dynamic behavior and requires
energy.
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Charge distribution processes have special relevance in
applications requiring fast and deep charge–discharge cycles.
In these situations, the SC provides its full power capability;
however, the effect of these solvation dynamics is that it is not
possible to fully charge or fully discharge at this high-current
rate. The proportion of surface area that requires some degree
of ion solvation and desolvation in a typical SC has been
reported to be around 20% of the total electrode–electrolyte
interface area [83].

C. OHMIC PHENOMENA
Electronic and ionic charge transport occurs during the
SC charging and discharging process [87]. On the one
hand, the Joule effect takes place in the electron conductors,
whereby part of the electron kinetic energy is converted into
heat due to friction with the conductor material. On the
other hand, during the ionic charge transport process taking
place in the electrolyte, part of the ion kinetic energy is
converted into heat due to friction with the other atoms in the
dilution. The voltage required to overcome both dissipative
phenomena is proportional to the number of charges trans-
ported and, therefore, to current. This proportionality results
in both these effects being grouped together and called ohmic
phenomena.

Temperature variation has opposite effects on these two
phenomena. For the solid electrode, an increase in the oper-
ating temperature implies the greater vibration of the atoms
which, in most cases, results in an increased Joule effect with
temperature. While, in the liquid electrolyte, it provokes an
increase in the molecule mobility, resulting in a decrease
in viscosity, implying a reduction in dissipated energy [90].
Some studies show that the weight of the ionic charge trans-
port is considerably higher than that of the electric charges
in the SCs [74], therefore, a temperature increase results in
decreased ohmic phenomena.

Ohmic phenomena have a minor impact on SCs when
compared to other electrochemical ESSs such as batteries.
However, given the high power managed by SCs in typical
applications, attention should be paid to this issue. On the
one hand, ohmic phenomena provoke a voltage drop, which
means a decline in SC energy efficiency. Since a significant
advantage of SCs is their high efficiency [91], ohmic losses
can take on a primary role in applications in which this
parameter has the utmost importance. On the other hand,
the dissipated heat needs to be evacuated in order to avoid
danger due to overtemperature, which may require particular
attention with regard to outdoor applications or SCs placed
close to other heat sources.

D. ELECTRICAL SELF-DISCHARGE
Self-discharge is one of the main drawbacks preventing SCs
from being used to store energy for times of more than
30 minutes [92]. In fact, the authors of [93] quantify the
energy lost during the first two hours of storage as 36% of the
useful energy stored in the SC. Themain self-dischargemech-
anism in SCs is current leakage through the ion-conductive

membrane separating both electrodes. The self-discharge
effect is shown by a linear decrease in the SC voltage over
time.

The SC self-discharge is one of the aspects that need to
be improved and a number of research works have been
published on this topic. In the same paper, some authors
study self-discharge behavior, and ionic charge distribution
in electrode pores [94]–[96]. Note that charge redistribution
is measured as a nonlinear evolution of SC voltage over time
during the first minutes or hours of voltage stabilization.
However, this process does not provoke a discharge in the SC,
since the electrical charge is still available in the SC even
though the voltage is lower because more electrode surface
area is used to build the double layer [97]. The authors of [93]
rule out the self-discharge faradaic reactions as the reason for
the nonlinear voltage change in SCs for two main reasons:
(i) the v–ln t relationship does not have the characteristic
linear trend of a faradaic reaction and (ii) the voltage at
which this trend is measured is well below the decomposition
voltage of the electrolyte.

Research works have also been published in which
SC performance is enhanced by reducing self-discharge,
proposing coatings for the electrodes which are able to reduce
the leakage current [98], [99]. The drawback of this proposal
is that the specific capacitance and energy storage density is
also reduced by 56%. Other authors [100] assume this lim-
itation imposed by self-discharge and propose management
strategies in order to minimize the wasted energy.

E. HIGH-FREQUENCY BEHAVIOR
Supercapacitors are usually used for fast charge–discharge
cycles, given their outstanding performance in these appli-
cations. Cycles lasting from tens of seconds to ten minutes
are harmful to other ESSs, such as batteries, while SCs show
their best performance within these timeframes. However,
given that the charge and discharge processes involve the
movement of ions through the electrolyte (mass transport),
they are not able to manage frequencies as high as those
managed by conventional capacitors. The usable capacitance
(or equivalent capacitance) loss with increasing frequency
has been studied in several papers [83], [101], reaching the
conclusion that the equivalent capacitance of an SC has the
behavior shown in Fig. 5. There is a cut-off frequency (which
depends on the SC materials and manufacturing process, but
it is usually around 1 Hz) where the device capacitance dras-
tically decreases and no capacitive behavior is measured for
higher frequencies. This is the reasonwhy SCs cannot be used
to filter the harmonic components of an electronic converter
(several kHz). However, there are applications where inter-
mediate frequencies need to be filtered, for instance, the har-
monics produced by diode rectifiers (hundreds of Hertz). The
use of SCs in these applications has also been studied [102],
concluding that graphene electrodes are required in order to
have a usable capacity at this frequency range. Therefore,
the cut-off frequency shown in Fig. 5 for a graphene SC is
in the order of hundreds of Hertz.
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FIGURE 5. Equivalent capacitance as a function of frequency.

IV. MODELING AND PARAMETER CHARACTERIZATION
The model of a physical system is the mathematical represen-
tation of certain aspects of its behavior. Given the complexity
of processes governing the behavior of any system and the
considerable amount of variables having a greater or lesser
influence on its performance, each model is designed with
the aim of achieving particular objectives. The modeling of
electrochemical systems, and SCs in particular, is an essential
tool to exploit the electrochemical principles and optimize
the integration and management of the SC in a complete
electrical system. Moreover, this good interaction between
material science and electrical engineering is useful for the
improvement of SC materials and manufacturing processes,
SC performance prediction, control strategy, lifetime predic-
tion, cost calculations and future expectations.

A survey of the main modeling trends is presented in this
section, identifying the major strengths and weaknesses of
each one, and addressing the most reasonable functions of
each model. The most-used characterization techniques for
each model trend are summarized and the results of some
experimental tests are presented as illustrative examples to
facilitate the understanding of models and characterization
processes. Given the system-integration focus of this review,
more emphasis is placed on model trends focused on support-
ing SC engineering applications.

A. MODELING THE CORE PRINCIPLES OF DOUBLE
LAYER BEHAVIOR
The double layer effect was initially described by the German
physicist Hermann von Helmholtz [103]. He realized that
a charged electrode submerged in an electrolyte repelled
ions with its same charge and attracted the ions with the
opposite charge [104]. He modeled this phenomenon as a
conventional capacitor with distance for charge separationH ,
which is approximately the radius of solvated ions, as shown
in Fig. 6 (a). The main weakness of this proposal is that
capacity has no dependence on voltage, which is not in line
with real measurements [105].

Subsequently, Guoy [106] and Chapman [107] indepen-
dently developed a model for the double layer in which

ion mobility is taken into account. Ions are threatened as
point charges, and a combination of diffusion (statistical in
nature) and electrostatic forces is proposed as the governing
phenomena for ion mobility [104]. Therefore, a diffuse layer
in the electrolyte region closest to the electrodes is proposed,
as shown in Fig. 6 (b). However, since ions are considered
as point charges, the capacity values predicted by Guoy
and Chapman are larger than actual measurements because
in reality ions have a finite size and they cannot approach
arbitrarily close to the surface [105].

Stern [108] combined the Helmholtz and Guoy–Chapman
models and described the double layer as a combination of
the two layers shown in Fig. 6 (c). He proposed a compact
layer of immobile ions strongly adsorbed to the electrode
surface, similar to the Helmholtz layer, and a diffuse layer
where ions have mobility and the Guoy–Chapman model is
applied [104].

These are the original works in which the principles of the
double layer behavior were established and the fundamental
equations were proposed. Even though these ideas are used to
develop SCmodels, they are not used by themselves to model
physical devices, since the influence of other phenomena
must also be taken into account in a model in order to predict
the actual behavior of the SC.

B. MOLECULAR MODELS
Molecular modeling is a handy tool for the design of SCs and
material properties analysis. Thanks to this technique, it is
possible to predict phenomena that are not observable in any
experimental set-up, such as the distribution and orientation
of electrolyte ions, the change in the electrode morphol-
ogy [58], influence of the ionic resistance of the separator on
the SC performance, and the ionic and electronic resistance
of the porous electrode [109].

Both the equilibrium state and dynamic phenomena which
drive the SC behavior can be modeled through molecular
modeling. With this aim, the behavior of the SC materials is
studied at molecular level starting from the physicochemical
laws governing the matter. Quite complex simulations need
to be solved to run this kind of models, requiring the use of
simulation techniques such as spectral element methods to
discretize the model equations [110] or Monte Carlo, based
on statistical mechanics or molecular dynamics, which solve
Newton’s equation of motion for a many-bodied molecular
system over a short period of time [111], [112].

Both the accuracy and computational requirements of these
models are mainly dependent on the modeling of electrodes
and electrolyte. In this regard, a primitive model can be cho-
sen, which considers ions as hard spheres and electrodes as
simple walls, thereby reducing the simulation cost. However,
the model accuracy is also reduced due to their unrealistic
structural assumptions and its inability to calculate electro-
static properties. The other option for electrolyte modeling,
which significantly increases the accuracy and computational
cost of the model, is to consider the solvent molecules as
uncharged hard spheres. The computational requirements of
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FIGURE 6. Schematics of the electric double layer structure showing the
arrangement of solvated anions and cations close to the electrode–electrolyte
interface in the Stern layer and the diffuse layer: Helmholtz model (a),
Gouy-Chapman model (b) and Gouy-Chapman-Stern model (c) [104].

these all-atom electrolyte models limit their use, particu-
larly in simulating large systems [113]. With the aim of
overcoming these limitations, reduced-order [114], united-
atom or coarse-grained models [58] are proposed in the
literature.

There are also two main options for the electrode models.
On the one hand, the voltage on each electrode atom at each
molecular dynamics step can be assumed to be equal to a
specified value [115], [116]. On the other hand, a simpler,
computationally less expensive option is a simulation where
fixed partial charges are assigned to each atom [117], [118].
As concluded in [119], the use of constant charge simulations
alters both the structure of the adsorbed fluid at the interface
and the time scales over which relaxation phenomena occur.

There are experimental techniques devoted to analyzing
the material properties of an SC. The capability of these
techniques for the characterization of working devices are
of special interest in order to understand the performance
of these ESS. In this sense, the nuclear magnetic resonance
and electrochemical quartz crystal microbalance techniques
are used in [120] to directly quantify the populations of
anionic and cationic species within an SC electrode. How-
ever, the majority are specific techniques that do not allow for
the testing of the SC as a whole, since access to the materials
is required. The pore structure and its correlation with the
size of electrolyte ions are of utmost importance in material
characterization. A number of studies also analyses the reason
for SC failures under different abuse conditions with the aim
of preventing hazards, maintaining the integrity of other sys-
tems and protecting persons. These abusive conditions usu-
ally include high or low temperatures, high voltages and short
circuits. After the SC death, it is disassembled and the state
of its materials at this point provides valuable information for
life extension and catastrophic failure prevention. Therefore,
the experiments used to characterize standard materials are
also used for post-mortem analysis [121].

These are the most salient approaches to the analysis of
SC materials. The first material property that can be

measured is the pore structure of the electrodes, whose diam-
eters are in a nm or µm scale. The suitable size of these
pores has a primary influence on the SC behavior, and sev-
eral techniques are proposed to characterize this parameter.
Scanning electron microscopy [122], volumetric gas adsorp-
tion or microwave measurement [79] are three of the most
widely-used ones. A second property that is usually charac-
terized is the lattice structure of these pores, which is several
orders of magnitude smaller than the pore size (Å). The
most-used experiments for lattice structure analysis are X-ray
spectroscopy and nuclear magnetic resonance [121]. Finally,
the third property that is usually of interest is the relationship
between material properties and their electrical performance.
This issue can be explored via electrochemical measure-
ments for three-electrode systems with either a potentiostat or
galvanostat [121].

C. TRANSMISSION LINE MODELS AND FRACTIONAL
MODELS
A transmission line model, first introduced by de Levie [123],
[124], is a tool to model the electrical impedance of an SC.
It is a useful approach to switch from the local pore scale
to the macroscopic scale of an electrode. Instead of taking
into account all the trajectories that each of the adsorbed
species follows, the transmission line is a suitable electric
circuit representation of the overall behavior of an electrode.
It consists of an infinite succession of electrode slices mod-
eled as a resistance and a capacitance in order to simulate
the progressive penetration of the charges into the electrode.
Two transmission lines are represented in Fig. 7 tomodel both
electrodes in an SC. These two transmission lines, as well as
the bulk resistance of the electrolyte Rbulk , are put together
in [125] to represent the behavior of a complete SC.

The number of branches included in a transmission line
model is a decision that determines the accuracy of the
model, the complexity of the parameter fitting procedure and
the computational requirements. The higher the number of
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FIGURE 7. Equivalent circuit in the transmission line model. Rbulk is the
resistance of the electrolyte in the bulk region, while Rl and Cl are the
resistance and the capacitance inside the electrodes, respectively [125].

branches, the greater the number of time constants that can
be taken into account and also the greater the computational
requirements to perform the simulations. Depending on the
application, more or less branches are preferable. Proposals
for transmission lines with a variable number of branches,
ranging from 5 [126] to 15 branches [127] can be found in
the literature. Therefore, there are also authors that propose
methods directed at reducing the simulation time in transmis-
sion line models, such as the authors of [126] who suggest a
waveform relaxation strategy to reduce the simulation time
while maintaining a good accuracy.

Parameter fitting is also a key topic in models of this type,
given the high number of resistors and capacitors forming
part of them. A parameterization method for a transmission
line model based solely on equilibrium molecular dynamics
is proposed in a paper [125] in which quantitative compar-
isons between molecular-scale simulations and electrochem-
ical impedance experiments are advised.

Given that the transmission line model is based on the
physical structure of the interface, it is useful to study the
relationship between the physical properties of the electrodes
and the electrical behavior of the SC. A transmission line
model was combined with information on pore size distribu-
tion in [128] to simulate the frequency response of the entire
electrode and to investigate the dependence of the relaxation
time constant on several parameters. As a result, the authors
determined a strategy to design the best mesoporous mate-
rial for SCs with regard to energy and power density. The
authors of [129] use a transmission line model combined with
electrochemical impedance spectroscopy experiments and
density functional theory to understand how redox reactions
lead to the premature ageing of conducting polymers. In this
way, they are able to propose new methods to increase the
durability of these SCs and to improve their electrochemical
properties.

Even though transmission-line models offer a number of
advantages for the simulation of electrode impedance, one of
their main drawbacks is that they are difficult to scale when
several cells are connected in series or parallel [74]. There-
fore, when a real SC system needs to be analyzed, analytical
models, which are addressed in the following section, are
usually preferred.

This dynamic behaviors of SCs is observed when a step
current is applied to the SC, as shown in Fig. 8 (a). During
the first 0.2 s following the current step, a variable slope is
measured in the voltage response, which is different from the
final slope represented in the figure by a green, dotted line.
However, when the instantaneous response and the dynamic
phenomena need to be separated, it is difficult to accurately
determine the frontier between them, and the parameters cal-
culated are not usually accurate enough. The experiments typ-
ically performed to characterize these phenomena are aimed
at the quantification, discrimination and adequate representa-
tion of the variable behavior of an SC at different frequencies.
The most interesting dynamics for an SC application in an
energy system are related to the double layer response, which
takes place for frequencies ranging from a fewHz to hundreds
of Hz.

The most common experiment for this analysis is elec-
trochemical impedance spectroscopy (EIS), consisting in the
application of a small sinusoidal current perturbation with
varying frequencies around a steady-state operating point and
the measurement of the voltage response. A small pertur-
bation is required since the behavior of the system is then
linearized around the steady state. The complex impedance
of the SC is determined using the generalized Ohm’s law,
and the result is represented in the Nyquist diagram, as shown
in Fig. 8 (b). Note that the imaginary axis is usually inverted
to have the capacity behavior plotted in the positive y-
axis. From this graph, the impedance associated with the
instantaneous phenomena can be calculated as the point at
which the Nyquist plot intersects the real axis when there
is neither capacitive nor inductive behavior. This instanta-
neous impedance obtained from the test shown in Fig. 8 (b)
is 5.95 m�. A semicircle or semi-ellipse needs to be fitted
to the central part of the Nyquist plot in order to calculate
the influence of the dynamic phenomena associated with the
double layer. Given the dynamic nature of the double layer,
its impedance varies with frequency, as shown in the Nyquist
plot.

From the impedance obtained with these experiments,
the equivalent capacitance (Ceq) of the SC for various fre-
quencies can also be calculated, as shown in Fig. 8 (c).
As explained in subsection III-E,Ceq decreases at a frequency
around 1 Hz, and there is also a frequency limit above which
no capacitive behavior is measured. This frequency limit
coincides with the point at which the Nyquist plot intersects
the real axis in the EIS.

In addition to the aforementioned experiments, it is also
possible to analyses larger fluctuations in the managed power.
With this aim, sinusoidal currents with different amplitudes
and frequencies are demanded from the SC. In the test shown
in Fig. 9 (a), a sinusoidal current with an amplitude of 60 A
and frequencies of 1 Hz, 10 Hz and 100 Hz is demanded from
the SC, and the voltage response is measured. An illustrative
representation of these results are the i–v curves shown in
Fig. 9 (b). The i–v curve obtained with 1 Hz encloses a larger
area and has a bigger slope than the other two curves. A larger
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FIGURE 8. Dynamic performance of an SC measured in a Maxwell SC, model BMOD0083, with a rated capacitance of 83 F and rated voltage of 48 V:
step experiment (a), electrochemical impedance spectroscopy (EIS) (b) and equivalent capacitance calculated from the EIS (c).

FIGURE 9. Sinusoidal experiment with high amplitude in a Maxwell BMOD0083: Current and voltage measurements for a 60 A
experiment (a) and presentation of the results as i–v curves for easier analysis (b).

area is measured because there are dynamic phenomena with
characteristic frequencies of around 1 Hz which provoke
an offset between current and voltage, in accordance with
the EIS shown in Fig. 8 (b). The bigger slope is due to
the higher resistivity that the SC has at lower frequencies
compared to that measured at high frequencies. The i–v curve
measured at 10 Hz has a lower slope, due to the lower equiv-
alent resistance at this frequency, and still enclosures a small
area, since there are dynamic phenomena associated with the
SC double layer, as shown in Fig. 8 (b). Finally, the 100 Hz
curve has an even lower slope and no enclosed area, since no
relevant dynamic effect has its characteristic frequency at this
point.

An extension of transmission-line models that is com-
monly used in the literature are fractional models. Instead of
representing he distribution of relaxation time constants as
multiple RC branches, fractional models use elements such
as Warburg impedances or constant phase elements (CPE).
In fact, an infinite RC tree is equivalent to a single CPE. The
behavior of these elements in the time domain is described by
fractional-order differential equations, leading to fractional
models.

D. SIMPLIFIED ANALYTICAL MODELS
Simplified analytical models are the next step after the
transmission line models in the representation of the

electrical performance of a complete supercapacitor. While
transmission line models represent the impedance of an SC,
simplified analytical models include other concepts such
as coulombic efficiency, self-discharge and parasitic induc-
tances. They are usually represented as equivalent electric cir-
cuits and are a suitable tool for the estimation of the electrical
performance of SCs. This equivalent circuit representation is
of particular interest for the analysis of installations in which
the SC is one of themany systems involved, and an interaction
of all these models is needed in order to simulate the entire
plant.

The strategy followed to simplify and represent the physi-
cal phenomena as an equivalent circuit is an important topic
to be addressed during the design of a simplified analyti-
cal model [130], [131]. The more the model is simplified,
the lower its mathematical complexity and accuracy in the
prediction of SC performance. The targeted accuracy and
the frequency range of interest should be considered when
selecting the most suitable model. The characterization of
the SC behavior and the process to calculate the values of
the equivalent circuit parameters is another important topic
in which intensive research is being conducted [132], [133].

One of the main parameters involved in the SC modeling
process is capacitance.Most of the simplified analytical mod-
els take into account the voltage dependence of SC capaci-
tance. Some authors propose a tangential expression as shown
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FIGURE 10. Basic electric circuit for SC modeling: simple RC circuit (a), multi-branch model (b) and dynamic model (c).

in the following equation [74]:

C = Ca + Cb tanh
(
v
Ux
− Ux

)
(7)

whereUx is the voltage at the inflexion point of the hyperbolic
tangent term, v is the supercapacitor voltage and Ca and Cb
are fitting coefficients. Other authors use a linear expression
to fit the voltage variability of capacitance [83]–[85]:

C = C0 + kv (8)

Besides this variable capacitance, simplified analytical
models represent other phenomena that determine the super-
capacitor electrical performance. The most commonly-used
electric circuits used with this aim are:
• RC circuit: This model consists of an ideal capacitor
and a series resistance which represents all non-ideal
phenomena in the SC, as shown in Fig. 10 (a). Its main
advantages are simplicity in the fitting process of its two
parameters, fast computer simulation and good accuracy
for fast dynamics [134]. It is generally used for the sizing
of storage systems and the approximate calculation of
system efficiency [135]. With the aim of significantly
improving the accuracy of simple RC circuit models,
some online fitting methods have been proposed in the
literature [136].

• Multi-branch models: These model are built by the par-
allel connection of several RC branches with different
time constants. These branches model the ion diffusion
through the electrode pores. A suitable selection process
for the time constant and the distribution of resistance
and capacitance in these branches has been analyzed in
the literature [137]. Three is the number of branches
used by most authors [84]. A leakage resistance (Rleak )
is also usually included to model the self-discharge of
the SC, as shown in Fig. 10 (b). Some authors propose
only two parallel branches, but they need to include a
time-dependent leakage resistance [138]. Slow dynam-
ics (tens of seconds or more) and self-discharge behavior
are accurately predicted by these models. Several stud-
ies conclude that multiple-branch models achieve the
best accuracy for the energy stored in an SC (state of
charge) [139] and self-discharge [95].

• Dynamic models: These are built by the series connec-
tion of a capacitor representing the primary capacitance

FIGURE 11. Equivalent circuit electric model proposed in [83].

of the SC and some RC groups, as shown in Fig. 10 (c),
thereby improving the accuracy of the model for high-
frequency applications. They are particularly suitable for
modeling fast charge–discharge cycles or rapid fluctua-
tion in the supercapacitor power [140]. The conclusion
of [4] is that the typical performance of the SC in an
electric vehicle is best modeled by a dynamic model.

Some research works propose multi-purpose models
combining characteristics from the three types described
above [83], [97], [141]. A model achieving accurate results
in the prediction of the SC behavior for frequencies as high
as 1 kHz and for the charge redistribution and self-discharge,
which are only noticeable in a time span of several minutes,
was presented [83]. One disadvantage of this model, shown
in Fig. 11, is that it is slightly more complex than the types
mentioned above. For this reason, the authors propose a test
procedure aimed at circuit parameter calculation. Consider-
able effort was also made in this paper to correlate each of
the circuit elements with the underlying physical phenomena
which explain the behavior of the SC. Primary capacitance is
represented in this model by the two capacitors situated in the
central part of the schematic (Ci0 = Ci00+Ci0TT andCi1vdl).
Capacitors Cd and Cl represent the capacitance of electrode
pores smaller than the solvated ions. The energy required for
the solvation and desolvation processes is related to resistors
Rd and Rl , which are connected in series to each of the capac-
itors. Moreover, resistor Rs represents the ohmic phenomena
taking place in the SC. Resistor Rleak is the leakage resistor
and represents the electrical conductivity of the membrane,
i. e. the SC self-discharge. The parallel connection of Re and
Ce represents the dynamic behavior of the porous electrodes.
Re is related to their resistance to electron movement and Ce
is the parasitic capacitance, a consequence of their porous
structure. Finally, L represents the inductance due mainly to
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FIGURE 12. Current and voltage experimental measurements of the full-cycle test in a Maxwell BMOD0083: Overview of the whole test (a) and zoom
view of one of the last cycles (b). Differential capacitance calculated with the measured data (c).

the electrical connections between the cells making up the
module.

Given the applicability of these models, the experiments
devoted to parameter calculation are of particular interest
to engineering applications. The experiments depicted in
subsection IV-C concerning transmission line models are
also useful for simplified analytical circuits. However, other
phenomena such as the simple measurement of SC capac-
itance, coulombic and energy efficiency, charge distribu-
tion in the electrode pores and self-discharge need to be
addressed for some of the simplified analytical models. A set
of two experiments which are typically used in the liter-
ature is proposed herein for the characterization of these
parameters.

The first test consists of a series of full charge–discharge
cycles with a constant current demand, as shown in Fig. 12.
The experiment needs to be long enough for the SC dynamics
to stabilize. As shown in Fig. 12 (a), the test lasted 3 hours.
The current demand has a stepped profile with values of
+75 A or –75 A, which entail a quasi-triangular shape in
the voltage ranging from 3 to 45 V, given that the maximum
voltage range is 0 V–48 V. The analysis is made in one of
the last charge–discharge cycles in order to achieve a steady-
state performance, such as the one shown in Fig. 12 (b). It is
interesting to note in this figure that the slope of the voltage
decreases when the voltage is higher. From this slope (dv/dt)
and the measured current (i), the differential capacitance can
be calculated using (2). This variable capacitance is shown
in Fig. 12 (c). As explained in subsection III-A, a lower slope
implies lower capacitance values. Coulombic and energy effi-
ciencies can also be calculated as shown below:

ηc =

∫ tend
tm

i dt∫ tm
t0
i dt

(9)

ηe =

∫ tend
tm

i v dt∫ tm
t0
i v dt

(10)

where t0 represents the time at the beginning of the cycle,
tm the time where the sign of the current is changed and
tend the time at the end of the cycle. The results obtained in
the presented test are ηc = 0.9985 and ηe = 0.9285.

The other experiment for this characterization is the charg-
ing of the SC to a voltage close to the permittedmaximum and
the relaxation of the open circuit voltage over several days,
as shown in Fig. 13. The current and voltage during the whole
test are shown in Fig. 13 (a), and the charge distribution in the
electrodes is illustrated during the first minutes or hours of
measurement, as zoomed in Fig. 13 (b). The linear decreasing
voltage recorded after the first hours of the experiment is
due to SC self-discharge. The value of the leakage resistor
(Rleak ) can be calculated considering an ideal capacitor being
discharged through the resistor. The following equation can
be applied:

Rleak =
v

Cdif dv/dt
(11)

The value obtained from this experiment isRleak = 193.9 k�.
Ageing phenomena also have particular relevance for SC

simplified analytical models and their engineering applica-
tions. When the effect of ageing in SCs needs to be studied,
the characterization of its electrical performance with the
above-described tests is combined with methods directed
at accelerating the ageing process in order to conclude the
experimental work within a reasonable time frame. The tem-
perature and operating voltage are usually increased, since
the ageing rate doubles if either the cell voltage is increased
by 100 mV, or the temperature is increased by 10 K [142].
It is noteworthy that a performance recovery phenomenon
associated with cycle interruptions has recently been reported
in a paper in which an empirical model for the state-of-health
prediction is proposed [143].Moreover, the influence of high-
frequency ripple currents in SC ageing has been experimen-
tally studied [144], concluding that they have no effect on
SC ageing. Torregrossa and Paolone studied SC ageing phe-
nomena in closer detail in a two-part article. Experimental
measurements of capacitance decline and resistance increase
under high-pulsed current and high temperature are presented
in Part I [145]. They conclude in this paper that, while the
SC capacitance decline is enhanced with a pulsed current,
this stress condition does not affect resistance increase. The
measurements performed in the previous paper allow the
authors to present an ageing model in Part II [146] whose
good performance is experimentally validated.
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FIGURE 13. Stabilization experiment of a Maxwell BMOD0083: entire voltage and current measurements during 12 days
(a) and zoom view of the first 30 minutes (b).

E. THERMAL MODELS
The thermal modeling of SCs is a useful tool to calcu-
late working temperature T . The inputs for these models
are usually the electrical performance of the SC (v and i)
and the ambient temperature Ta. The knowledge of the
SC internal temperature is necessary, given that it has several
effects on the electrical properties of the device. Specifically,
an increase in T provokes a decreasing series resistance of the
SC and increasing capacitance [90], [147]–[149]. Moreover,
high values of T accelerate the self-discharge of the device
and parasitic chemical reactions, such as oxidation, following
Arrhenius law, which means a faster ageing of the SC [150].
A thermal model consists in:

• Heat generation: Two kinds of processes generate heat
during normal SC operation. On the one hand, there are
ohmic losses due to the internal resistance which induce
an overall increase in temperature. On the other hand,
a reversible heat generation (or entropic term) is usually
included in thermal models to model the entropy change
in the double layer and to achieve better accuracy [140].
The most suitable model for this entropic term is still
an open discussion in the literature. Most authors base
their entropic heat generation on the approximate model
proposed in [151], in which a single-atom double layer is
assumed. However, in a recent comparative paper [152],
the authors conclude that better results are obtained if the
Poisson-Nernst-Planck equation is combined with heat
equation, as suggested in [153].

• Heat transmission: Besides heat generation, the SC tem-
perature T depends on the ability of the device to transfer
this heat to the surrounding air. There are three heat
transmission mechanisms, namely conduction, convec-
tion and radiation. Heat is transferred inside the solid
from high to low temperature zones based on conduction
phenomena. Convection (either natural or forced) allows
the heat to be transferred from the surface of the device
to the surrounding air. A thermal model whose equa-
tions are the fundamental heat transfer laws is proposed
in [154] and has been used in the following research

FIGURE 14. Thermal model for an SC module proposed in [83].

works like [155]. Given the small temperature differ-
ence between the SC surface and the ambient air, many
authors disregard the effect of radiation as a heat transfer
mechanism [83], [156], [157]. Enclosed modules com-
prising several cells and cooled by natural convection
are usually modeled as thermal equivalent circuits, like
the one proposed in [83] and shown in Fig. 14. The
generated heating power Q̇gen is dissipated through the
module, the module thermal capacity is represented by
Cth and the conduction and convection mechanisms are
grouped and quantified by thermal resistance Rth. For
the cases in which an airflow is forced around the cells
to improve the heat dissipation, some authors propose
modeling the process with an equivalent thermal cir-
cuit [156] while others prefer Fluid Dynamic Software
to increase the accuracy of the model [157].

A usual approach to experimentally characterize the ther-
mal performance of an SC is by achieving an almost constant
heat power generation in the device resulting from its normal
operation. The accuracy of the results is increased if the ther-
mal characterization is performed with a constant ambient
temperature, which can be achieved by placing the SC inside
a climate chamber. The interior and ambient temperatures
need to be measured since the difference between these two
variables is related to the heat dissipation phenomena. With
this aim, the experiment shown in Fig. 15, is conducted, con-
sisting of charge–discharge cycles with a constant, stepped
current until the SC temperature stabilizes, followed by a
cooling period until the SC reaches ambient temperature. The
heat generated during the first period can be assumed to be
constant, and the temperature evolves as a first-order process.
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FIGURE 15. Thermal characterization of a supercapacitor Maxwell BMOD0083: current and voltage during the
experiment (a) and interior (T ) and ambient (Ta) temperatures (b).

The stabilization of T is required to adequately characterize
this phenomenon, as shown in Fig. 15 (b). After this stabiliza-
tion, when the current demand stops, the SC cools down to
ambient temperature. The calorific power generated and the
dynamics of the heat exchange process can be determined by
this experiment.

V. SUPERCAPACITOR APPLICATIONS IN ENERGY
SYSTEMS
SCs are experiencing rapid market growth and catalogue
diversification thanks to their high power density, fast electri-
cal response, long maintenance-free lifetime and their ability
to perform in a wider temperature range than other ESSs.
This section starts with a summary of some issues about
the SC manufacturing process, it then goes on to present a
survey of the main characteristics of the products available in
the market and, finally, a critical analysis of successful and
recently-emerged SC applications is made, classifying them
into the four top market sectors.

A. SUPERCAPACITOR MANUFACTURING BASICS
As explained in Section II, the main components of an
SC are the electrodes and the electrolyte. However, they also
have a separator, to prevent short circuits inside the SC and
metal current collectors attached to each electrode to drive
the current from the electrodes to the external circuit and vice
versa. The thickness of each electrode layer deposited on the
current collectors and the deposition technique are of central
importance in achieving good electrochemical properties and
a long device lifetime [122].

Most commercial supercapacitor cells are cylindrical, such
as the product shown in Fig. 16 (b). This shape is achieved by
rolling up a jelly roll consisting of two aluminum foil current
collectors with the electrode activematerial deposited on both
sides. The porous paper separator is located between both
electrodes to prevent short circuits, as shown in Fig. 16 (a).
As can be seen in the figure, the positive and negative output
terminals are on the top and bottom of the jelly roll. Once
rolled-up, the jelly roll is impregnated with the electrolyte

FIGURE 16. Jelly roll schematic (a) and two commercial SCs: Maxwell
cylindrical SC (b) and Ioxus pouch SC (c).

and enclosed into a hard case to prevent the evaporation of
the electrolyte and the contamination of the active materials.
Following the trend addressed by the world’s leading man-
ufacturer, Maxwell Technologies, the cell diameter has been
standardized to 60 mm. The height of the can has the required
size to achieve the desired capacitance.

Given the easy automation of this manufacturing tech-
nique, cylindrical SCs are cheaper to manufacture and, there-
fore, used in most applications. The main drawback of this
circular shape is that the heat generated inside the cell must
be conducted through a thick material layer in order to be
evacuated. Even though SCs have a high efficiency and the
power losses are proportionally low, temperature can be a
limiting factor on the maximum manageable power.

Pouch supercapacitors, such as the Ioxus device shown in
Fig. 16 (c) have been designed to improve thermal conductiv-
ity. In this case, the manufacturing process consists of cutting
and stacking current collectors, electrodes and separators.
Electrodes with the same polarity are connected in parallel,
and the whole device is sealed in a plastic bag. These devices
are usually more expensive than cylindrical ones but are
suitable for higher power densities.

Intensive research to reduce the price of SCs is currently
being conducted. On the one hand, low-cost materials are
being designed. A recent research work reports on a new
electrode material which achieves a 90% price reduction by
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TABLE 3. Characteristics of the supercapacitors offered by the main manufacturers.

decrementing the SC capabilities by 50% [163]. On the other
hand, manufacturing processes and materials for flexible SCs
are being investigated. These soft ESSs are expected to be
a key component of next-generation electronics. Given that
flexible SCs are still not commonly available in the market,
their manufacturing technique is to be developed during the
upcoming years. A number of review papers [164], progress
reports [165] and research papers [166]–[168] have been
published recently establishing the basics of this new market
sector. In this line, printed SCs are also a technology under
research [169].

B. SUPERCAPACITOR MANUFACTURERS AND PRODUCTS
The purpose of this subsection is to present a comparative
analysis of the products offered by the main SC manufactur-
ers. Therefore, eight representative manufacturers have been
selected, as shown in Table 3. Maxwell Technologies, which
leads the SC global market, is represented in the first row
of the table. The key features of each product are stated
in columns 5–9, which are capacitance (C), rated voltage
(VR), energy density (ρe), power density (ρp) and operating
temperature (Top).

As covered in Table 2, symmetric SCs (Sym. type
in Table 3) are the most common option and are offered by
all the manufacturers. Of the companies summarized herein,
only Vinatech and Yunasko offer hybrid models, while Ness-
cap has asymmetric SCs (Asym. type in the table) in addi-
tion to their symmetric options. As part of their symmetric
SC products, most of the companies complement their offer
of cells with standard modules, built by a number of series
connected cells, whose characteristics are also summarized
in Table 3. Besides these standard modules, most compa-
nies offer the option of customized modules adapted to the
power and energy requirements of each customer, which
are manufactured by the series or parallel connection of the
required number of cells. These modules can be connected in

series or parallel to meet the energy and power requirements
of any particular application. Panasonic is the only company
which centers its whole product line on SC cells and coin SCs,
which are the series connection of two cells.

The parameters covered in the table are useful decision
tools for the selection of the most suitable SC for each appli-
cation. Firstly, there is a high range of capacitance values
since greater or lower capacitance is achieved by using a
bigger or smaller electrode in each cell. Conversely, the cell
voltage depends on the SC technology instead of on the size
and, as explained in Section II, its enhancement is a current
research topic directed at achieving increased SC energy
content. Although the rated voltage range offered by all
manufacturers is tight (2.3–3 V), this difference has sensitive
implications, given that the company that is able to provide
the cell with the highest rated voltage (3 V) also has the
highest energy density for a symmetric cell: 7.5 Wh kg−1.
The voltage range offered for the standardizedmodules varies
considerably and is not as interesting as the cell voltage, given
that modules are built by the series connection of many cells.
Limiting factors for the series connection of SC cells are the
requirements of voltage equalization and the electrical isola-
tion of the metal components, which are easier to overcome
than the material properties determining the cell voltage.

The comparison between SC energy and power density is
also interesting. As shown in the Ragone Plot (Fig. 1), these
devices can provide high power (several kW per kg), while
the stored energy is not exceptionally high (a few Wh per
kg). It is significant that the power and energy densities for
modules are lower than those reported for individual cells,
given that, apart from the actual cells, the manufacturing of a
module requires, connections, safety devices and the module
shield, making the module heavier than the sum of the weight
of single cells. In a comparison of energy and power den-
sities between different SC technologies (symmetric, asym-
metric and hybrid devices), the data provided in Table 2 are
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FIGURE 17. Transport applications of SCs: Electric car charging station in the foreground and railway track in the background. Lithium batteries and
supercapacitors are used for the regenerative braking of railways and fast charging of electric vehicles [170]. Reproduced by kind permission of
Adif (a) and Capabus charging its ESS based on supercapacitors. Reproduced from Wikipedia (b).

supported herein. Regarding energy density, symmetric cells
achieve a maximum of 7.5 Wh kg−1, while asymmetric cells
reach 8.8 Wh kg−1 and hybrid cells 37 Wh kg−1. Conversely,
power density presents the opposite trend, given that hybrid
cells achieve only 4 kWkg−1, asymmetric cells 6.2 kWkg−1

and symmetric cells up to 41 kWkg−1.
The wide temperature range in which any of the cells

can operate is one of the key features that make SCs an
advantageous option compared to batteries. While lithium-
ion batteries cannot perform below 0 oC and the minimum
temperature for lead–acid batteries is –20 oC, SCs can safely
and reversibly operate at –60 oC. Asymmetric and one of
the two hybrid cells covered in Table 3 have the narrowest
operating temperature range (–25 to 60 oC), which is still
wider than the safe window ofmost batteries. The last column
of the table summarizes the applications suggested by each
company for their products, providing a tentative approach
to the selection of an SC. However, given the wide range
of products offered by each manufacturer and the distinct
requirements of each particular energy system, engineering
applications of SCs are analyzed in detail in the following
subsection.

C. ENGINEERING APPLICATIONS
1) TRANSPORT SECTOR
Supercapacitors provide substantial benefits to railway elec-
tricity systems. This technology has been used for many
years to allow the regenerative braking of trains and to
stabilize the catenary voltage. Two early examples are
cities such as Cologne and Madrid, where trackside stor-
age systems called SITRAS SES, built by Siemens using
Maxwell’s 1344 supercapacitors [171], have been installed
since 2001 and 2003 respectively. Another example of such
an application is located in south-eastern Pennsylvania,
where trains stop and accelerate several thousand times per
day. These stop-and-go processes have a duration of between
15 to 20 seconds. The transport authority installed a hybrid
SC-battery ESS which captures excess braking energy from
the trains by detecting a rise in the line voltage on an
overhead catenary system. As a result, a reduction of 10–20%

in electricity consumption was achieved, as well as 800 kW
of fast response load modulation support to the grid operator,
which is a paid service that can providemore than $200,000 in
annual revenues [172].
Railways systems are also addressed in research and devel-

opment projects. For instance, Ferrolinera R© projects were
carried out in Spain by ADIF, the public entity that manages
the railway infrastructure. In this project, a hybrid lithium
battery–SC ESS is used not only to enhance the regenerative
braking of trains and grid quality but also to allow for the fast
charging of electric vehicles through a fast charger connected
to the railway electricity grid, as shown in Fig. 17 (a). Sci-
entific papers proposing future SC applications to improve
the transport sector have also been published. In this line,
a management strategy to improve the energy efficiency in
light railway vehicles through SC-based ESS is proposed
in [173]. Some scientific papers propose installing SCs in
trams [174] or trains [175], where the authors propose a
SCs as ESS for a catenary free tramway equipped with an
inductive power transfer system. However, trackside systems
are more common in commercial applications due to the
smaller size of the overall ESS and the lower installation cost.
Another important niche markets for SCs are urban

buses. Due to their frequent stop-and-go driving conditions,
SCs provide attractive characteristics for this application.
There are proposals concerning hybrid battery–SC ESSs for
electric buses [176], as well as commercial urban electric
buses which rely only on SCs to store the required energy
to reach the next stop. Buses of this kind, also known as
Capabuses, are fitted with two roof-mounted pantographs
for flash-charging the SC-based ESS at bus stops, as shown
in Fig. 17 (b), and SCs provide the energy needed during
the driving time between two stops. New ideas about the
best strategy to size and manage SCs in city buses are being
investigated. In this line, Song et al. published a research
work in which the influence of the driving cycle of city buses
on ESS design and control is studied using fuzzy pattern
recognition [177].

Apart from railway systems and buses, the use of SCs in
passenger cars is also increasing [178], in fuel, hybrid and
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electric vehicles alike. An example of SCs in a commercial
fuel vehicle is the Mazda i-ELOOP, which has a combustion
engine and supercapacitor-type regenerative braking, achiev-
ing fuel savings of 10% according to the manufacturer’s
website [179]. Moreover, supercapacitor companies such as
Ioxus offer an SC product line directed at either support-
ing or replacing traditional batteries for combustion engine
starting [161]. Regarding hybrid vehicles, supercapacitors
are used in micro-hybrid (or stop-go hybrid) vehicles such
as Peugeot e-HDI as well as in full hybrid vehicles such
as the Toyota safety braking system [180]. Research papers
have also been published proposing the use of SCs in hybrid
heavy-duty vehicles to achieve fuel savings [181]. In full
electric vehicles, SCs provide faster acceleration, extended
battery life and increased range. They exhibit the capability
of absorbing regenerative braking energy, thereby limiting
the high charging current to the battery. Therefore, a number
of studies propose management strategies [182], [183] for
dual SC–battery ESSs for electric vehicles. Specifically, two
meta-heuristic methods are theoretically and experimentally
compared in [182], while an SC is added to the Tazzari Zero
battery ESS in [183] in order to lower the stress of the battery,
thereby extending its lifetime. As an alternative to batter-
ies, fuel cell–supercapacitor hybridization is also a current
research topic concerning the most suitable management and
control strategies for such a system, given the fuel saving,
increased efficiency and enlarged FC lifetime provided by
the SC [184], [185].

Additionally, the aerospace industry is focusing its
development efforts on achieving a more-electric aircraft.
An increasing number of electric devices are proposed, such
as emergency power systems for aircraft. The high power
peaks that are required from these ESS and the require-
ments for a long lifetime make SCs an attractive option to
be installed along with batteries or FCs to create a hybrid
ESS [186]. The management strategies of such a hybrid ESS
is a key issue with regard to weight and volumeminimization,
as well as cost reduction [187].

2) ENERGY SECTOR
The energy sector is characterized by stationary applications
in which SCs are chosen because of their outstanding power
characteristics. Moreover, the extreme conditions that SCs
are able to withstand and their low maintenance require-
ments make these systems especially attractive for renewable
energy-related applications [189]. This sector has shorter
time-to-market periods than transport applications, with time
requirements of between one to three years [45].

One of the primary uses of SCs in renewable energy
systems is the pitch control of wind turbines. According to
the leading manufacturer Maxwell Technologies Inc. [190],
20 to 30% of wind turbines are equipped with SC pitch
control systems, while 35 to 45% include a battery ESS
instead. With regard to the conditioning of the actual wind
power generated, many researchers propose SCs as a solution
to deal with high-dynamic issues (faster than 1 minute).

Power curtailment is a major concern associated with the
increasing wind generation. Wind power intermittency has
been detected as a remarkable cause of this curtailment,
and SCs have been proposed to reduce this issue [191].
Some authors propose the sole use of SCs to deal with
wind intermittency both with full converter [192] and double-
fed induction turbines [193]. The hybridization of SCs with
flow batteries has also been studied by means of simula-
tion [194]. This hybrid system smooths the power output,
lowering the battery cost and enhancing its lifetime and
overall efficiency due to the inclusion of SCs. Attention
should be paid in this kind of hybrid ESSs to the control
strategy [195] and to its balancing [196], given the additional
power flow that needs to be controlled after the inclusion of
an additional ESS. Besides wind energy, SCs are proposed to
be installed in other types of renewable generation plants for
fluctuation suppression [197], low voltage ride through, volt-
age control support [198] and oscillation damping. Remark-
able growth is expected for this sector, given that more
restrictions are expected to be imposed on renewable energy
generation [199]. For the same purpose of dealing with high
dynamics, SCs can be used as a solution for solar firming.
This is evidenced at a plant located in California, where the
increasing intermittent solar and wind energy installations
threatened grid stability. Since only 20 to 30 seconds of
energy storage were required, an SC storage system was
designed to demonstrate the capability of smoothing short
term solar power fluctuations and providing ramp rate con-
trol [172]. A step forward from this firming application, there
are also studies proposing SCs to be used for grid regulation
services [200], [201].

Electrical microgrids are usually equipped with renewable
energy generators while the grid connection, when available,
is often controlled to minimize the disturbance caused by
the microgrid. Therefore, the selection of the most suitable
ESS and its management strategy are of primary impor-
tance [202]–[204]. SCs have useful characteristics that can
improve the microgrid ESS. For this reason, SCs are used
in stand-alone microgrids to improve the resiliency [205],
or to deal with fast load fluctuations [206], [207]. They
are also useful in grid-connected microgrids [208], [209].
As an illustrative example, the role played by SCs in an
experimental microgrid installed at the Public University of
Navarre is herein analyzed [210]. The energy requirements
of this microgrid are covered by a hydrogen-based system
with a capacity of 40 kWh. An SC bank is included with
the aim of managing power fluctuations caused by renew-
able generation and consumption. Given that power demands
with a frequency of a few hertz shorten the lifetime of
fuel cells (FCs) and electrolyzers [211]–[213], in line with
these results, some authors propose, for the above-mentioned
microgrid, an SC bank that is able to manage frequencies
of more than 3 mHz. These requirements were met with
three Maxwell BMOD0083 SC modules that offer 82 Wh of
storage. The SCs and FCs are directly connected in parallel,
as shown in Fig. 18 (a). This hybrid ESS makes it possible
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FIGURE 18. Effect of SCs on electricity systems. Electrical connection of the ESS of a microgrid (a), power measurements on the 12th of December,
2012 at 20:00 h in the mentioned microgrid: Power required from the ESS (PSS ), which is shared between the SC subsystem (PSC) and the FCs
(PFC ) (b) and performance improvement of the electricity grid of La Palma island due to a 4 MW, 5.5 kWh SC module installed by Endesa [188] (c).

to achieve a higher overall efficiency and a longer lifetime of
the hydrogen subsystem.

Fig. 18 (b) shows the power of the FCs and SCs during
350 s of microgrid performance. The power of the ESS (PSS )
is the sum of the fuel cells power (PFC ) and the supercapac-
itor power (PSC ). The fast frequencies are managed by the
SCs, allowing a better performance of the FCs. The fastest
variation of PSC takes place between t = 257 s and t =
262 s, when PSC increases from 0 to 2.93 kW in only 5 s.
Conversely, the fastest growth in PFC takes place at the same
time but has a much lower gradient, from 2.31 kW to 3.5 kW
in 15 s.

There are also weak grids whose stability is threat-
ened by voltage fluctuations. Such networks can be found,
for instance, in small islands, such as La Palma (Canary
archipelago, Spain). The DSO Endesa is using SCs for a
double purpose on this island. Firstly, they provide a fast
response which improves the spinning reserve of diesel units.
Secondly, the SC system prevents load shedding, which is
a protocol that disconnects electricity users from the grid in
the event of frequency deviations. Specifically, an LS-Mtron
SC system with a maximum power of 4 MW and an energy
content of 5.5 kWh was installed in 2013. The outstanding
power capacity of SCs is exploited in this project since they
are completely discharged in just 5 seconds. This experience
has reported good results, as shown in Fig. 18 (c) [188],
where each power loss event is represented by blue bars.
The effect of the SC bank can be appreciated since, before
the commissioning of the ESS, any power losses of more
than 4% of the total installed generation capacity would lead
to load shedding. Conversely, no load was shed during the
SC operation, even though significant generation losses were
measured. Due to this excellent performance, the system is
expected to be replicated in other markets [188]. Another
example of a weak grid is the Yangshan Deep Water Port,
near Shanghai, which is located at the end of a 20-mile bridge.
The port’s 23 quay cranes caused high voltage fluctuations in
the grid, while an increase in the transmission line capacity
to correct this situation would have involved tremendous
cost. A 3 MW, 17.2 kWh supercapacitor storage system was
therefore installed to provide 20 seconds of reserve power.

This system has been fully operational since 2013 and has
led to a 38% reduction in the peak power demand from the
grid with no need to upgrade the size of the transmission
line [172].

3) INDUSTRIAL SECTOR
Those systems using SCs in the industrial sector include
vehicles such as forklifts, shovel trucks, agricultural machin-
ery, excavators, mining shovels, harbor cranes and indus-
trial lasers. SC use in these machines is also stimulated by
CO2 emission regulations imposed in a number of countries.
This sector is characterized by long designing and testing
periods since they are expensive devices with a small pro-
duction volume.

Of the machines mentioned above, forklift trucks is the
fastest growth segment, since the production volume is much
larger than that of other heavier machines. Moreover, the dan-
gers and health concerns related to the indoor use of fossil
fuels make all-electric forklifts more common. This kind of
vehicle can have either a battery or a fuel cell ESS, and SCs
are usually added as a power source to support lifting oper-
ations and to recover braking energy [74]. Forklifts of this
type have been available on the market for several years. For
example, the Komatsu forklift shown in Fig. 19 (a) features a
battery – SC storage system and was launched on the market
in 2007, as reported in [214]. This kind of system is a current
research topic, especially its life cycle analysis [215].

In the harbor crane market, typical characteristics of the
energy storage demands include deep discharge cycling. Port
cranes equipped with SCs can recover energy from braking
and drop manoeuvres, leading to savings on diesel con-
sumption of up to 20% [46]. Extra savings are achieved by
reducing the maximum engine power since the peak power
is provided by the SC storage system. These systems have
shown a 35% reduction in CO2 emissions. Recent research
works on the sizing of ESSs for these applications have
been published [216]. The authors of this study compare a
battery ESS with an SC – battery hybrid ESS and conclude
that the battery – SC hybrid crane shows great potential for
regenerative energy recovery associated with a reduction in
fuel costs and emissions.
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FIGURE 19. Industrial machines that use SCs. FB15HB-12 battery – SC hybrid forklift for Komatsu (a), PC200–8 Hybrid Excavator (b) and Rockster
R1100DE Parallel Hybrid Crusher (c). Photos taken from the manufacturers websites.

Earth moving machinery is large sized and mobile, there-
fore requiring high power peaks. Supercapacitors come
within those applications used in combination with diesel
motors to meet the high power demand and to recover energy
from regenerative movements [74]. Three different hybrid
machines are referred to herein as examples of the benefits
achieved with SCs. In 2007, Komatsu launched the first
hybrid excavator on the market [217], the PC200–8 Hybrid
Excavator shown in Fig. 19 (b). Although a diesel engine
is the primary energy source of the excavator, an elec-
tric motor is used for the turntable of the upper structure.
An SC bank is connected to this motor, allowing for energy
recovery when the turning slows down. Since the mass of
the PC200–8 is 20 100 kg, the SCs allow for energy savings
of 25% in standard tests. Real measurements were performed
by the manufacturer in a sludge disposal application, where
the cabin turns more frequently than in standard tests, and
a fuel saving of 41% was recorded [217]. Five years later,
in 2012, Caterpillar presented a hybrid hydraulic shovel,
the Cat R© 6120B H FS, which recovers energy not only from
cabin swing deceleration but also from boom-down move-
ments. This energy is stored in SCs, and electric motors are
used to assist the diesel engine when maximum power is
required. Fuel savings of 25% were also reported [218]. As a
final example, the R1100DE Parallel Hybrid Crusher shown
in Fig. 19 (c) marketed by Rockster, has the diesel engine
directly coupled to a generator. In this way, the engine always
operates at its maximum efficiency. Electric motors are used
to move the machine, and an SC bank smooths the power
peaks required to crush the rocks [219].

4) CONSUMER ELECTRONICS
The consumer electronics segment has a lot of features that
make it quite different from the above-mentioned cases. It is
costly and time-sensitive for SCmanufacturers due to the very
short design times and to the significant portion of volume
required by the SC in the final device. Although consumer
electronics is a very diverse market, the primary uses of SCs
in these devices can be classified into four groups, as shown
in Fig. 20 [160]:

FIGURE 20. Schematic diagram of the use of SCs for different consumer
electronic applications.

• Real-time clock or memory backup: for instance, solid-
state drives have many advantages over hard-disk drives.
However, the write speed is their main weakness,
which can be enhanced using protected cache memory
(SDRAM). This SDRAM needs a backup power, sup-
plied in many cases by SCs [220].

• Power failure backup: These systems provide emer-
gency power to a load when the primary power source
fails. An appropriate backup power supply should be
able to provide instantaneous power without glitches.
They are typically used to protect hardware such as
telecommunication equipment, industrial or other elec-
trical equipment, where an unexpected power disruption
can cause malfunction or data loss. Texas Instruments
published a report [221] in which the performance of
a backup power supply which uses SCs as an ESS is
analyzed in detail.

• Storage applications in which SCs are used instead of
batteries: The fast charging capability, long lifetime and
low maintenance requirements make SCs more advan-
tageous than batteries as an ESS for some devices. Two
examples of these applications are a flashlight with
SC energy storage [222] and a solar energy harvesting
system using SCs as ESS [223].
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• High load assist to the primary ESS: In some appli-
cations, such as the flash of a smartphone camera,
the peak power load is significantly higher, albeit for
a short time, than that of any other use case. SCs are
selected as secondary power sources in order to use
a low-power, cheaper battery as the primary source of
energy. Several manufacturers have been using SCs for
a number of years, such as the IC presented by STMi-
croelectronics in 2012, which is an integrated camera
flash controller combining a supercapacitor, a discrete
high-current MOSFET switch and high-power white
LEDs [224].

VI. SUMMARY AND OUTLOOK
As detailed in this review, SCs are an energy storage tech-
nology which is of increasing interest due to the growing
need for robust ESSs able to manage high power peaks.
This paper provides a broad overview of the technology
with particular focus on the electrical characteristics and
applications. To do so, SCs are firstly compared with other
storage technologies and are identified as devices that bridge
the gap between batteries and conventional capacitors with
regard to power and energy density. The physical princi-
ples that are the basis of SC performance (double layer,
pseudocapacitance and faradaic processes) are also explained
based on research papers published on these topics, while
some misused terms and mistaken concepts are identified
and clarified. These physical principles are then related to
the electrical characteristics derived from each one, which
is of particular interest for an optimal application of SCs in
electrical systems. Subsequently, a compilation is made of the
most promising materials used as electrodes and electrolytes,
proposing a classification of the SCs based on these materials
and also describing the electrical implications of the material
properties.

A detailed analysis of the most noteworthy electrical phe-
nomena observable in an SC is then presented. In this regard,
capacitance and differential capacitance are described, and
the difference between both parameters is clarified. The
implications of charge distribution mechanisms along the
electrode surface are covered, as well as the ohmic phe-
nomena, which entail a voltage drop proportional to current.
Electrical self-discharge and the high-frequency operation of
SCs are also analyzed based on their implications on SC
performance. Given the importance of energy and power den-
sity for the analysis of ESSs, these two concepts are detailed
and sensible expressions used in the literature to particularize
their calculation for SCs are stated.

The most common modeling approaches are summarized
in this review. The starting point is models based on electro-
chemical phenomena, which are the historical origin of the
understanding of SCs. This is followed by a summary of the
most important molecular modeling ideas, given the impor-
tance of these models for the SC design and manufacturing
process. The next modeling trend is that of electrical circuit
models, which are divided into transmission-line models,

fractional models, and simplified analytical models, which
are electrical circuit models obtained by the simplification of
physical equations. Finally, thermal modeling is also covered
and the importance of thermal management for the safe per-
formance and long lifetime of SCs is highlighted. In addition
to the most important recent ideas related to each of these
model approaches, some future research topics are high-
lighted, and experimental procedures for the characterization
of the SC behavior, analyzed by each modeling technique, are
critically described.

Finally, the SC manufacturing process is summarized, and
the differences between the two most common products
(cylindrical and pouch supercapacitors) are analyzed. A table
with the key features of commercial products is provided,
and the applications suggested by the manufacturers are also
addressed. An analysis of the current SC market divided into
its four sectors (transport, energy, industrial and consumer
electronics) is presented with recent examples of success-
ful engineering applications in which SCs play a key role
as ESSs, as well as research papers in which improvements
and new ideas for these needs are proposed.

The SC market is experiencing a remarkable expansion,
which needs to be accompanied by intensive research and
development at several levels aimed at enhancing their energy
density and reducing cost while maintaining high power, safe
and long working life. The most promising research trends
on the topics analyzed through the paper are addressed here-
after. Firstly, material improvements, both in electrodes and
electrolytes are expected in the next few years. The cost of the
electrodes represent 40–65% of the total SC cost. Therefore,
the development of new high surface carbon compounds
obtained from biological sources, which avoid the costly high
temperature processes, such as carbon activation, can bring
important reductions of SC costs. Moreover, the currently-
used expensive substrates used to reach reasonable energy
density on graphene electrodes need to be researched towards
cheaper alternatives. For pseudocapacitors, which can offer a
good power–energy–cost–life balance in the near future, new
electrode materials with lower cost and higher performance
need to be achieved. Metal oxides are seen as a promising
research trend in this line. With regard to electrolytes, there
is a new drive towards the widening of the decomposition
voltage window for aqueous electrolytes and to lower costs
and higher ion mobility in ionic liquids in order to compete
against organic electrolytes. The manufacturing process also
needs to be improved by the designing of new techniques that
allow for a better control of the pore size in the micro- and
meso-scale that are scalable to the big electrode size required
for mass production.Moreover, the technology needed for the
production of flexible SCs, which could be of considerable
interest during the upcoming years, is also to be developed.

The engineering design of energy systems with SCs needs
to be updated in order to achieve the best results from cur-
rent technology, and two trends need to be considered for
a successful design: (i) for designs where low cost, low
maintenance and long life compensate for low energy density
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and moderate power density, aqueous asymmetric systems
are the best option, while (ii) for designs where high power
has a main importance and compensates for higher cost and
low energy density, organic symmetric SCs are usually pre-
ferred. Finally, the expected lifetime of an SC is set to grow
in upcoming years. Thus, the understanding and modeling
of ageing mechanisms for different devices and the design
of control strategies to minimize this effect are taking on
increasing importance.

The high power capability, exceptional efficiency, decreas-
ing price, ability to operate in hostile environments, low
maintenance requirements and long lifetime offered by
SCs are making this technology a desirable option for the
increasing number of electrical applications requiring an
outstanding ESS.
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