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Abstract: A supercapacitor is a potential energy system that will be a part of an efficient storage
device of renewable energy, such as a small battery and a large energy storage system (ESS), etc.
However, a lot of efforts have been devoted to improving stability. Generally, ABO3-type perovskite
structure has been studied as an electrode and/or an oxide ion-conducting electrolyte for solid oxide
fuel cells with stable structural stability at high temperatures. In this study, perovskite material
(La0.8Sr0.2Mn0.5Co0.5O3-δ. LSMCO) was added as a component of the supercapacitor electrode for
enhanced stability. According to electrochemical measurements, at 5 mV/s, the specific capacitance
of the graphene-based electrode (G95) is 68 F/g, and the electrode mixed with perovskite (G70L25)
is 55 F/g. Nonetheless, the standard deviation of the capacitance value of G70L25 is smaller than
that of G95. Alongside this, the G70L25 electrode showed that specific capacitance decreased in the
cycling test, but, for the G95 electrode, the specific capacitance after the 4990th cycle increased or
decreased, resulting in unpredictable results. Therefore, perovskite added electrode (G70L25) shows
higher stability compared to the graphene nanoplatelets electrode (G95) in both initial and cycling
performance, albeit a lower specific capacitance.

Keywords: perovskite; supercapacitors; stability

1. Introduction

A supercapacitor is a promising energy storage device that has been an essential component
in most fields, ranging from portable electronics to hybrid electric vehicles and large industrial
equipment [1]. A supercapacitor can also be used in various applications such as power electronics,
energy storage at intermittent generators including windmills, and smart grid applications because it
has a high power density, high rate of charge/discharge, long life, etc. [2].

The energy storage method of the supercapacitor can be divided into two types: electrical
double-layer capacitors (EDLC) and pseudocapacitors [3]. EDLC, made of materials with a high
surface area, has a high power density but a lower volumetric energy density than traditional batteries.
In contrast, the pseudocapacitor has an energy density higher than EDLC because it stores electrons
through a redox reaction on the surface of the electrode. In this regard, metal-based pseudocapacitors
can take the intermediate role of conventional electrostatic capacitors and batteries. Electric double-layer
capacitors (EDLC) and commercial devices can store between 3 and 6 Wh [3].

The pseudocapacitor has a very fast charge/discharge rate compared to lithium-ion batteries but
has the disadvantage of a somewhat low energy density. In this regard, there have been a number of

Energies 2020, 13, 3030; doi:10.3390/en13123030 www.mdpi.com/journal/energies
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efforts to increase energy density through the selection of new materials or the improvement of the
electrode structure, current-collecting method, etc. For example, metal oxides have the potential to
improve energy density significantly due to reversible faradaic surface reactions [4].

There are three methods of charge storage for pseudocapacitor electrodes [3]: The first is the
adsorption of electrolyte ions on the metal surface with monolayers. This adsorption can be revealed
through partial charge transfer between the metal center of the electrode and the electrolyte anion,
and underpotential deposition of the so-called electrosorption valence [5,6]. The second method,
pseudocapacitance, includes redox reactions on the surface of the electrode. These redox reactions are
chemical reactions on the surface that result in a charge transfer with strong bonds [7]. The third is
the reversibly rapid insertion of ions into the bulk of the material. As the ions are inserted into the
crystalline material, the intercalation pseudocapacitance is observed and eventually behaves like a
capacitor [8,9]. All of these can be described as pseudocapacitive because of the change of the oxidation
state of the transition metal.

Established electrode materials include activated carbon (AC), carbon nanotube (CNT), polymers,
graphene, etc. [10–12]. Among them, graphene is widely studied because of its high specific surface area,
aspect ratio, and conductivity [13]. Additionally, graphene has high charge mobility (>200,000 cm2/V·S),
zero effective mass, and ballistic transport even at room temperature [14]. Graphene nanoplatelets are
composed of several graphene layers and have similar properties to single graphene and are much
easier to produce and handle [15,16]. When AC was used as an electrode at a current density of 0.5 A/g,
specific capacitance values at 1 V (voltage window) were maintained at 242 F/g initially to 204 F/g after
7000 cycles, which was 84% of the initial value [17]. Yan et al. reported that the capacitance of PANI
(polyaniline)-based graphene electrodes was 1046 F/g at a scan rate of 1 mV/s among the graphene
electrodes. However, the graphene and PANI composite electrodes showed a linear decrease after the
1000th cycle, with the capacitance dropping to 50% of the initial value [18].

In this respect, perovskite has got attention to improve the cyclic stability of the graphene-based
electrode. La0.8Sr0.2Mn0.5Co0.5O3-δ perovskites (LSMCO) are known to be good catalysts for total
oxidation due to a large amount of oxygen in the perovskite structure and the redox behavior
of the Mn- and Co-ions. Their catalytic activity is comparable with some noble metal catalysts.
ABO3-type perovskite structure has been studied as an electrode for solid oxide fuel cells and an
oxide ion-conducting electrolyte with stable structural stability at high temperatures [19–21]. A is the
lanthanum group or the alkali earth element, and B is the transition metal [22]. The adjustment of the
site of A and B can control the electrical properties of the material, which induces the role of anion
vacancy as a charge storage site for pseudocapacitance [23]. For example, SrRuO3 exhibits metallic
conductivity and is stable in alkaline electrolytes [24]. In addition, the microemulsion technique can
enhance electrochemical performance by generating perovskite nanostructure [25].

Mefford et al. presented an anion-based mechanism through a supercapacitor using LaMnO3

perovskite, which is the first example of anion-based intercalation pseudocapacitance and the first
oxygen insertion method used for fast energy storage [23]. The composite electrode was fabricated by
growing Ag nanoparticles on a La0.7Sr0.3CoO3 (LSCO) substrate by Liu et al. The Ag/LSCO electrode
maintained 81% capacitance after 3000 cycles at the current density of 50 mA/cm2. Liu and coworkers
have released anion-intercalation type electrodes. When the cycling performance of SrCoO3 (SCO)
was measured with an activated carbon electrode at 1 A/g current density, the specific capacitance of
approximately 80% was maintained after the 2000th cycle [26]. Previous research using perovskite
LaSrMnO3 shows the capacitive behavior (102 F/g) and charge storage performance for supercapacitors
through the anion-intercalation mechanism [27–32].

Structurally stable perovskite is expected to help maintain the stability of the supercapacitor
electrode. Our goal is to maintain the initial capacitance of the pseudo-supercapacitor and to improve
the capacitance stability after 4990 cycles using a perovskite-mixed electrode. In our experiment,
we compared the electrochemical characteristics, including cyclic voltammetry, galvanostatic
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charge-discharge, etc. with an electrode G95 (graphene nanoplatelets 95 wt%) and electrode G70L25
(graphene nanoplatelets 70 wt%, LSMCO 25 wt%).

2. Materials and Methods

2.1. Preparation of Perovskite (La0.8Sr0.2Mn0.5Co0.5O3-δ. LSMCO)

Stoichiometrically calculated amounts of lanthanum(III) nitrate hydrate (La(NO3)3·6H2O, 99.9%,
Sigma Aldrich, St.Louis, MO, USA), strontium nitrate (Sr(NO3)2, 98%, Samchun), manganese(II)
nitrate tetrahydrate (Mn(NO3)2·4H2O, 97%, Sigma Aldrich, St.Louis, MO, USA) and cobalt(II)
nitrate hexahydrate (Co(NO3)2·6H2O, 97%, Samchun, Seoul, Korea) were used to prepare
La0.8Sr0.2Mn0.5Co0.5O3-δ perovskites (LSMCO). The citric acid (HOC(COOH)(CH2COOH)2 and
99.5%, Samchun, Seoul, Korea) and ethylenediaminetetraacetic acid (EDTA, 99.5%, Sigma Aldrich,
St. Louis, MO, USA) were used as the chelating agent. The obtained powder was calcined at 1273 K for
5 h.

2.2. Preparation of Electrodes (G95 and G70L25)

To evaluate the electrochemical properties of the graphene nanoplatelets/LSMCO composites,
electrodes were fabricated as follows: 5 wt% of polyvinylidene fluoride (PVDF, MTI corporation,
California, CA, USA) was mixed with enough dimethyl sulfoxide (DMSO, Sigma-Aldrich,
St. Louis, MO, USA) to dissolve the powder. Graphene nanoplatelets (GN, Alfa Aesar,
Haverhill, MA, USA) used in the experiment have a specific surface area of 500 m2/g, and a particle
diameter of smaller than 2 microns and a typical particle size of a few nanometers, depending on the
surface area. For the G70L25 electrode, the graphene nanoplatelets and perovskite were mixed to a
70%:25% weight ratio for 30 min. For the G95 electrode, 95 wt% graphene nanoplatelets were used.
Mixed active material was applied on a carbon paper substrate and baked in an oven at 150 ◦C for
15 min. The two-dimensional size of the electrode was 10 mm × 10 mm. The mass of active material in
the working electrode was 1.0–2.0 mg.

2.3. Characterizations

The morphology and principle of the products were characterized by field-emission scanning
electron microscopy (FE-SEM) and energy-dispersive X-ray spectroscopy (EDX) on a JEOL (JSM-7600F)
and Oxford instrominis (X-Max). The crystalline phase compositions of the samples were characterized
by X-ray diffraction (XRD) on a D8 Advance (TRIO/TWIN) X-ray diffractometer. The specific surface
area, pore diameter, and volume were obtained using Brunauer, Emmett, Teller (BET, BELSORPmini
II) involving N2 gas adsorption/desorption isotherms analysis. The properties of the interface were
analyzed by X-ray photoelectron spectroscopy (XPS) on the Thermo ESCALAB 250.

2.4. Electrochemical Measurements

Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS) of single electrodes were performed using a potentiostat (VSP, Bio-Logic).
The electrolyte is a 1 M H2SO4 aqueous solution that purged N2 gas for 20 min. Measurements
are conducted through a three-electrode system. A reference electrode was a saturated calomel
electrode (SCE), and a counter electrode was a platinum wire. For voltammetry measurements, the cell
potential was scanned at 5 mV/s and 20 mV/s. When the scan rate was 5 mV/s, it was measured for
5 cycles, and when it was 20 mV/s, it was measured for 4990 cycles. Galvanostatic charge-discharge
behavior was measured in current density, from 0.5 to 20 A/g. EIS was measured from 100 kHz to
100 mHz.
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3. Results and Discussion

3.1. SEM and EDX

Figure 1a–d shows SEM images of the G95 electrode and G70L25 electrode before and after
cyclic voltammetry measurements. In Figure 1a, it can be seen that layers of graphene nanoplatelets
are randomly stacked. Figure 1c shows that LSMCO is randomly contained between graphene
nanoplatelets layers in the G70L25 the electrode. After cyclic voltammetry, both the G95 and G70L25
electrodes have white granules, as in Figure 1b,e. EDX analysis confirmed that carbon, platinum,
and sulfur were found in the overall area, which are the primary materials of working and counter
electrodes and electrolytes (H2SO4). In addition, white granules appear to be sulfur and Pt of counter
electrodes as a result of the analysis. In reference [33], it is reported that, after the CV experiment, Pt
particles generated on the working electrode surface and weight loss of the Pt electrode occurred in the
H2SO4 electrolyte.

Figure 1. SEM images of as-prepared (a) electrode of G95 before cyclic voltammetry; (b) after cyclic
voltammetry 5000 cycles; (c) SEM image of G95 with EDX mapping of C, S, and Pt; (d) electrode of
G70L25 before cyclic voltammetry and (e) after cyclic voltammetry 5000 cycles; (f) SEM image of
G70L25 with EDX mapping of C, S, and Pt.

3.2. XRD

The XRD patterns of pure graphene nanoplatelets, pure LSMCO, G70L25, and G95 electrode active
materials are shown in Figure 2. In the patterns of the G70L25 electrodes, we can see that the major
diffraction peaks of the LSMCO are maintained as the same as those of the as-synthesized LSMCO
material. It demonstrates that LSMCO was successfully anchored on the graphene sheets without a
secondary reaction.

3.3. BET

BET nitrogen adsorption/desorption isotherm measurements were used to determine the surface
area, pore diameter, and pore volume. Figure 3 corresponds to type II with unrestricted mono-multilayer
characteristics in the classification of adsorption isotherms. The specific surface area has 441.83 and
317.17 m2/g for G95 and G70L25, respectively. The average pore diameter was around 8.5 nm for both
G95 and G70L25. The total pore volume is 0.9483 and 0.6935 cm3/g, respectively, for G95 and G70L25.
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Figure 2. XRD pattern of comparing G70L25, G95, pure graphene nanoplatelets, and pure LSMCO;
The DIFFRAC.EVA program was used to identify the data.

Figure 3. Nitrogen adsorption and desorption isotherms for (a) G95 and (b) G70L25.

3.4. XPS

The chemical composition of samples was analyzed by using X-ray photoelectron spectroscopy
(XPS). The full XPS spectrum of G95 reveals the presence of C elements along with a small quantity
of O elements. The G7025 electrode includes the perovskite LSMCO elements along with the
above-mentioned elements. Figure 4b–f shows an XPS spectrum of core levels of C1s and O1s from
the G95 and G70L25 electrodes, each of which can be decomposed into three peaks. Binding energy
values were analyzed by reference to previous literature [34,35]. The detailed analysis of the C1s
spectrum is as follows: sp2 carbon at 248.6 eV (Ca), alcohol and ether groups at ~286.4 eV (Cb), and
ester and carboxyl groups at ~289.04 eV (Cc) both for G70L25 and G95 electrodes. The deconvoluted
spectrum of G70L25’s O1s was shown to be three peaks: a carbon-oxygen double bond at ~531.95 eV
(Ob), carbon-oxygen single-bonds in hydroxyl groups at ~533.68eV (Od), and quinine or pyridone
groups at ~530.16 eV (Oa). However, for G95, single bonds such as carbon-oxygen ether at 532.33 eV
(Oc) or absorbed water or oxygen at 535.23 eV (Oe) appears. The same combination type appears in
the G70L25 for two measurements, but different combination types appear in the G95. Additionally,
the oxygen content of G70L25 is higher than G95.

5
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Figure 4. (a) XPS fully scanned spectrum of G95 and G70L25; fitted results of XPS C1s spectra of (b) G95
and (c) G70L25; fitted results of XPS O1s spectra of (d,e) G95 and (f) G70L25.

3.5. Cyclic Voltammetry (CV)

In the CV curve, the specific capacity of the electrode can be obtained through the
following equation:

Cs =
1

s·m·ΔV

∫ V2

V1

idV (1)

Here, CS is a specific capacitance (F/g), s is a scan rate (V/s), m is a mass of active material, ΔV is
a voltage window (0 V–0.8 V), I is a current (A), V1 is a lower voltage limit (V), and V2 is an upper
voltage limit (V) [36].

In Figures 5 and 6, the CV curve has a nearly rectangular shape and represents the capacitive
behavior of the EDLC. Figure 5 shows the CV curves of the G95 electrode and G70L25 electrode at a
scan rate of 5 mV/s in 1 M H2SO4 after 5 cycles. The specific capacitance of the G95 electrode is 69.34 F/g,
and the standard deviation is 6.961. The specific capacitance of the G70L25 electrode is 52.31 F/g, and
the standard deviation is 2.576. The specific capacitance of the G95 electrode is about 10% higher
than that of G70L25. The higher specific surface area of G95 can explain the higher initial specific
capacitance values of G95 in CV measurements. However, the standard deviations of the results for
G95 are quite high compared to those of G70L25. It might mean that producing supercapacitors with
the expected design values in the mass production phase can be difficult.

Figure 6 shows a CV curve measured for 4990 cycles by increasing the scan rate to 20 mV/s.
Figure 6a,b is the CV curve of the G95 electrode. The specific capacitance is 62.23 F/g at 11 cycles and
61.38 F/g at 4990 cycles. The reduction of 1.38% can be seen in Figure 6a. On the other hand, specific
capacitance is 57.07 F/g at 11 cycles and 59.81 F/g at 4990 cycles, which means an increase of the specific
capacitance (Figure 6b). However, Figure 6c,d shows a CV curve of the G70L25 electrode. In Figure 6c,
the specific capacitance was 47.37 F/g at 11 cycles and 45.94 F/g at 4990 cycles, so it decreased by 3.01%.
In Figure 6d, specific capacitance is 50.98 F/g at 11 cycles and 48.41 F/g at 4990 cycles. For the G70L25
electrode, after 4990 cycles, the performance of the G70L25 electrode is consistent for several data sets,
and up to 7% reduction can be expected.
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Figure 5. Cyclic voltammetry at 5 mV/s of G95 electrode and G70L25 electrode in 1 M H2SO4.

Figure 6. Cyclic voltammetry at 20 mV/s (a) specific capacitance decreased after 4990 cycles for the
electrode of G95 in 1M H2SO4; (b) specific capacitance increased after 4990 cycles for the electrode of
G95 in 1 M H2SO4; (c,d) specific capacitance decreased after 4990 cycles for the electrodes of G70L25 in
1 M H2SO4; (e) the plot of specific capacitance verse cycle at 20 mV/s in H2SO4.

The results of the G95 electrode, however, show that it is difficult to expect a reproducibility of
the experiments because specific capacitance tends to both increase or decrease, which means that
we cannot guarantee some level of the supercapacitor capacity after long term operation. However,
all of the G70L25 electrodes tend to decrease. Therefore, even though the specific capacitance of the
electrode G70L25 with the perovskite LSMCO added onto graphene nanoplatelets is lower than that of
the G95 electrode, the stability seems to be superior.

3.6. Galvanostatic Charge–Discharge (GCD)

The specific capacitance of the electrodes obtained from GCD curves is calculated at various
current densities by the following equation [37]:

C =
I·td

m·ΔV
(2)

I is a discharge current (A), td is a discharge time (s), m is an active material mass, and ΔV is a
potential drop during discharge.

Specific capacitance values of G95 and G70L25 for each current density are shown in Table 1.
The specific capacitances of both the G95 and G70L25 electrodes were similar to those of the CV
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experiments. When the current density increased from 0.5 to 20 A/g, specific ion diffusion rates tended
to reduce specific capacities of the G95 and G70L25 electrodes at a high current density [38]. As a
result, the variation of the specific capacitance of the G95 and G70L25 electrodes over current density
shows the typical behavior of a supercapacitor. The low value of capacitance at a high current density
is due to the low ion penetration on the electrode surface [39]. The Ragone plot of G95 and G70L25 is
shown in Figure 7d. For the G95 and G70L25 electrodes, the energy density is 21.80–16.24 Wh/kg and
17.10–15.12 Wh/kg at the same range of current density, respectively. The G70L25 electrode shows a 22%
decrease in energy density at 0.5 A/g, but only a 7% decrease at 20 A/g compared to G95, which means
catalytic effects of the perovskite enhances at a higher current density. In addition, we fabricated
composite electrodes of LSMCO and graphene nanoplatelets by mixing and dispersing using magnetic
bars and ultrasonic. In this process, we believe that structural stability increases because graphene
nanoplatelets wrap around LSMCO [40].

Table 1. The specific capacitance of G95 and G70L25 according to current density.

Electrodes G95 G70L25

Current Density [A/g] Specific Capacitance [F/g] Specific Capacitance [F/g]

0.5 68.13 53.44

1.0 64.63 51.25

1.5 62.81 50.63

2.0 61.50 49.75

3.0 57.00 49.13

5.0 57.38 48.31

7.0 55.83 47.86

9.0 54.68 47.48

10 54.13 47.25

20 50.75 47.25

Figure 7. Galvanostatic charge-discharge graph of (a) G95 electrode and (b) G70L25 electrode; (c) specific
capacitance variation of G95 and G70L25 with current density; (d) comparative Ragone plots of the
G95 and G70L25 electrodes.
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3.7. Electrochemical Impedance Spectroscopy (EIS)

EIS is an excellent technique to investigate the electrochemical behaviors of electrodes. Figure 8
shows the replotted typical Nyquist diagram of the G95 and G70L25 electrodes. The Nyquist plot
is generally composed of three parts: the first part in the high-frequency region is x-interference at
the semicircle start point, which is considered as an effective ohmic resistance; the second part is a
semicircular shape in the mid-frequency region, which is assumed to be a charged transfer resistance
(Rct) and is equal to the diameter of the semicircle; the last part is a vertical line at the low-frequency
region, which is assumed to be ion transport of diffusion resistance at the electrode/electrolyte
interface [41]. In both electrodes, diffusion resistance is similar due to the same electrolyte being used.
However, Rct of two electrodes is slightly different. The G70L25 electrode showed slightly larger Rct

due to the additional 25 wt% LSMCO causing a decrease of the diffusion pathway accompanied by the
reduction in surface area, as shown in Figure 3. The steeper slope of the G95 can explain the higher
initial specific capacitance in the CV experiment because it means a faster diffusion.

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
0.0

0.2

0.4

0.6

0.8

1.0

-Z
"(

oh
m

)

Z' (ohm)

 G95
 G70L25

Figure 8. Impedance spectra of the G95 and G70L25 electrodes, measured at an AC amplitude of 10 mV,
in H2SO4 electrolyte.

The G70L25 electrode exhibits increasing ohmic resistance, which may originate from the low
electrical conductivity of LSMCO perovskite oxide.

4. Conclusions

In summary, the supercapacitor electrode was prepared by the synthesis of graphene and
perovskite material (LSMCO). XRD showed that it was well mixed without a secondary reaction.
According to electrochemical analyses, for the G95 electrode, the specific capacitance ranges from 53
to 68 F/g, and the standard deviation is about 6. For the G70L25 electrode, the specific capacitance
ranges from 49 to 55 F/g, and the standard deviation ranges from 1 to 2.5. The initial specific capacity
of the G70L25 electrode of 49 to 55 F/g is about 10%–20% smaller than that of the G95 but has a small
standard deviation. The cycling test showed that the specific capacitance of G70L25 was reduced
(~5%) at all times, indicating that the cycling stability was improved compared to the unpredictable
(both cases increasing or decreasing) results of G95. Therefore, the supercapacitor using LSMCO and
graphene electrode is better for commercialization considering the repeatable performance and seems
to be an excellent material for improving cycling stability in other electrochemical applications.

Author Contributions: Conceptualization, Y.-W.J. and J.S.; data curation, B.-M.K. and H.-Y.K.; investigation,
B.-M.K. and H.-Y.K.; methodology, J.S.; supervision, Y.-W.J. and J.S.; validation, B.-M.K., H.-Y.K., Y.-W.J., and J.S.;
visualization, B.-M.K. and H.-Y.K.; writing – original draft, B.-M.K.; writing – review and editing, Y.-W.J. and J.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF), funded by the Ministry of Education (No. NRF-2018R1D1A1A02085324). This research
was supported by the Mid-Career Researcher Program (No. NRF-2020R1A2C1007847) through the National
Research Foundation of Korea, funded by the Korean government’s Ministry of Education.

9



Energies 2020, 13, 3030

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Simon, P.; Gogotsi, Y. Materials for electrochemical capacitors. Nat. Mater. 2008, 7, 845–854. [CrossRef]
2. Obreja, V.V.N. On the performance of supercapacitors with electrodes based on carbon nanotubes and carbon

activated material—A review. Phys. E Low Dimens. Syst. Nanostruct. 2008, 40, 2596–2605. [CrossRef]
3. Conway, B.E. Electrochemical Supercapacitors: Scientific Fundamentals and Technological Applications; Springer

Science & Business Media, LLC: New York, NY, USA, 2013.
4. Augustyn, V.; Simon, P.; Dunn, B. Pseudocapacitive oxide materials for high-rate electrochemical energy

storage. Energ. Environ. Sci. 2014, 5. [CrossRef]
5. Guidelli, R.; Schmickler, W. Electrosorption valency and partial charge transfer. Mod. Asp. Electrochem.

2005, 38, 303–371.
6. Herrero, E.; Buller, L.J.; Abruña, H.D. Underpotential deposition at single crystal surfaces of Au, Pt, Ag and

other materials. Chem. Rev. 2001, 101, 1897–1930. [CrossRef] [PubMed]
7. Zheng, J.P. A new charge storage mechanism for electrochemical capacitors. J. Electrochem. Soc. 1995, 142, L6.

[CrossRef]
8. Augustyn, V.; Come, J.; Lowe, M.A.; Kim, J.W.; Taberna, P.L.; Tolbert, S.H.; Abruña, H.D.; Simon, P.;

Dunn, B. High-rate electrochemical energy storage through Li + intercalation pseudocapacitance. Nat. Mater.
2013, 12, 518–522. [CrossRef]

9. Brezesinski, T.; Wang, J.; Tolbert, S.H.; Dunn, B. Ordered mesoporous α-MoO3 with iso-oriented
nanocrystalline walls for thin-film pseudocapacitors. Nat. Mater. 2010, 9, 146–151. [CrossRef]

10. Bai, L.; Ge, Y.; Bai, L. Boron and Nitrogen co-doped porous carbons synthesized from polybenzoxazines for
high-performance supercapacitors. Coatings 2019, 9, 657. [CrossRef]

11. Heydari Gharahcheshmeh, M.; Gleason, K.K. Device fabrication based on oxidative chemical vapor deposition
(CVD) synthesis of conducting polymers and related conjugated organic materials. Adv. Mater. Interfaces
2019, 6, 1801564. [CrossRef]

12. Feng, N.; Meng, R.; Zu, L.; Feng, Y.; Peng, C.; Huang, J.; Liu, G.; Chen, B.; Yang, J.
A polymer-direct-intercalation strategy for MoS 2/carbon-derived heteroaerogels with ultrahigh
pseudocapacitance. Nat. Commun. 2019, 10, 1–11. [CrossRef]

13. Cao, M.S.; Wang, X.X.; Cao, W.Q.; Yuan, J. Ultrathin graphene: Electrical properties and highly efficient
electromagnetic interference shielding. J. Mater. Chem. C 2015, 3, 6589–6599. [CrossRef]

14. Ji, X.; Xu, Y.; Zhang, W.; Cui, L.; Liu, J. Review of functionalization, structure and properties of
graphene/polymer composite fibers. Compos. Part A Appl. Sci. Manuf. 2016, 87, 29–45. [CrossRef]

15. Wang, J.; Li, Z.; Fan, G.; Pan, H.; Chen, Z.; Zhang, D. Reinforcement with graphene nanosheets in aluminum
matrix composites. Scr. Mater. 2012, 66, 594–597. [CrossRef]

16. Zhai, W.; Shi, X.; Wang, M.; Xu, Z.; Yao, J.; Song, S.; Wang, Y.; Zhang, Q. Effect of graphene nanoplate addition
on the tribological performance of Ni3Al matrix composites. J. Comp. Mater. 2013, 48, 3727–3733. [CrossRef]

17. Ruiz, V.; Santamaría, R.; Granda, M.; Blanco, C. Long-term cycling of carbon-based supercapacitors in
aqueous media. Electrochim. Acta 2009, 54, 4481–4486. [CrossRef]

18. Yan, J.; Wei, T.; Fan, Z.; Qian, W.; Zhang, M.; Shen, X.; Wei, F. Preparation of graphene
nanosheet/carbon nanotube/polyaniline composite as electrode material for supercapacitors. J. Power Sources
2010, 195, 3041–3045. [CrossRef]

19. Sengodan, S.; Choi, S.; Jun, A.; Shin, T.H.; Ju, Y.W.; Jeong, H.Y.; Shin, J.; Irvine, J.T.S.; Kim, G. Layered
oxygen-deficient double perovskite as an efficient and stable anode for direct hydrocarbon solid oxide fuel
cells. Nat. Mater. 2015, 14, 205–209. [CrossRef]

20. Kim, S.; Kwon, O.; Kim, C.; Gwon, O.; Jeong, H.Y.; Kim, K.H.; Shin, J.; Kim, G. Strategy for enhancing interfacial
effect of bifunctional electrocatalyst: Infiltration of cobalt nanooxide on perovskite. Adv. Mater. Interfaces
2018, 5, 1800123. [CrossRef]

21. Gwon, O.; Kim, C.; Kwon, O.; Jeong, H.Y.; Park, H.-K.; Shin, J.; Ju, Y.-W.; Kim, G. An efficient oxygen
evolution catalyst for hybrid lithium air batteries: Almond stick type composite of perovskite and cobalt
oxide. J. Electrochem. Soc. 2016, 163, A1893–A1897. [CrossRef]

22. Ishihara, T. Perovskite Oxide for Solid Oxide Fuel Cells; Springer Science & Business Media: Berlin, Germany, 2009.

10



Energies 2020, 13, 3030

23. Mefford, J.T.; Hardin, W.G.; Dai, S.; Johnston, K.P.; Stevenson, K.J. Anion charge storage through oxygen
intercalation in LaMnO 3 perovskite pseudocapacitor electrodes. Nat. Mater. 2014, 13, 726–732. [CrossRef]
[PubMed]

24. Wohlfahrt-Mehrens, M.; Schenk, J.; Wilde, P.M.; Abdelmula, E.; Axmann, P.; Garche, J. New materials for
supercapacitors. J. Power Sources 2002, 105, 182–188. [CrossRef]

25. Lim, C.; Kim, C.; Gwon, O.; Jeong, H.Y.; Song, H.K.; Ju, Y.W.; Shin, J.; Kim, G. Nano-perovskite oxide
prepared via inverse microemulsion mediated synthesis for catalyst of lithium-air batteries. Electrochim. Acta
2018, 275, 248–255. [CrossRef]

26. Liu, Y.; Dinh, J.; Tade, M.O.; Shao, Z. Design of perovskite oxides as anion-intercalation-type electrodes
for supercapacitors: Cation leaching effect. ACS Appl. Mater. Interfaces 2016, 8, 23774–23783. [CrossRef]
[PubMed]

27. Saranya, P.; Selladurai, S. Facile synthesis of NiSnO 3/graphene nanocomposite for high-performance
electrode towards asymmetric supercapacitor device. J. Mater. Sci. 2018, 53, 16022–16046. [CrossRef]

28. He, L.; Shu, Y.; Li, W.; Liu, M. Preparation of La 0.7 Sr 0.3 CoO 3-δ (LSC)@ MnO 2 core/shell nanorods as
high-performance electrode materials for supercapacitors. J. Mater. Sci. Mater. Electron. 2019, 30, 17–25.
[CrossRef]

29. Yin, S.; Wu, Y.; Chen, J.; Chen, Z.; Hou, H.; Liu, Q.; Wang, Y.; Zhang, W. Facile hydrothermal synthesis of
BiFeO3 nanoplates for enhanced supercapacitor properties. Funct. Mater. Lett. 2018, 11, 1850013. [CrossRef]

30. George, G.; Jackson, S.L.; Luo, C.Q.; Fang, D.; Luo, D.; Hu, D.; Wen, J.; Luo, Z. Effect of doping on the
performance of high-crystalline SrMnO3 perovskite nanofibers as a supercapacitor electrode. Ceramics Int.
2018, 44, 21982–21992. [CrossRef]

31. Kim, H.-Y.; Shin, J.; Jang, I.-C.; Ju, Y.-W. Hydrothermal synthesis of three-dimensional perovskite NiMnO3

oxide and application in supercapacitor electrode. Energies 2020, 13, 36. [CrossRef]
32. Lang, X.; Mo, H.; Hu, X.; Tian, H. Supercapacitor performance of perovskite La1−xSrxMnO3. Dalton Trans.

2017, 46, 13720–13730. [CrossRef]
33. Wei, R.; Fang, M.; Dong, G.; Ho, J.C. Is platinum a suitable counter electrode material for electrochemical

hydrogen evolution reaction? Sci. Bull. 2017, 62, 971–973. [CrossRef]
34. Gardner, S.D.; Singamsetty, C.S.K.; Booth, G.L.; He, G.R.; Pittman, C.U. Surface characterization of carbon

fibers using angle-resolved XPS and ISS. Carbon 1995, 33, 587–595. [CrossRef]
35. Arrigo, R.; Hävecker, M.; Wrabetz, S.; Blume, R.; Lerch, M.; McGregor, J.; Parrott, E.P.J.; Zeitler, J.A.;

Gladden, L.F.; Knop-Gericke, A.; et al. Tuning the acid/base properties of nanocarbons by functionalization
via amination. J. Am. Chem. Soc. 2010, 132, 9616–9630. [CrossRef] [PubMed]

36. Liu, W.W.; Yan, X.B.; Xue, Q.J. Multilayer hybrid films consisting of alternating graphene and titanium
dioxide for high-performance supercapacitors. J. Mater. Chem. C 2013, 1, 1413–1422. [CrossRef]

37. Dezfuli, A.S.; Ganjali, M.R.; Naderi, H.R.; Norouzi, P. A high performance supercapacitor based on a
ceria/graphene nanocomposite synthesized by a facile sonochemical method. RSC Adv. 2015, 5, 46050–46058.
[CrossRef]

38. Zhang, C.; Lei, C.; Cen, C.; Tang, S.; Deng, M.; Li, Y.; Du, Y. Interface polarization matters:
Enhancing supercapacitor performance of spinel NiCo2O4 nanowires by reduced graphene oxide coating.
Electrochim. Acta 2018, 260, 814–822. [CrossRef]

39. Szunerits, S.; Boukherroub, R. Electrochemistry of graphene: The current state of the art. Electrochemistry
2013, 12, 211–242.

40. Kim, C.; Gwon, O.; Jeon, I.-Y.; Kim, Y.; Shin, J.; Ju, Y.-W.; Baek, J.-B.; Kim, G. Cloud-like graphene nanoplatelets
on Nd 0.5 Sr 0.5 CoO 3− δ nanorods as an efficient bifunctional electrocatalyst for hybrid Li–air batteries.
J. Mater. Chem. A 2016, 4, 2122–2127. [CrossRef]

41. Mei, B.A.; Munteshari, O.; Lau, J.; Dunn, B.; Pilon, L. Physical interpretations of Nyquist plots for EDLC
Electrodes and Devices. J. Phys. Chem. C 2018, 122, 194–206. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

11





energies

Article

Natural Polymers for Green Supercapacitors

Giovanni Emanuele Spina †, Federico Poli †, Alessandro Brilloni, Daniele Marchese and

Francesca Soavi *

Department of Chemistry “Giacomo Ciamician”, Alma Mater Studiorum Universita’ di Bologna, Via Selmi 2,
40126 Bologna, Italy; giovanni.spina3@unibo.it (G.E.S.); federico.poli8@unibo.it (F.P.);
alessandro.brilloni2@unibo.it (A.B.); daniele.marchese@studio.unibo.it (D.M.)
* Correspondence: francesca.soavi@unibo.it
† These authors contributed equally.

Received: 11 May 2020; Accepted: 10 June 2020; Published: 16 June 2020

Abstract: Water-processable natural polymers represent a valuable alternative for the sustainable
manufacturing of electrical double layer capacitors (EDLCs). Here, we demonstrate for the first
time the feasibility of the use of pullulan to produce high mass loading electrodes (>10 mg cm−2)
at low binder content (10%) for ionic-liquid based EDLCs. Pullulan has also been processed as a
porous separator by electrospinning. Its ionic resistance and thermal stability have been evaluated
in different electrolytes and were found to be superior compared to those of a cellulose triacetate
electrospun separator. Pullulan-ionic liquid EDLCs were, thus, assembled and charged up to 3.2 V.
The EDLCs delivered specific energy and power of 7.2 Wh kg−1 and 3.7 kW kg−1 and featured good
cycling stability over 5000 cycles.

Keywords: green supercapacitor; water processable polymer; pullulan; ionic liquid; electrospinning

1. Introduction

Today one of the biggest challenges our society is facing is how to replace the use of fossil energy
sources (coal, oil, gas) with renewable ones (solar and wind). The inherent intermittence of the latter
sources requires the development of efficient energy storage systems. Among all the possibilities,
electrochemical energy storage by secondary batteries and electrical double layer capacitors (EDLCs)
is one of the most efficient approach [1–4]. EDLCs are receiving great attention for their unique
characteristics of outstanding power and cycle life, that are related to their electrostatic operating
mechanism. However specific energies of EDLCs are one order of magnitude lower than that
of batteries.

Commercial EDLCs feature activated carbon (AC) electrodes, a porous polymer separator, and an
organic electrolyte, typically a solution of alkylammonium salts in acetonitrile or propylene carbonate.
The use of the organic electrolyte enables cell voltages as high as 2.5 V [5].

The energy density of EDLCs can be improved by increasing: (i) the operating voltage window,
(ii) electrodes specific capacitance, and (iii) the mass loading of the electrodes.

High operating voltage can be achieved by using an electrolyte with a wide electrochemical
stability window, like ionic liquids (ILs) or highly concentrated aqueous electrolytes [6–9]. Electrode
specific capacitance can be improved by tailoring carbon porosity to the electrolyte, in order to
enhance ion access to the carbon surface. An alternative strategy is represented by the use of
redox (pseudocapacitive) electrode materials, like metal oxides or electronically conductive polymers,
in asymmetric or hybrid supercapacitors. Regarding the third approach, literature provides a very
limited number of publications. Achieving mass loading higher than 5–10 mg cm−2 is considered a
great challenge. Indeed, thick electrodes might delaminate from the current collector that is detrimental
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for cycling stability. Furthermore, high mass loading may lead to worse ionic and electronic connection
between the carbon particles, leading to higher internal resistance [10–12].

Ionic liquids, thanks to their low flammability, represent an even safer alternative to the more
volatile acetonitrile solutions. In addition, ILs are known for their high thermal stability, good
conductivity and wide electrochemical stability window (>3 V). Despite these interesting properties,
they cannot be considered as totally green and strategies to recover them after use are needed. The most
investigated ILs for EDLCs are based on the bis(trifluoromethanesulfonyl)imide (TFSI) anion [13–15].
ILs feature bulky ions, therefore in order to promote a high and efficient exploitation of the electron
carbon surface of the double layer, the porosity of the carbon has to be properly designed [16,17].
Furthermore, it has been demonstrated that the chemistry of ILs affects the double layer thickness
and permittivity, and hence, the electrode capacitance. Indeed, in Ref. [1,2], the capacitive response of
different carbon electrodes in N-butyl-N-methylpyrrolidinium bis(trifluoromethane-sulfonyl)imide
(PYR14TFSI), 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (EmimTFSI) and
PYR(2O1)TFSI was compared. In EmimTFSI, all the tested electrodes featured a specific capacitance
that was double than that exhibited in the other ILs.

In EDLCs the biggest share of the cost is related to electrodes (28%) and electrolytes (27%).
Electrodes are processed by casting slurries made of AC, conductive carbon, binder, and suitable
solvents on metal current collectors. The binder material itself does not contribute significantly to the
overall cost. However, its chemistry drives the selection of the solvent used for electrode processing,
that has a great economic and environmental impact on EDLCs manufacturing [18]. Indeed, nowadays,
commercial AC electrodes are mostly fabricated with F-based polymers as binders, such as poly
(vinylidene difluoride) (PVdF) which needs N-methyl-2-pyrrolidone (NMP) as solvent/dispersant,
both very toxic for humans and environment. This process requires expensive atmosphere-controlled
environments [19].

In light of that and to meet the requirements of sustainable and cheaper production processes, much
effort is being devoted to the substitution of F-based components with alternative ones. Transition to
aqueous electrode preparation by non-toxic binders is expected to provide a great step forward towards
an ideally sustainable and environmentally friendly technology for energy storage systems [20,21].

Carboxymethyl cellulose (CMC) represents the state of the art of water-soluble binders [10,21–24].
One of the first attempts of substituting F-based compounds with CMC, was reported by Bonnefoi et al.
in 1999 [25]. Two of the major drawbacks in the use of CMC, are: (i) the relatively low achievable
electrode mass loading, and (ii) the brittleness shown after the drying step. Winter et al. [23], first
proposed Natural Cellulose (NC). While NC is cheaper (0.5–1.5 EUR kg−1 vs. 1–2 EUR kg−1) and more
abundant than CMC, it cannot be dissolved in water nor in almost all organic solvents while being
soluble in certain ionic liquids [26–29]. Varzi et al. dissolved NC in 1-ethyl-3-methylimidazolium
acetate (EmimAc) and demonstrated that NC has enhanced stability at high voltages. An EDLC
assembled with electrodes featuring 10% NC binder and a mass loading of ca. 3 mg cm−2 and
PYR14TFSI ionic liquid electrolyte, exhibited a specific capacitance of ca. 13 F g−1 at 10 mA cm−2, and
a capacitance retention of 52%, after cycling for 750 h at 3.7 V [30]. Pursuing the research of even
more eco-friendly binders, potato starch, a highly abundant polysaccharide that can be extracted from
non-edible potatoes, was also proposed. By the use of this polysaccharide, the production of thick
electrodes (240 μm, 9.3 mg cm−2) was demonstrated [18]. These electrodes were used to assemble a
2.5 V-EDLC with 1 M Et4NBF4 in propylene carbonate (PC) electrolyte, that delivered 0.36 F cm−2 at
10 mA cm−2.

Recently, we demonstrated the use of the biodegradable biopolymer pullulan (Pu) as a water
processable separator and binder for EDLCs. Specifically, the separator was obtained by electrospinning
and the EDLCs featured EmimTFSI electrolyte and pepper seed derived biochar carbon. The EDLC
was able to operate at 3.2 V and delivered up to 5 kW kg−1 specific power and 27.8 Wh kg−1 specific
energy. Its performances were compared with that of conventional electrical double-layer capacitor,
with the added value of being eco-friendly and cheap.
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Furthermore, the smart combination of the water-soluble, biodegradable Pu with the hydrophobic
ionic liquid EmimTFSI, enabled a novel and easy approach for the recovery of EDLC components at
the end-of-life. Indeed, the IL and carbon easily separate when immersed in water. The expensive IL
can therefore be recollected for a second use [31].

Following these preliminary results, here we report the challenging study that aims to demonstrate
the feasibility of the use of Pu to process electrodes at low binder content (10%) and high mass loading
(>10 mg cm−2). In the first part of our work we compare the electrochemical response and thermal
stability of Pu and cellulose triacetate (CTA) in different electrolytes, namely EmimTFSI, 0.5 m LiTFSI
TEGDME, PYR14TFSI. The two natural polymers have been processed by electrospinning and their
contribution to ionic resistance of the electrolyte has been investigated by Electrochemical Impedance
Spectroscopy (EIS) at different temperatures. On the basis of this investigation, Pu and EmimTFSI
were selected to assemble two different EDLCs, one with low electrode mass loading and high binder
content (HBLME) and a second one with high mass loading and low binder content (LBHME). The
EDLCs have been tested by cyclic voltammetry, EIS and galvanostatic charge/discharge cycles. A deep
analysis of the EDLCs performance is reported and discussed to demonstrate that natural polymers
and, specifically Pu, may pave the way towards a new approach for a green manufacturing of EDLCs.

2. Materials and Methods

2.1. Materials

N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14TFSI, purity >99.9%)
was purchased from Solvionic (Toulouse, France). 1-Ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)
imide (EmimTFSI, purity >99%) was purchased from Solvent Innovation (Köln, Germany). Lithium
bis(trifluoromethanesulfonyl)imide and tetraethylene glycol dimethyl ether (TEGDME) (purity >99%)
were both purchased from Sigma-Aldrich (St. Louis, MO, USA). Activated carbon PICACTIF was
purchased from PICA (Basiano, Italy). Conductive carbon additive (SUPER C45) was purchased from
TIMCAL (Bodio, Switzerland). Pullulan (P0978, η = 15.0 ÷ 180.0 mPa s, 10% in H2O at 30 ◦C) was
purchased from TCI Europe (Zwijndrecht, Belgium). Cellulose triacetate (CTA, Mw = 74,000 g/mol,
DS 3.0) was purchased from Honeywell Fluka (Charlotte, NC, USA). Glycerol (purity >99%) was
purchased from Sigma-Aldrich. Nickel foam was purchased from Alantum (Munich, Germany).

2.2. Preparation of the Electrospun Separator

Electrospinning was used to prepare the non-woven separator. In particular an home-made
electrospinning apparatus has been used, this consisted of a high-voltage power supply (SL 50 P
10/CE/230, Spellman, West Sussex, UK), a syringe pump (200 series, KD Scientific, Holliston, MA, USA),
a glass syringe containing the polymer solution and connected to a stainless-steel blunt-ended needle
(inner diameter = 0.51 mm) through a polytetrafluoroethylene (PTFE) tube. The Pu membrane was
electrospun starting from a 23% w/v solution of pullulan in Milli-Q water. The solution was spun at
18 kV at 20 cm from the collector with a flow rate of 1 mL h−1. The cellulose triacetate (CTA) separator
has been electrospun starting from a 6% w/v. solution in DCM/EtOH 80/20 solution. The solution
was spun at 15 kV and at a 15 cm distance from the collector with a flowrate of 2 mL/h, at room
temperature (RT) with a relative humidity of 40–50%. After electrospinning the mat has been soaked
into a 0.1 M solution of sodium hydroxide in a mixture of Ethanol and water 4:1 v/v for 24 h. In the end
the electrospun separator was washed in MilliQ water twice for fifteen minutes each.

2.3. Membrane Characterization

Electrospun membranes have been characterized at first by scanning electron microscopy (SEM)
using an EVO 50 apparatus (Zeiss, Oberkochen, Germany). The feasibility of the use of the electrospun
mats as separators was evaluated by EIS. Swagelok-type cells with two stainless steel blocking
electrodes (0.9 cm diameter), separated by the membranes (dried overnight before use at RT) soaked in
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the different investigated electrolytes, were used. The EIS spectra were collected by a VSP multichannel
potentiostat/galvanostat/FRA (BioLogic, Seyssinet-Pariset, France) within 500 kHz–100 mHz frequency
range and 5 mV AC perturbation, acquiring 10 points per decade. The cells were thermostated at 30,
40 and 60 ◦C by a thermostatic oven. The bulk conductivity of the electrolytes without membranes
were measured by a CDM 210 Conductivity Meter (MeterLab, Milano, Italy) with an Amel standard
cell (platinum electrodes). The temperature was controlled by a DC50 K40 thermocryostat (Haake,
Thermo Fisher Scientific, Karlsruhe, Germany) with an accuracy of 0.1 ◦C. Samples were thermostated
for 1 h before every measurement.

2.4. Preparation of the Electrodes

Electrodes were prepared using the mesoporous carbon PICACTIF from PICA (BP10) as reported
in [8] and described in Figure S1a. BP10 featured a Brunauer, Emmett and Teller (BET) specific surface
>2000 m2 g−1 and a pores size distribution centered at 2.7 nm [8]. Two water processable formulations
have been studied. A first one with 70% BP10, 10% Carbon black, 20% pullulan-glycerol (1:1 wt) and
low mass loading (3.6–4.6 mg cm−2) is referred in the following text as high binder low mass electrode
(HBLME). A second one with 85% BP10, 5% Carbon black, 10% pullulan-glycerol and higher mass
loading is labelled as low binder high mass electrode (LBHME). Electrodes have been obtained by
casting on pre-cut nickel foams (diameter 0.9 cm) a slurry containing 23.5 mg of BP10, 3.5 mg of carbon
black (as conducting additive), 6.7 mg of pullulan (P0978, TCI) and glycerol in 0.8 g of MilliQ water for
HBLME. For LBHME the ink was composed of 40.2 mg of BP10, 2.3 mg of carbon black (as conducting
additive), 4.7 mg of pullulan and glycerol in 0.57 g of MilliQ water. The electrodes were then dried
in an oven (under vacuum) overnight at room temperature (Büchi glass oven B-585). The composite
electrode loadings (excluding the nickel foam mass) are reported in Table 1.

Table 1. Composition and mass loading of High Binder Low Mass Electrode (HBLME) and Low Binder
High Mass Electrode (LBHME).

Name Composition Mass Loading Range *

HBLME 70% BP10/10% CB/20% binder 3.6–4.6 mg cm−2

LBHME 85% BP10/5% CB/10% binder 6.3–7.5 mg cm−2

* single electrodes mass loading.

2.5. Supercapacitor Assembly

A T Swagelok-type cell assembly (BOLA Cell made from Teflon, BOLA GmbH, Grünsfeld,
Germany) with a silver quasi-reference electrode disk and stainless-steel current collectors was used.
Cells were assembled in a dry box (Labmaster 130, H2O, and O2 <0.1 ppm MBraun, Garching,
Germany). The separator (12 mm diameter) and the electrodes (9 mm diameter) were soaked under
vacuum together with the IL before the assembly. The ratio of the positive to negative electrode
composite loading was >1 to achieve cell voltages higher than 3 V [32]. EDLCs were assembled with
two carbon based composite electrodes alienated by a circular sheet of electrospun pullulan separator,
with 1-ethyl-3-methylimidazolium bis(trifluoro-methylsulfonyl) imide IL (EmimTFSI) as the electrolyte,
as described in Figure S1b.

2.6. Supercapacitor Characterization

The electrochemical tests consisted in EIS, cyclic voltammetry (CV) and galvanostatic (GCPL)
tests and were performed in a thermostatic oven at 30 ◦C using a BioLogic VSP multichannel
potentiostat/galvanostat/FRA. EIS was performed with a 100 kHz–100 mHz frequency range and 5 mV
AC perturbation, acquiring 10 points per decade. To evaluate the impedance of each of the EDLC
electrodes, three electrode measurements, have been done. A silver disk has been used as pseudo
reference. Here, the working electrode was the tested one and counter the other. To evaluate the
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complete cell impedance, two electrode measurement have been done. For two electrode measurements,
the silver disk was disconnected, the EDLC positive electrode was the working, and the EDLC negative
electrode was connected to the counter and reference instrument plugs.

CV discharge curves were analyzed to get a first evaluation of the EDLC specific capacitance
(CEDLC). Specifically, CEDLC was calculated from the slope of the voltammetric plots of the discharge
capacity vs. cell voltage. The capacity was calculated by the integral of the CV current over time. The
slope values were divided by the total composite mass of the two electrodes (mtot).

The GCPL curves were analyzed to quantify the equivalent series resistance (ESR) and the CEDLC,
the specific energy and power of the devices at different discharge currents. ESR was calculated
according to Equation (1), where ΔVohmic is the ohmic voltage drop at the beginning of discharge, and
i is the current density (A cm−2):

ESR = ΔVohmic/(2 × i) (1)

CEDLC was calculated from the reciprocal of the slope of the GCPL voltage profile during the
discharge (dt/dV) by Equation (2):

CEDLC = i × dt/dV/mtot (2)

The single electrode specific capacitance (Celectrode) was therefore calculated from the EDLC’s one
by Equation (3)

Celectrode = 4 × CEDLC (3)

The EDLCs specific energy (E) and power (P) were calculated from the GCPL discharge curves
through Equations (4) and (5):

E = i
∫

V × dt/(3600 ×mtot) (4)

P = 3600 × E/Δt (5)

where Δt is the discharge time in seconds.

3. Results

3.1. Electrospun Separator and Electrolyte Selection

Figure 1a,b report the SEM images of the electrospun Pu and CTA membranes, respectively. They
feature interconnected fibers, randomly deposited, with a low number of defects. The Pu mat thickness
was 55 μm and the mean fiber diameter was around 0.3 μm. The CTA mat thickness was 22 μm and the
mean fiber diameter was around 0.6 μm. The fiber thickness of the two mats is in line with the value
already reported for electrospun separators obtained with different polymers [33]. Furthermore, the PU
and CTA mat thicknesses were adequate for an easy handling and assembly of the EDLCs. In addition
to the difference in fiber diameter, the two polymers differ in terms of fiber diameter distribution, the
CTA fibers being less homogeneous with a broader distribution.

Before the evaluation of the ionic conductivity response of the membranes, at first bulk conductivity
of the electrolytes was measured. The values at different temperatures are reported in Table 2. The ionic
conductivity of all the tested electrolytes grows with temperature. Among the considered electrolytes,
the most conductive one is the EmimTFSI. Specifically, at 30 ◦C EmimTFSI features 12.6 mS cm−1,
which is 5-fold higher than the conductivity of 0.5 m LiTFSI in TEGDME (2.05 mS cm−1) and PYR14TFSI
(3.01 mS cm−1).

The separators of the EDLCs should be designed in order to achieve low ESR. This can be obtained
by minimizing their hindrance to the ion flow during the charge/discharge, while guaranteeing the
electronic separation of the two electrodes.

In order to evaluate the contribution of the investigated separators and electrolytes to ESR, EIS
measurements were performed. The tests were carried out using cells with stainless steel blocking
electrodes separated by the separator soaked with the electrolyte. EIS was carried out at constant
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interval of time (24 h) and at different temperature (30 ◦C, 40 ◦C and 60 ◦C) to check the chemical and
electrochemical stability of the different membranes in the tested electrolytes.

Figure 1. SEM images of electrospun membrane of (a) pullulan and (b) cellulose triacetate with their
molecular structures.

Table 2. Ionic conductivity of the tested electrolytes at different temperatures.

Conductivity (mS cm−1) σ (30◦) σ (40◦) σ (60◦)
EmimTFSI 12.60 15.10 25.70

0.5 m LiTFSI in TEGDME 2.05 2.63 4.82
PYR14 TFSI 3.01 3.90 6.30

As an example, Figure 2 reports the Nyquist plots of the electrospun pullulan separator in
EmimTFSI over time at the different tested temperatures. The Nyquist plots for all the combination of
Pu and CTA membranes with the different electrolytes are reported in Figure S2.

Figure 2. Nyquist plot of Pullulan electrospun membrane in EmimTFSI electrolyte.
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In Figure 2, the impedance spectra of the Pullulan membrane resemble a straight line. This
response can be modelled with a resistance (R) in series with a constant phase element (Q), therefore
the resulting impedance is given by the following equation:

Z = R − 1/(j ω Q)n (6)

In Equation (6), R is the equivalent resistance of the separator soaked in the electrolyte and can
be evaluated from the intercept with the real axis in the 150–300 kHz frequencies region. It includes
the electronic resistance of the current collectors and the ionic resistance of the cell which reasonably
dominates the response. When n = 1, the plot is a line parallel to the imaginary axis and Q represents
the capacitive response of the cell. When n = 0.5, the plot is a line with a slope of 45◦ and Q corresponds
to the Warburg element that is representative of diffusion-controlled processes.

Figure 2 shows that the temperature increase leads to the decrease of the resistance of the cell that
is related to the increase of the electrolyte conductivity (cf. Table 2). In parallel, it is noticeable that
the slope of the Nyquist plot decreases, unvealing that ion diffusion through the membrane becomes
more sluggish.

This behaviour could be explained with the swelling of the membrane at the highest temperature
that, in turn, brings about thickening of the fibres and narrowing of the inter-fibre voids. This might
result in a more tortuous path for ion conduction.

Tables S1 and S2 and Figure 3a,b report the values of resistance of Pu and CTA membrane
respectively, at different temperatures over time, in the different electrolytes. The values are in the
same order of magnitude and span between ca. 2 and 5 ohm cm2. The first day at 30 ◦C, Pu features 2,
3 and 3.5 Ohm cm2 when soaked with EmimTFSI, 0.5 m LiTFSI TEGDME and PYR14TFSI, respectively.
CTA exhibits 2, 3 and 3.5 Ohm cm2 with EmimTFSI, 0.5 m LiTFSI TEGDME and PYR14TFSI. Therefore,
resistance values are similar for both membranes in the same electrolytes, with EmimTFSI accounting
for the smallest values. A more straightforward comparison must consider the mat thickness of both
separators and can be carried out referring to the effective resistivity (�eff) of the membrane-electrolyte
system. The value of �eff can be obtained by Equation (7):

�eff = S × R/L (7)

where R is the resistance (in Ohm), L is the membrane thickness (cm), and S is the current collector
area (cm2).

As commented above, Pu separator features a thickness of 55 μm that is almost 2.5 times larger
than the CTA’s that is 22 μm. Therefore, �eff of Pu at 30 ◦C in EmimTFSI results 450 Ohm cm and is
almost half than CTA’s (over 1000 Ohm cm). This can be related to the thinner fibres of the former
membrane (0.3 μm) vs. the latter (0.6 μm). Thinner fibres provide a greater surface area and a greater
density of free volume that can be exploited by ions to achieve higher conductivity. Noticeably, the
resistance values of Pu at the different temperatures keep almost constant during time. At the contrary,
those of CTA membrane gradually increase achieving 5 Ohm cm2 at 60 ◦C, after 5 days, a value that
doubles the Pu ones. Furthermore, after six day, the temperature was lowered to 30 ◦C. The resistance
of Pu-EmimTFSI went back to its initial value while the CTA-EmimTFSI ones doubled (4 Ohm cm2).
This indicates that the swelling process promoted by the increase of temperature is reversible for Pu
but not for CTA. Overall, the data of Figure 2 suggest that Pu membrane is more stable than CTA.

In order to get further insight into the contribution of the separator to the ESR, the Mac Mullin
number (NM) has been calculated for all the tested systems. Indeed, NM quantifies the increase of
resistivity of the separator soaked in the electrolyte (�eff) with respect to the bulk resistivity of the
electrolyte solution (�0), and it is calculated after Equation (8):

NM = �eff/�0 (8)
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where �eff has been evaluated by Equation (6) using the resistance values listed in Tables S3 and S4. In
turn, �0 is the reciprocal of the electrolyte conductivity (σ0) and is calculated by Equation (9):

�0 = 1/σ0 (9)

The NM values for the different separator/electrolyte combinations at the different temperatures
are reported in Tables S5 and S6 and in Figure 3c,d as comparative histograms.

 
Figure 3. Resistance normalized by the plain area and MacMullin number of (a,c) Pullulan and
(b,d) Cellulose triacetate electrospun separators in different tested electrolytes.

The values of the Pu are always smaller than those of the CTA in all the tested condition. For both
membranes, in all the tested conditions, EmimTFSI holds the greater values of NM, while the smaller
ones are exhibited by 0.5 m LiTFSi in TEGDME. The first day at 30 ◦C, Pu features NM of 5, 1 and 2 when
soaked with EmimTFSI, 0.5 m LiTFSI TEGDME and Pyr14TFSI, respectively. For CTA, NM is 13, 3 and
5 with EmimTFSI, 0.5 m LiTFSI and PYR14TFSI. These trends indicate that EmimTFSI is the electrolyte
that has a conductivity that is more affected by the presence of the membranes. In turn, this can be
explained taking into account the protic behaviour of EmimTFSI. Indeed, unlike the other electrolytes,
EmimTFSI features an acidic proton in alpha position in the imidazolium ring, that contributes to its
bulk ionic conductivity. When EmimTFSI is in contact with the membranes this proton drives specific
acid-base interactions that decrease its activity. Specifically, it can be claimed that hydrogen bond with
the carboxyl functionalities of the membranes are formed (Figure 1).

For both separators soaked with EmimTFSI, NM increases with temperature. In case of Pu,
it reaches a maximum of 11 on the day 3 at 60 ◦C. For CTA NM is 65 during the day 5 at the same
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temperature. Once cooled at 30 ◦C (day 6), Pu-EmimTFSI’s NM reversibly reduces to 4 that is even
smaller than its initial value, in agreement with the resistance trend (Figure 3a). At the contrary
CTA-EmimTFSI’s NM does not recover its initial value and doubles (25).

To conclude this section, EmimTFSI-Pu featured a resistance considerably smaller than the one
obtained with the other electrolytes. Pu ehibited a lower McMullin number than CTA along with a
better thermal behaviour. Therefore, the pullulan based electrospun membrane and EmimTFSI were
selected to assemble and test EDLCs as described in the next section below.

3.2. Supercapacitor Testing

The EDLCs featured the commercial high surface area carbon BP10 and the conductive additive
Super C45. We already demonstrated the good binding properties of the pullulan: glycerol mixtures,
that was therefore selected for the aqueous processing of the carbon composite electrodes [31].

The following sections report the electrochemical characterization of EDLCs assembled with 20%
binder and low composite electrode mass loading (3.6–4.6 mg cm−2), referred as high binder low mass
electrode (HBLME, Section 3.2.1), and with 10% binder and higher mass loading, labelled as low binder
high mass electrode (LBHME, Section 3.2.2). The first composition was meant to verify the feasibility
of the use of Pu binder and Pu membrane in the tested electrolyte while the second is meant to reach a
formulation closer to that exploited commercial EDLCs. Section 3.2.3 compares the performances of
HBLME and LBHME based EDLCs.

The electrochemical tests at first included EIS measurements of both the individual electrodes and
of the full cell. These tests enable the evaluation of the EDLCs ESR that accounts for the contributions of
(i) the contact resistance between composite material and current collector and (ii) the ionic resistance
of the separator/electrolyte. Two electrodes cyclic voltammetry (CV) experiments have been carried
out between 0 V and 3.2 V to evaluate the electrochemical stability and the capacitance of the EDLC
as function of the scan rate. Galvanostatic (GCPL) charge/discharge measurements between 0 and
3.2 V (GLV) at different specific currents were subsequently performed to evaluate the specific energy
and power. Finally, GCPL cycling has carried out at 1 A g−1 in order to evaluate the stability of the
proposed EDLCs.

3.2.1. High Binder Low Mass Loading Electrodes (HBLME)

In this section, the results of the electrochemical characterization of the HBLME-EDLCs are
reported. Figure 4a shows the Nyquist plots of the HBLME-EDLC single electrodes and the full cell.
The three Nyquist plots share all the same shape. They can be divided into three components: (i) a high
frequencies semicircle, (ii) a middle frequencies line with a slope of ca. 45◦, and (iii) a low frequency line
that approaches a slope of 90◦. The intercepts at the highest frequencies of the semicircles represents
the ohmic resistances (electronic and ionic) of the electrodes and electrolyte-separator system. Values of
1.4, 1.5 and 3.3 Ohm cm2 have been measured, respectively for the negative, the positive electrode and
the full cell. The small semicircle has been attributed to (i) the ion transport at the electrolyte-carbon
interface and (ii) the contact between the electrode and the current collector [34]. For the full cell the
semicircle diameter is 0.3 Ohm cm2. The middle frequency line with 45◦ slope is representative of
diffusion limited phenomenon. Specifically, it refers to diffusion of ions required to charge inner pores
of the carbon electrodes. The low frequency line represents the capacitive behavior of the electrodes
and the EDLC. For an ideal EDLC, a vertical line is expected. In Figure 4a the lines deviate from this
ideal behavior because of the presence of different class of pores [35]. The real axis intercept of the
linear fit of the cell low frequency line gives the ESR that was quantified in 6.4 ohm cm2.

Figure 4b reports the CVs of the full HBLME-EDLC cell at different scan rate, between 0 and 3.2 V.
The voltammogram are symmetric and box shaped, which indicates the absence of faradic secondary
process and an electrical double layer driven process. The maximum current of 3 A g−1 (25 mA cm−2)
is reached with a scan rate of 200 mV s−1, this value is comparable with the ILs based EDLC already
reported in literature [8]. Figure 4c reports the trend of CEDLC versus the scan rate. The highest specific
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capacitance of HBLME-EDLC is 18 F g−1 at 5 mV s−1 and decreases to 14 F g−1 at 200 mV s−1. This
trend has been widely discussed in literature and is attributed to the ionic diffusion limitation upon
the double layer formation in the smallest pores at fast scan rates [36]. Indeed, micropores with an
internal area less exposed to the electrolytes need more time for the creation of the electrical double
layer than bigger pores. At low scan rate, the polarization is slow and ions have enough time to access
the internal area of micro-pores. Increasing the scan rate, only the external surface of the pores becomes
easily accessible. This process also explains the 45◦ Warburg line of the Nyquist plot of Figure 4a.

Figure 4. Electrochemical characterization of HBLME-EDLC (a) Nyquist plots of the (black) full cell,
(red) positive and (blue) negative electrodes (500 kHz and 100 mHz), (b) 2-electrode CVs at different
scan rate from 5 mV s–1 to 200 mV s–1, between 0 V and 3.2 V, (c) Capacitance of the EDLC evaluated
by CV reported as function of the scan rate; and (d) selected galvanostatic charge/discharge cycles
between 0 V and 3.2 V at different current densities from 0.5 A g–1 to 4 A g–1.

Figure 4d reports selected voltage profiles of the HBLME-EDLC under galvanostatic
charge/discharge cycles at different current density, between 0 and 3.2 V. The voltage profile of the
cell has a symmetric, triangular shape which is characteristic of electrical double layer driven process.
Increasing the current from 0.5 to 4 A g−1 leads, as expected, to the decrease of the charge/discharge
time. Coulombic efficiency (ηc), i.e., the ratio between the charge released during discharge and the
charge stored during charge, is reported as inset in Figure 3d. This quantity is always greater than 98%
and reaches the highest value of 100% at 4 A g−1. The GCPL ohmic drops were analyzed to quantify
ESR of the device and resulted in 5.9 Ohm cm2, that well compares with the value obtained by EIS.
EDLC. Specific capacitance CEDLC has been calculated from the slope of the GCPL discharge profile
and for HBLM-EDLC resulted in 15.9, 15.4, 14.6 and 13.7 F g−1 at 0.5, 1, 2 and 4 A g−1, respectively. The
corresponding single electrode specific capacitances (Celectrode) are 63, 61, 58 and 54.8 F g−1. These
values well compare with those of electrodes featuring the same electrolyte and carbon but employing
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a fluorinated binder [8]. Table 3 reports the ESR and CEDLC at 0.5 A g−1 of the HBLME-EDLC along
with the EDLC areal capacitance.

Table 3. Gravimetric and surface quantities of HBLME-EDLC and LBHME-EDLC.

Electrode Label HBLME-EDLC LBHME-EDLC

Mass loading (mg cm−2) 9.3 13.8
ESR (ohm) 5.9 7.9

Capacitance * (F g−1) 15.9 6.2
Areal capacitance (mF cm−2) 148.0 85.5
Specific energy ** (Wh kg−1) 19.6 7.2
Specific power *** (kW kg−1) 4.6 3.7

Areal energy density (μWh cm−2) 182.3 99.4
Areal power density (mW cm−2) 42.8 51.1

* Capacitance has been calculated from the CV at 50 mV s−1, ** Specific energy has been calculated from GCPL at
minimum current (0.5 A g−1), *** Specific power has been calculated at maximum current (4 and 5 A g−1).

3.2.2. Lower Binder High Mass Loading Electrodes (LBHME)

In this section, the results of the electrochemical characterization of the LBHME-EDLCs are
reported. Figure 5a shows the Nyquist plots of the LBHME-EDLC single electrodes and full cell.

 
Figure 5. Electrochemical characterization of LBHME-EDLC (a) Nyquist plots of the (black) full cell,
(red) positive and (blue) negative electrodes (500 kHz and 100 mHz), (b) 2-electrode CVs at different
scan rate from 5 mV s–1 to 200 mV s–1, between 0 V and 3.2 V, (c) Capacitance of the EDLC evaluated
by CV reported as function of the scan rate; and (d) selected galvanostatic charge/discharge cycles
between 0 V and 3.2 V at different current densities from 0.5 A g–1 to 5 A g–1.
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Like for HBLME, the three Nyquist plots share all the same shape. For the physical interpretation
of the Nyquist plots, the considerations that have been drawn in the previous section are still valid.
The high frequency intercepts with the real axis of the semicircles are 0.8, 0.9 and 1.7 Ohm cm2 for
the positive and negative electrodes and full cell, respectively. Noticeably these values are halved
with respect to those of the HBLME electrodes and EDLC (cf. Figure 4a). In LBHME formulation, the
quantity of binder and conductive carbon are halved compared to the HBLME one. Therefore, the
decrease of the high frequency impedance achieved by LBHME can be explained with the decrease of
the insulating component of the electrode, i.e., the binder. Comparing the high frequency semicircles
in Figures 4a and 5a, it is possible to notice that the LBHME’s is wider than HBLME’s. Indeed, the
LBHME-EDLC semicircle diameter is 1.3 Ohm cm2 while the HBLME’s is 0.3 Ohm cm2. This difference
is due to the high mass loading of LBHME with respect to HBLME (1.5-fold), that brings about a
worse ionic and electronic connection between the carbon particles [10]. The LBHME-EDLC middle
frequency line (45◦ slope) span across the same range of resistance with respect to the HBLME-EDLC.
The ESR of the LBHME-EDLC was evaluated from the real axis intercept of the low frequency line and
resulted in 7.6 Ohm cm2.

Figure 5b reports the CVs of the full LBHME-EDLC cell at different scan rate, between 0 and
3.2 V. From these measurements, voltammetric specific capacitance values have been calculated and
are reported as function of the scan rate in Figure 5c. The highest specific capacitance is 14 F g −1 at
5 mV s−1 and decreases to 7 F g−1 at 200 mV s−1. Therefore, from 5 mV s−1 to 200 mV s−1 there is a 50%
specific capacitance reduction, that is higher than what observed for HBLME-EDLC (22%). This can be
related to a not optimized electronic and ionic connection of the electrodes carbon particles that has
been highlighted by the Nyquist plot analysis reported above (Figure 5a).

The LBHME-EDLC galvanostatic charge/discharge profiles at different current are reported in
Figure 5d. The coulombic efficiency was 98.3%, 99.6%, 100%, 100% at 0.5, 1, 2, 5 A g−1, respectively.
These values are slightly higher than those that have been observed for the HBLME. The ESR was
7.9 Ohm cm2 in agreement with the EIS value. The CEDCL was 6.2, 5.8, 5.3 and 4.2 F g−1 at 0.5, 1, 2
and 5 A g−1. These values are lower than those featured by HBLME-EDLC and this can be explained
with the not optimized ionic and electronic connection highlighted by Table 3 that reports the ESR and
CEDLC at 0.5 A g−1 of LBHME-EDLC. The EDLC areal capacitance is also reported in the Table 3.

3.2.3. Cycling Stability, Energy and Power of HBLME- and LBHME-EDLCs

Figure 6a reports the trends of the specific capacitance of the two EDLCs over cycling at 1 A g−1.
The values are normalized by the value of the specific capacitance of the first cycle. Both devices show
a good stability with capacitance retention of 90% at the 2000th cycle. This result demonstrates the
feasibility of the use of pullulan as alternative separator and binder for green supercapacitors.

Note that the cycling stability of LBHME-EDLC at low binder content was further evaluated
even over 5000 cycles (Figure S3). The test indicated that also over prolonged cycling, a capacitance
retention of 77% can be obtained.

The specific energy and power values of the two EDLCs, calculated through Equations (4) and (5)
are compared in the Ragone plot reported in Figure 6b. Both devices deliver the maximum specific
energy at the lowest current, and the maximum power is delivered at the highest current.

Indeed, at 0.5 A g−1, the specific energy is 19.6 Wh kg−1 and 7.2 Wh kg−1 for HBLME-EDLC
and LBHME-EDLC, respectively. At 4 A g−1, the specific power is 4.7 kW kg−1 for the HBLME
EDLC and 3.8 kW kg−1 for the LBHME-EDLC. These values are reported in Table 3. If energy and
power are normalized by the electrode area, they become 182 μWh cm−2 and 42.8 mW cm−2 for
the HBLME-EDLC, and 99.4 μWh cm−2 and 51 mW cm−2 for the LBHME-EDLC (Table 3). These
results clearly demonstrate that increasing electrode thickness is detrimental for energy and power
performance. Indeed, specific energy of LBHME-EDLC is lower than HBLME-EDLC and this is
mainly related to an inefficient exploitation of the electrode carbon surface. This is highlighted by the
comparison of the area capacitance of HBLME-EDLC (148 mF cm−2) and LBHME-EDLC (85.5 mF cm−2).
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Therefore, in LBHME-EDLC, the increase of the electrode mass is not enough to offset such specific
energy decrease, and the areal energy density keeps lower than that of HBME-EDLC. However, power
performance of the two EDLCs are comparable, suggesting that the decrease of the binder content has
a positive effect.

Figure 6. EDLC comparison by galvanostatic tests. (a) Trend of the capacitance percentage normalized
by the value at first cycle the as function of the cycle number (at 1 A g−1, cell voltage cut-off: 0 V–3.2 V)
and (b) Ragone plots of HBLME-EDLC and LBHME-EDLC.

4. Discussion

Today many efforts are being devoted to increasing the specific energy of supercapacitors by
different strategies. Among them promises are held by the use of ionic liquids, thick electrodes
and pseudocapacitive active materials [2,6,12]. Ionic liquids enable high practical voltage (>3 V)
and therefore energy density, but their major drawbacks are the greater ESR respect to commercial
electrolytes and high cost. The use of thick electrodes (>10 mg cm−2) may seem the simpler solution,
but the achieving high performance ith thick electrodes is still an unsolved problem [10,11]. Indeed,
thick electrodes suffer of poor electronic and ionic connection between the particles, and only the
external portion of the electrodes take part in the charge/discharge processes.

The increasing market for supercapacitors requires that sustainable manufacturing processes
and materials are exploited to manufacture green supercapacitors. Aqueous processable bio-derived
polymers represent a valuable alternative to today’s fluorinated separators and binders. Furthermore,
we have already demonstrated that the smart combination of a water processable binder and separator
(like pullulan) and a hydrophobic ionic liquid electrolyte (EmimTFSI) enables an easy recovery of the
expensive ionic liquid [31]. Indeed, the pullulan-IL-based EDLC can be readily separated into each of
its components by immersion in water. After these very interesting but preliminary results, in this
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paper we have carried out a study to get further insight into the impact of the use of natural polymer
in supercapacitors performance. We have investigated the use of cellulose, which is the most widely
studied bio-based polymer for green supercapacitors, and pullulan, that we have proposed for the
first time in [31]. CTA and Pu separators were processed as self-standing mats by electrospinning.
Their permeability to different electrolytes (EmimTFSI, 0.5 m LiTFSI TEGDME, PYR14TFSI), which
is critical in the formation of the electrical double layer, has been evaluated by EIS and quantified
referring to the Mac Mullin number. This characterization has been done at different temperatures
over one week, in order to get insight on the thermal and chemical stability of the tested bio-polymer
in the selected electrolytes. Both membranes at 30 ◦C featured the lower resistance (Pu 2 Ohm cm2

CTA 2 Ohm cm2) when soaked with EmimTFSI. However, given that the thickness of Pu (55 μm) was
higher than that of CTA (22 μm), the resistivity of the Pu-EmimTFSI system was considerably smaller
(0.407 kOhm cm vs. 1.041 kOhm cm). Furthermore, Pu-EmimTFSI exhibited a better thermal stability
respect to the CTA-EmimTFSI. Notably, the NM for the Pu is always smaller than that of CTA, in
particular, in EmimTFSI values of 5 and 12 were found, respectively. Overall, this study highlighted the
presence of different and specific interactions between the tested electrolytes and the membranes that
affect the ionic permeability and stability. It also indicated Pu-EmimTFSI as the best system. Indeed,
Pu-EmimTFSI was the combination capable to minimize the ESR and avoid performance degradation
due to temperature changes.

On the basis of these results, Pu was selected as separator and binder for EmimTFSI-based EDLCs.
The big challenge we faced in this study was to reach high electrode mass loading at low binder content.

Two EDLCs have been assembled featuring two different formulations, one with lower mass
loading and high binder content (HBLME) and a second one with higher mass loading and lower binder
content (LBHME). These have been characterized electrochemically to evaluate how binder decrease
and mass loading increase affect performance. In particular, these devices have been characterized
at first by EIS. Analysis of the Nyquist plots highlighted an increase of the ESR moving from the
HBLME-EDLC to the LBHME-EDLC, (5.9 Ohm cm2 vs. 7.6 Ohm cm2). This trend was mainly related
to the increase of the ionic and electronic contact resistances between carbon particles with the increase
of electrode mass loading (1.5-fold from HBLME-EDLC to LBHME-EDLC).

For both devices’ CVs have shown the absence of faradaic parasitic reactions within the cell
voltage range 0 to 3.2 V. This wide range is feasible thanks to the good electrochemical stability
of Pu-EmimTFSI. Specific capacitances have been calculated for both EDLCs. The highest specific
capacitance was featured at the lowest scan rate of 5 mV s−1 for both devices and was 18 F g−1 and
14 F g−1 for HBLME-EDLC and LBHME-EDLC, respectively. Both supercapacitors featured a good
capacitance retention with the increase of the scan rate that however was higher for HBLME-EDLC
(22%) than LBHME-EDLC (50%).

GLV cycling with high coulombic efficiency (higher than 98%) was demonstrated for both devices
at the high cell voltage of 3.2 V. Noticeably, the EDLC featured a very good cycling behaviour
demonstrated over more than 2000 cycles even at low binder content, confirming the stability of the
Pu-polymer in EmimTFSI.

The high cell voltage and good specific capacitance provided specific energy of 19.6 Wh kg−1

and 7.2 Wh kg−1 at 0.5 A g−1 that well compare with those of EDLCs featuring the same electrolyte
and active carbon but employing a fluorinated binder and fiber glass separators [16]. The highest
specific power was 4.6 kW kg−1 and 3.7 kW kg−1 at 4–5 A g−1 respectively for HBLME-EDLC and for
the LBHME-EDLC

The gravimetric performance of the HBLME-EDLC is superior respect to that of the LBHME-EDLC.
This is due to the lower specific capacitance of the latter vs. the former. In turn, this is due to an
inefficient ionic electronic contact between electrode carbon particles that leads to a partial exploitation
of the electrodes surface.
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5. Conclusions

This work demonstrates that aqueous processable biodegradable polymers such as pullulan
can be effectively exploited for the development of the major components (separator and binder) of
ionic-liquid-based green EDLCs. After studying different combinations of biopolymer and organic
electrolyte, pullulan-EmimTFSI was found to be the best system in terms of resistivity and thermal
behavior. Therefore, we assembled Pu-based EDLCs with EmimTFSI as electrolyte. Our study
demonstrates for the first time the feasibility of the use of pullulan to produce high mass loading
electrodes at low binder content for high voltage EDLCs. We prepared electrodes with mass loadings
up to 13.84 mg cm−2 with 10% binder content. Pullulan-EmimTFSI EDLCs were charged up to 3.2 V
with good cycling stability over 5000 cycles. Pullulan-EmimTFSI EDLCs featured specific energy and
power comparable with those of supercapacitors based on the same activated carbon and ionic liquid,
but with fluorinated binder and fiberglass separator.

Further work is in progress to improve the specific capacitance of these thick electrodes by
using high surface area carbons with tailored porosity, different conductive carbon additives, and by
exploring different electrolytes.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/12/3115/s1,
Figure S1. Schemes of the casting preparation of the pullulan-based electrodes and of the supercapacitor assembly,
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Abstract: The specific power storage capabilities of double-layer ultracapacitors are receiving
significant attention from engineers and scientific researchers. Nevertheless, their dynamic behavior
should be studied to improve the performance and for efficient applications in electrical devices.
This article presents an infinite resistor–capacitor (r–C) chain-based mathematical model for the
analysis of double layer ultracapacitors. The internal resistance and capacitance were measured for
repetitive charging and discharging cycles. The magnitudes of internal resistance and capacitance
showed approximately ±10% changes for charge-discharge processes. Electrochemical impedance
spectroscopy investigations revealed that the impedance of a double-layer ultracapacitor does
not change significantly in the temperature range of (−30 ◦C to +30 ◦C) and voltage range of
(0.3376–2.736 V). The analysis of impedance data using the proposed mathematical model showed
good agreement between the experimental and theoretical data. The dynamic behavior of the
ultracapacitor was successfully represented by utilizing the proposed infinite r–C chains equivalent
circuit, and the reverse Fourier transform analysis. The r–C electrical equivalent circuit was also
analyzed using the PSIM simulation software to study the dynamic behavior of ultracapacitor
parameters. The simulation study yields an excellent agreement between the experimental and
calculated voltage characteristics for repetitive charging-discharging processes.

Keywords: ultracapacitor; equivalent circuit; Fourier transform; internal resistance

1. Introduction

Modern technologies such as portable electronic devices, electrical transportation, communication
systems, and smart medical equipment need efficient energy storage systems [1,2]. Electrical energy
storage devices are also used for smart grid control, grid stability, and peak-power saving as well as for
frequency and voltage regulation [3–5]. Electricity generated from renewable sources (e.g., solar power,
wind energy) can hardly deliver an immediate response to demand because of fluctuating power
supply [6–8]. Hence, it has been suggested to preserve the harvested electrical energy for future
requirements. The present status of electrical energy storage technologies is quite far away from the
needed demand. These circumstances motivate us to continue scientific research for the improvement
in the parameters of existing storage devices and to develop new storage machinery.

Currently, ultracapacitors (UCs) are considered as an efficient energy storage system for electrical
devices [9]. Electric double-layer capacitors (EDLCs) or symmetric double-layer UCs have attracted
attention as plausible electrical energy storage devices [10–14]. EDLCs are a complex of two identical
porous electrodes, electrolytic solution, and a separator, which is used as an ion conductor. The negative

Energies 2020, 13, 4583; doi:10.3390/en13184583 www.mdpi.com/journal/energies
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electrode attracts the cations during the charging process, and the anions are collected at the pores
of the positive plate. The EDLCs are characterized by longer life cycle due to the absence of
chemical reactions, efficient charge-discharge cycles, ability to discharge at higher current density,
fast charging-discharging ability, and the lack of heavy metals, which make the device environmentally
friendly [11,14]. The increasing popularity of UCs has been directed toward a better understanding of
dynamic behavior and ultimately improved performance. The parameters responsible for the dynamic
behavior of UCs have not been studied for the applicable range. In very recent work, we studied
the dynamic behavior of a double-layer UC [13]. The capacitance remained nearly constant for a
wide range of temperatures (+25 ◦C to −40 ◦C), but the internal resistance increased ~1.5 times as
the temperature decreased to −40 ◦C [13]. The equivalent electrical circuit models are required to
simulate the device parameters for the development and design of electrical appliances. Previously,
different types of equivalent circuit models have been proposed in order to understand the dynamic
characteristics of UCs [13,15–20]. Importantly, the electrochemical analysis-based modeling approaches
have also been employed to study the performance of UCs [21–24].

A mathematical model should demonstrate model precision, robustness, and ease of application
in the well-known software platforms (e.g., MATLAB and others). The functionality of UCs is
defined by the movement of charged particles (ions) from positive to negative electrodes in the
electrolyte. Hence, the correct description of UCs should be based on partial differential equations
(PDE). These equations have to describe the continuum flow of ions, which determine the internal
resistance and the capacitance of UC. In the electrolyte, the particle movement is related to the
diffusion of ions, which is linearly dependent on the concentration difference in adjacent points of
a space. The electrical potential describes the charge distributions in the electrolyte, and electrical
resistance defines the diffusion movement of ions. Thus, this information should be used to fix
the constraints of the equivalent electrical circuit and to characterize the internal resistance and
capacitance. In previous studies, this principle is employed to design an equivalent circuit using
a finite number of resistors and capacitors [15]. However, the application of a finite number of
resistances and capacitances cannot describe UC parameters with high precision. The requirement to
simplify the equivalent circuit prevents the use of a significant number of elements. Moreover, the
complicated equivalent circuits create substantial mathematical difficulties to determine the magnitudes
of equivalent electrical components correctly. Several artificial mathematical operators (fractional
impedance [16], Warburg impedance [25], and constant phase element [26]) have been employed to
analyze the equivalent circuit. Previous studies did not describe the precise physical phenomena
responsible for the electrical properties of UCs. As a result, these equivalent circuits require permanent
matching of circuit parameters depending on applied voltage and current. These methods could not
explain exact changes in the UC parameters during their functionality since equivalent circuits do not
have a rigorous physical base. In a previous article, we proposed that the infinite r–C chains-based
equivalent circuit model could describe the behavior of double layer UCs [13]. The multibranch r–C
circuit modeling approach was also studied by other researchers [27–33]. The frequency-domain models
comprise the best overall performance in terms of complexity, correctness, and robustness [31–33].
Logerais et al. proposed the multibranch r–C circuit model for the analysis of UC [28], but the proposed
model did not provide rigorous closed-form analytical solutions and did not consider the inductance
of connecting cables and electrodes. Navarro et al. considered the inductance of connecting cables and
an infinite number of r–C chains. However, the reverse Fourier transform can be difficult to apply
for the prediction of voltage alterations during charge-discharge due to the lack of a closed-form
analytical solution.

This work aimed to study the dynamic behavior of symmetric double layer UC and develop
an adequate equivalent circuit model. The novelty of the proposed work was the application of
the reverse Fourier transforms to get a time-domain response of UC parameters such as voltage
and current. The reverse Fourier transforms analysis was based on the rigorous analytical solution
for the frequency-domain impedance spectroscopy. The rest of this paper is organized as follows.
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First, the internal resistance and capacitance are measured for repetitive charge-discharge cycles.
Second, the impedance, which includes reactance and resistance, is measured at different applied
voltage and temperatures using electrochemical impedance spectroscopy (EIS). Third, the impedance
data are analyzed using an infinite r–C chain equivalent circuit model. Fourth, dynamic parameters of
UC are represented using the reverse Fourier transform analysis. Finally, the proposed equivalent
circuit model is simulated using the PSIM simulating package.

2. Experimental Studies

2.1. Experimental Setup

The dynamic behavior of symmetric double-layer UC (BCAP3400: 3400 F, 2.85 V [34]) was
investigated using the electrochemical impedance spectroscopy (EIS), and repetitive charge-discharge
cycles. Figure 1a,b demonstrate the experimental setups, and detailed descriptions of experimental
setups were discussed in our previous article [13]. For charge-discharge cycle experiments,
a charge/discharge system controller [35], regulated DC power supply [36], electronic load [37],
and midi-logger GL900 [38] were used. A constant repetitive pulsed current (50 A) was applied for
both charge-discharge cycles. The constant current was applied for two seconds, with an interval of
two seconds. The internal resistance and capacitance were calculated using the typical voltage vs. time
curve for the discharging process [13]. The EIS investigations were performed using the EchemLab XM
potentiostat-galvanostat analyzer [39] and Tenney temperature test chamber [40]. The EIS experiments
were performed with an AC current of 1 A (rms) and frequencies of 1 Hz–1 kHz.

  
(a) (b) 

Figure 1. (a) Experimental setup for the charge-discharge cycles (1-charge/discharge system controller,
2-regulated DC power supply, 3-electronic load unit, 4-midi-logger, and 5-capacitor). (b) Experimental
setup for the EIS measurement (1-Potentiostat-galvanostat, and 2-Tenneytemperature test chamber).

2.2. Results

Figure 2 demonstrates the internal resistance (Rint) and capacitance (C) as a function of voltage at a
constant current of 50 A. Both the parameters showed approximately±10% changes for charge/discharge
cycles. Similar outcomes were also observed for an applied current of 20 A and 75 A [13]. It was also
noticed that both parameters slightly upsurged as the capacitor voltage enhanced from minimum to
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maximum. Importantly, the tendency of UC capacitance during charge/discharge cycles was identical
to the internal resistance.
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Figure 2. Internal resistance and capacitance of symmetric double-layer UC measured at a constant
current of 50 A for charge-discharge cycles.

Figure 3a demonstrates the impedance (|Z|) of the double layer UC at different temperatures for
constant voltage of ~2.5 V and frequency range of 1 Hz–100 kHz. Figure 3b shows the impedance (|Z|)
for different voltages (0.3376–2.736 V) and frequencies of 1 Hz–100 kHz at constant temperature (15 ◦C).
The phase impedance of the double-layer UC is shown in Figure 4. The impedance and phase values
remained almost constant for different working temperatures (−30 ◦C to +30 ◦C). These parameters
also remain unchanged for different voltage magnitudes of 0.3376–2.736 V.
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Figure 3. Module impedance (|Z|) as a function of frequency (a) at different temperatures for constant
voltage (~2.5 V), and (b) at different voltages for a constant temperature of 15 ◦C.
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34



Energies 2020, 13, 4583

3. Equivalent Circuit Development

3.1. Mathematical Model

The equivalent electrical circuit for the analysis of UC was developed by employing a ladder of
infinite r–C chains. This approach takes into account the real physical nature of charge movement in the
electrolyte. Additionally, it provides high precision of the output UC parameters, however, without the
application of PDE. Figure 5 shows the schematic of the proposed infinite r–C chains based equivalent
circuit model. The resistor (r) models the resistance of diffusion movement, and consequently, the ohmic
loss, which is termed as a real part of equivalent impedance. The element ‘C’ simulates the distribution
of space charge in the electrolyte and thus the capacitance of UC. For the mathematical analysis, it was
assumed that the r–C chains exhibit similar impedance (Z) as the input one.

 

r

CZi

r r

C CZi

Iin
Vin V1

Figure 5. Infinite r–C chains based equivalent circuit of a capacitor (r: resistor, C: capacitor,
Zi: input impedance, Vin: input voltage, Iin: input current).

In our previous work, the infinite r–C chain-based equivalent circuit of the UCs was proposed
and discussed [13]. The resistance (R) and reactance (X) of this equivalent circuit can be expressed as:

R =
1
2

(
r +
√

r2 + 4X2
)
. (1)

X = −

√√
−r2 +

√
r4 +

(
4r
ωC

)2
8

= − r

2
√

2

√√√√
1 +
( 4
ωrC

)2
− 1. (2)

Equations (1) and (2) represent the Fourier transform of internal impedance. If the equivalent
capacitance is very large (~100–1000 F), then a relatively small inductivity (~10 nH) of connecting cables
and electrodes plays a significant role in the measurement of reactance. Hereafter, the component for
the inductivity of cables should be included in the equivalent circuit (Figure 6).

 

r

CZi

r r

C CZi

Iin
Vin V1

Lcc

Figure 6. Modified equivalent circuit of the ultracapacitor. The component, Lcc, represents the
inductivity of connection wires.
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According to the modified equivalent circuit, the total reactance (XT) is written as:

XT =
r
2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
2ωLcc

r
− 1√

2

√√√√
1 +
( 4
ωrC

)2
− 1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (3)

Inserting Equation (3) into Equation (1) gives the resistance R:

R =
r
2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝1 +
√√√√√√√√√

1 +

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
2ωLcc

r
− 1√

2

√√√√
1 +
( 4
ωrC

)2
− 1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
2
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (4)

Figure 7 demonstrates the comparison between experimental and calculated EIS data. Equations (3)
and (4) are employed for the simulation, and the least-mean squares approach was applied for the
theoretical fitting. The coefficient of determination (χ2) decides the criterion of the proximity between
the theoretical and experimental output. This large value of χ2 (~0.992) proved the accuracy of the
proposed method, although this analysis was performed for the EIS data measured at a temperature of
15 ◦C, VUC of 2.736 V, and AC current of 1.4 A. However, this model was valid for data measured at
different temperatures and voltages (Figure 3).
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Figure 7. Simulated and measured EIS data of symmetric double-layer UC (a) reactance, (b) resistance.

The internal resistance and capacitance exhibited relatively small change (±10–15%) for the
applicable voltage range (Figure 2). Hence, the constant parameter representation was considered for
the calculation of equivalent circuit parameters. The proposed model should be modified accordingly,
if the voltage and current parameters are altered significantly.

3.2. Representation of Dynamic UC Parameters Using Reverse Fourier Transform

The equivalent circuit and obtained parameters (r and C) can be utilized to determine the voltage
and current parameters of UC for different working conditions. For this purpose, a reverse Fourier
transformation was applied. Let us consider that current (Iin) is applied as input for the equivalent
circuit (Figure 5). Using nodal analysis, the voltage (V1) is expressed as:

V1

(
jωC +

1
Z

)
= Iin ⇒ V1 =

Iin

jωC + 1
Z

(5)
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where V1 and Z are assumed as complex variables. The solution of the following Fourier integral is
needed to restore the capacitor voltage [41]:

V1(t) =
2
π

∫ ∞
0

R(ω) sin(ωt)
ω

dω (6)

where R(ω) is the real part of the Fourier transform of V1 (Equation (4)). The input voltage (Vin) can be
calculated:

Vin = V1 + ΔVr = V1 + Iinr (7)

where ΔVr = Iinr is the voltage drop at the resistance r. The numerical approaches can only solve
the integral (6) because of its irrational form. First, the real part of the impedance is obtained using
the specific values of r and C following the expression (4). Second, the real part of Z is substituted
to the integral (6), which is numerically solved for the required series of time (t0–tmax) and time
resolution (Δt). Using the proposed model and EIS data, the equivalent circuit parameters can be
calculated as r = 0.1 mΩ, C = 800 F. The voltage of UC for charge-discharge processes was simulated
for the constant input current of 20 A. The simulated and measured dynamic characteristics of UC
for both charge-discharge cycles are demonstrated in Figure 8. The numerical analysis of Fourier
integral provides the expected output for charging-discharging processes. The theoretical analysis was
consistent with the experimental one, which approves the transverse Fourier transformation for the
restoration of UC dynamic behavior.
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Figure 8. Representation of dynamic behavior of UC voltage using reverse Fourier transform (a)
charging process, (b) discharging process. The UC characteristics are measured at constant input
current of 20 A and temperature of 30 ◦C.

The restoration of parameters can also be achieved by the integral given below:

V(t) =
1

2π

∫ ∞
−∞

F(ω)ejωtdω (8)

where F(ω) is the Fourier transform of the input current and can be written as:

F(ω) =
∫ ∞
−∞

V(t)e− jωtdt (9)

Generally, F(ω) is a complex variable and contains real and imaginary parts. The rigorous
finite analytical representation of the Fourier transform exists for several functions (e.g., step- and
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pulse-function). However, an analytical Fourier formulation could not be presented for each
mathematical expression.

4. Equivalent Circuit Model with PSIM Software

The previous section stated that the Fourier reverse transformation could be applied only for a
restricted class of mathematical expressions. Hence, simulation of the electrical circuit using appropriate
software is a convenient and efficient method. For arbitrary functions, one of the most efficient software
is the PSIM simulating package [42].

The equivalent circuit model was developed to simulate the periodic charge-discharge process of
UC (Figure 9). The model includes a ladder of ten r–C chains and inductivity of connecting cables.
This circuit can be applied for any arbitrary current input function. For example, the galvanostatic
measurements can be carried out by applying the AC control signal as the input of a current source.
Figure 10 shows the measured and simulated (using proposed model) voltage behavior of the
symmetric double layer UC for periodic charging-discharging cycles with a constant current of ±100 A,
a period of 3 s, and duty-cycle relation of 0.5. The instantaneous deviations of a voltage over its
steady-state magnitude were measured. The simulation study yielded an excellent agreement between
the experimental and calculated charge-discharge characteristics of UC. The accuracy of such a model
lay inside 5–8% of the relative error between the calculated and experimental data.

Figure 9. Model of the equivalent electrical circuit for the galvanostatic measurement. This model
comprises ten r–C chains and includes the inductivity of connecting cables.
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Figure 10. The experimental and simulated characteristics of symmetric double layer UC for periodic
charging and discharging cycles.
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5. Discussion

The proposed model can effectively describe the dynamic behavior of UC without the usage
of PDEs. This model describes the concentration of ions by an electrical potential, charge diffusive
motion by electric current, and diffusion coefficient by electrical resistance. Therefore, the exact
physical nature of electrolyte is considered in the proposed mathematical model. The infinite r–C
chain-based equivalent circuit exactly describes the behavior of ion movement in the electrolyte
and porous electrodes. Moreover, we succeeded in finding a rigorous analytical solution of this
model in the closed form. The symmetric double layer UCs are purely electrostatic devices. Hence,
no electrochemical (Faradaic) reactions occur on electrodes instead of asymmetrical UCs, where the
electrochemical reactions occur in the one compartment of UC. Therefore, the voltage-dependent term
(pseudo-capacitance related to Faradaic reactions) is not considered in the model. Some previous
studies have considered the voltage-dependent capacitance term for the modeling [33,43]. Rafik et al.
claimed that consideration of the voltage-dependent term could improve the modeling precision by
10% more than that of constant term approximation [33]. If the voltage and current deviations are
significantly large, then the parameters should be adjusted accordingly. Future works will consider
the incorporation of voltage-dependent capacitance term in the infinite r–C chain equivalent circuit.
More importantly, this study also approved the principle possibility of applying the reverse Fourier
transform on the frequency domain for the description of dynamic behavior. We also want to
mention that the finite analytical representation of the Fourier transform cannot be applied for every
mathematical expression. Hence, the proposed model was analyzed using simulation software to
study the dynamic behavior of UC. The experimental and calculated charge-discharge characteristics
displayed good agreement with a relative error of 5–8%. During the modeling, it was noted that a
higher number of r–C chains led to higher accuracy in the impedance representation. Last but not
least, we want to mention that this article strengthens the usefulness and advantages of the infinite r–C
chains-based equivalent circuit.

6. Conclusions

The infinite number of r–C chain-based equivalent circuit for a symmetric double-layer UC was
evaluated in this work. The dynamic characteristics were studied to authenticate the applicability of the
projected equivalent circuit in the practical working conditions. The internal resistance and capacitance
values of the ultracapacitor remained relatively constant for the charging-discharging processes despite
the current and voltage change in a wide range of parameters. However, the internal resistance is
strongly influenced by the working temperature. The possible reason is the decay of the diffusion
coefficient at lower temperatures. The EIS studies confirmed that the impedance remained constant for
a wide range of applied voltage (0.3376–2.736 V) and temperatures (−30 ◦C to +30 ◦C). The reactance
was determined by an inductive reactance of a connecting cable, especially for frequencies higher than
100 Hz. Following from the inductive reactance nature, the temperature did not influence it. The UC
functionality, periodic, and stochastic phases of the charge-discharge current are recommended to
verify using simulation software. An electrical engineer can apply the proposed equivalent circuit to
estimate the electrical parameters for the development of energy storage facilities.
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Abstract: In this paper, we propose an optimized power distribution method for hybrid electric
energy storage systems for electric vehicles (EVs). The hybrid energy storage system (HESS) uses
two isolated soft-switching symmetrical half-bridge bidirectional converters connected to the battery
and supercapacitor (SC) as a composite structure of the protection structure. The bidirectional
converter can precisely control the charge and discharge of the SC and battery. Spiral wound
SCs with mesoporous carbon electrodes are used as the energy storage units of EVs. Under the
1050 operating conditions of the EV driving cycle, the SC acts as a “peak load transfer” with a
charge and discharge current of 2isc~3ibat. An improved energy allocation strategy under state of
charge (SOC) control is proposed, that enables SC to charge and discharge with a peak current of
approximately 4ibat. Compared with the pure battery mode, the acceleration performance of the EV is
improved by approximately 50%, and the energy loss is reduced by approximately 69%. This strategy
accommodates different types of load curves, and helps improve the energy utilization rate and
reduce the battery aging effect.

Keywords: hybrid energy storage system; supercapacitor; energy allocation

1. Introduction

In recent years, energy shortages and environmental degradation have attracted increasing
attention [1–6]. Increasing car ownership has led to an increase in pollution from automobile exhaust
emissions, thereby forcing the acceleration of energy transformation in the automotive industry. As a
new type of transportation, electric vehicles (EVs) have great advantages in energy saving, emission
reduction and reduction of fossil fuel dependence, which has greatly promoted their development.

The power supply system is the core part of the EV and directly affects the overall performance
of the vehicle [7–10] and currently, the power supply problem of electric vehicles is a major obstacle
to the development of EVs [11]. To promote and use EVs more widely, electric vehicles need higher
specific energy, higher specific power, longer cycle life of energy storage system and higher charging
efficiency [12–16].

Conventional EV energy storage systems are battery-based storage devices, which have large
deficiencies and limitations [17–20]. First, the power density of the battery is low, thereby it cannot
meet the peak power demand of EVs under acceleration or climbing conditions. Although the power
demand can be satisfied by increasing the number of battery cells, the EV load will be increased
considerably. Second, in battery energy storage systems, frequent current changes generate additional
heat, reducing efficiency and battery life.

Therefore, we herein study a hybrid energy storage system (HESS) comprising batteries and
supercapacitors (SCs). As a new type of environmentally friendly energy storage device, SC has the
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advantages of high power density, high efficiency, fast response speed, and long cycle life that can
improve energy utilization and dynamic performance to some extent [21–26].

The range of power required for operation under certain operating conditions (such as starting,
acceleration, deceleration, stopping, and climbing) is wide. When the SC is directly connected to
the battery, stabilizing the output voltage and controlling the energy distribution is difficult. In our
research, we adopted the half-bridge of the control topology, wherein a bidirectional DC/DC converter
connects the SC to the battery [27–30]. To enhance the discharge persistence of the battery current,
the battery current is reduced to a minimum. The entire driving cycle strategy is employed to reduce
the power loss in a given load curve. A discrete optimization design is used to improve the control
effect of EVs.

This paper analyzes the deficiencies of the topology and control strategies of traditional HESSs,
improves the previous topology, and proposes an optimized power allocation strategy based on the
current control of EVs, thereby accurately predicting future power requirements. In addition, on the
basis of current control, we herein add the SOC control of SCs based on the driving speed of EVs,
thereby reducing the overcharge and overdischarge of the battery, improving the climbing performance
of the EV, improving the energy utilization rate and reducing the battery aging effect [31–37].

2. Hybrid Energy Storage System

Energy storage devices can be divided into physical energy storage devices, chemical energy
storage devices, and electromagnetic energy storage devices. Table 1 lists the main parameters of the
common energy storage devices.

Table 1. Main parameters of common energy storage.

Energy Storage Type
Efficiency

(%)
Energy Density

(Wh/kg)
Power Density

(W/kg)
Service
Cycle

Cost
($/kW/Year)

Battery 60–80 30–240 100–700 ≤2000 25–120
Lithium battery ≥85 250–300 800–1100 103–104 120
Supercapacitor ≥90 ≤10 700–18,000 ≥105 85

Superconducting energy storage ≥95 ≤10 ≥104 ≥105 200

Table 1 shows that a single energy storage device cannot unify power density and energy density,
and cannot meet the complex and variable power demand of EVs. Combining the advantages of
batteries and SCs, it is proposed that batteries and SCs be used as composite energy sources to meet
the needs of EV power supply changes. The high energy density of the battery guarantees EV mileage
for one charge. SCs can provide instantaneous high current output to meet the peak power (such as
for acceleration and climbing) required by EVs, thus ensuring dynamic performance. When the EV
decelerates or degrades, the power system is in an energy feedback state; thus, the SC can more
efficiently and quickly absorb feedback energy, improve the energy efficiency of the system, and protect
the battery from heavy currents. There are four common structures of HESS composed of two energy
storage devices and one load device [38–41]:

(1) The SC, battery and load are directly connected in parallel, as shown in Figure 1a.
This connection is low cost and fast response, but it also has several limitations: such as the capacity
of the energy storage system cannot be fully utilized, and the power allocation is not controlled;
the voltage of the SC is not controlled, and it depends on the SOC of the battery, which will affect the
optimal utilization of SC.

(2) The SC control structure, as shown in Figure 1b. The SC is connected to the DC/DC bidirectional
converter, and the battery is directly connected to the DC bus. This structure can lead to the capacity of
the SC being fully utilized, and this is advantageous to the high-power throughput capacity of the SC.
However, the charging and discharging and the power of the battery cannot be effectively controlled.
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Figure 1. (a) Direct parallel structure; (b) Structure of SC control; (c) Structure of battery control;
(d) Structure of two power supply control.

(3) The battery control structure, as shown in Figure 1c. The power of the battery can be controlled,
and the charging and discharging current of the battery can be optimized that can prolong the service
life of the battery. The SC can achieve a fast response speed when the peak power output changes,
but obtaining a stable voltage is difficult, resulting in poor system stability.

(4) The dual-power control structure, as shown in Figure 1d. The structure can provide flexible
voltage control, and can better allocate power to the battery and the SC. The battery can also prolong
the service life, and its energy can be fully utilized. Bidirectional DC/DC can be used for an energy
management system with a more flexible configuration. However the existence of bidirectional DC/DC
will increase the cost and loss of the system, as well as increase the complexity of the system structure
and the mass of EVs [42–44].

Currently, SC control structures are widely used in EV composite power supply systems. In this
study, a new power allocation strategy is required to accurately control the charging and discharging
of the battery and SC. Figure 1d shows a schematic of the structure. In this study, the bidirectional
DC/DC converter adopts half-bridge topology structure. The principle of the bidirectional DC/DC
converter in HESS of EVs. When the system is discharged, the bidirectional DC/DC controller operates
in the Boost mode, and the energy flows from the low-voltage side to the high-voltage side; when the
system is in charge, the bidirectional DC/DC controller operates in the Buck mode, and the energy
flows from the high-voltage side to the low-voltage side.

A supercapacitor is a type of energy storage device, that stores electric energy converted from
various clean energy sources. It is conventionally divided into two types: stacked and wound. Electrode
materials are important factors affecting the energy storage characteristics of SCs. Ordered mesoporous
carbon materials not only have the characteristics of uniform pore size distribution, large pore volume
and high specific surface area, but also have the advantages good chemical inertness, strength, electrical
conductivity and thermal stability. In this study, a spiral wound SC with ordered mesoporous carbon
electrodes was used. Figure 2 shows the diagram of the SC structure.

Figure 2. SC structure diagram.
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Figure 3 shows the electrochemical properties of the ordered mesoporous carbon (OMC) electrode.
According to the X-ray diffraction (XRD) pattern of the ordered mesoporous carbon, it is known that
no impurity peak appears, the full width at half maximum is large, and the degree of crystallization
is small, indicating it to be a good electrode material. According to the SEM (scanning electron
microscope) image of the ordered mesoporous carbon, the basic unit structure is uniform in size.
According to the transmission electron microscope (TEM) image of the ordered mesoporous carbon,
the pore structure is arranged in order and the conductivity is strong. The charge and discharge curves
of the electrode material at 5 mA show good linearity, the self-discharge current is relatively small,
and there is no obvious voltage drop at the initial discharge, indicating that the electrode material has
a small internal resistance and ideal capacitance performance; moreover, it is suitable as an energy
storage system unit for EVs.

 

Figure 3. Electrochemical properties: (a) =XRD spectrum of the synthesized OMC; (b) SEM photograph
of the OMC; (c) and (d) =TEM photographs of the OMC.

To detect the characteristics of SCs, constant current charge and discharge experiments were
carried out on the SC cells used herein. The charge and discharge voltage range was set to −1.0–0 V,
and the charge and discharge currents were 5, 8 and 10 mA. The single charge and discharge curves
have good reversibility, and the two sides of the curve are basically symmetrical. The initial voltage has
no significant voltage drop and has ideal capacitive characteristics. As shown in Figure 4b, the half-arc
of the high-frequency region is small, indicating that the charge transfer resistance at the interface
between the electrode and the electrolyte is small. In the intermediate-frequency region, the slope is
close to 45◦, which is related to the charge transfer impedance; the straight line in the low-frequency
region is similar to the vertical line, demonstrating good capacitance characteristics. As shown in
Figure 4c, the curve shows a typical capacitance characteristic. The time constant (the product of
capacitance and resistance) determines the steepness of the potential conversion. When the scanning
direction changes, the electrode exhibits a fast current response and is rapid in a stable state, indicating
that the internal resistance is small, the RC time constant is small, and it is suitable for high current. As
shown in Figure 4d, as the number of cycles increases, the attenuation of capacitance weakens. In the
initial stage of the cycle, the surface functional groups of the OMC will decompose, thereby consuming
part of the capacitance. Second, as the number of cycles increases, the increase in the temperature of
the capacitor will decrease the capacitance, causing a partial fragile hole to be broken. Simultaneously,
the increase in temperature further exacerbates the decomposition of the surface functional groups.
However, the overall fit is good, and it is suitable as an energy storage system unit for EVs.
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Figure 4. Electrical performance test: (a) Charge–discharge curves; (b) Impedance characteristic curves;
(c) CV curves; (d) Cycle performance curves.

Figure 5 shows the state of health (SOH) estimation during the supercapacitor cycle. When the
number of cycles was less than 6000, the SOH of the supercapacitor was maintained above 80%, and the
cycle performance was relatively good.

Figure 5. SC cycle performance.

Currently, SC control structures are widely used in EV composite power systems. Based on
the dual-power control structure, a new power allocation strategy is proposed to accurately control
the charging and discharging of the battery and the SC. The DC converter used herein a composite
converter with an isolated soft-switching symmetrical half-bridge bidirectional converter as a protection
structure. The principle of bidirectional DC/DC converter in HESS of Ev is as follows: When the system
is discharged, the bidirectional DC/DC controller works in the boost mode, and energy flows from
the low-voltage side to the high-voltage side. When the system is charged, the bidirectional DC/DC
controller operates in the buck mode, and energy flows from the high-voltage end to the low-voltage
end. Figure 6 shows a device used in EV testing.
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Figure 6. Experimental test device: (a) Mixed energy storage unit; (b) Vehicle test device.

3. Typical Control Policy

The basic structure of the control strategy in the EV HESSs is shown in Figure 7. The DC/DC
converter uses a composite converter with an isolated soft-switching symmetrical half-bridge
bidirectional converter as a protection structure when extreme currents occur, as opposed to the
non-isolated DC/DC converter used previously. In the event of a sudden increase in current, switching
to an isolated converter is possible to avoid damage to the energy storage system due to direct electrical
connections. Under normal operating conditions, the DC/DC converter operates in the boost mode
during discharge and operates in the buck mode during energy feedback.

Figure 7. Conventional control structure.

The power distribution method is as follows. When the EV is driven at a constant speed, the battery
unit is separately powered in the HESS. At this time, the battery cells were discharged at a constant
current. When the EV accelerates or climbs a hill, the remaining peak power is provided by the SC to
meet the power demand. When the EV is decelerated, the feedback power generated by the brake is
obtained by the battery, reducing energy waste. When the bus current changes abruptly, the battery
unit maintains a constant current through the power distribution module, and the remaining peak
current is absorbed and released by the SC.

The driving cycle test was performed under the working condition of 1015 as shown in Figure 8.
The simulation results of power distribution are shown in Figure 9. It can be concluded that the
operating current of the SC is relatively large under this control mode, and isc is 2–3 times that of
the ibat. The SC acts as a “peak load transfer” to help extend battery life. This control method can
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effectively play the role of SC’s “peak clipping and valley filling”, improve the energy utilization rate
of the HESS, and limit the peak current of the battery unit to a safe range.

 

Figure 8. 1015 driving cycle.

 

Figure 9. Charge and discharge current distribution of supercapacitors and batteries under the
traditional strategy.

As shown in Figure 10, the SOC of the SC demonstrated a large decline at the end of the EV
driving cycle and at the lowest point, it dropped to 0.67. This causes the terminal voltage of the SOC of
the SC to drop, thereby reducing the transmission efficiency of the DC/DC circuit.

 
Figure 10. SOC curve of supercapacitors in the typical strategy.

This phenomenon occurs owing to some frequent peak acceleration and deceleration during
driving, which result in a large discharge current, but the feedback current is small. During the braking
process, most feedback current is absorbed by the battery unit, and the SC cannot recover to a higher
SOC value in a short time. In response to this drawback, the feedback object is replaced, and the
control SC preferentially absorbs the feedback energy. However, this method allows the SC to charge
in a short time. If the remaining large current is still absorbed by the battery, it will reduce the battery
life and reduce the energy efficiency.
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When an EV operates under extreme acceleration or emergency braking, the energy storage system
needs to provide a large peak power or a large peak current. If it is through a non-isolated bidirectional
DC/DC converter, direct electrical connections can cause significant damage to the energy storage
system. When the peak current exceeds a certain threshold, the current in the DC converter passes
through the isolated soft-switching symmetric half-bridge bidirectional converter that protects the
safe operation of the energy storage system to some extent. Compared with a full-bridge bidirectional
converter, the symmetrical half-bridge bidirectional converter is only half of the latter; therefore,
the loss is small and the efficiency is high. The protection circuit topology is shown in Figure 11.

Figure 11. Isolated soft-switching symmetric half-bridge bidirectional converter.

4. Improved SOC Control Strategy

Based on the disadvantages of the traditional control strategy, an improved control strategy is
proposed herein based on the compound converter structure with an isolated soft-switching symmetric
half-bridge two-way converter as the protection structure. As shown in Figure 12, speed and SC SOC
control are added to the controller as influencing factors, thereby forming a four-dimensional space
vector control strategy.

 

Figure 12. SOC control structure.

According to the above discussion, the driving cycle has an important influence on the control effect.
Therefore, the new strategy adjusts SC SOC to the optimal state by analyzing the relationship between
SC SOC, speed and power demand. During the electric vehicle is running, the SC provides peak
power and the battery provides average power. Considering the kinetic energy theorem, the following
relationship can be obtained (excluding power losses):

1
2

mv2
max − 1

2
mv2 =

1
2

cu2
sc − 1

2
c(0.5usc)

2 + pbatt0 (1)

pbat = ubatibat (2)

50



Energies 2020, 13, 5297

Here, v is the current vehicle speed, vmax is the maximum vehicle speed, m is the vehicle total
mass, c is the SC system capacitance, usc is the current voltage of the SC end,

_
usc is the rated voltage

of the SC, Pbat is the rated power of the battery, t0 is the time for battery to release energy, ubat is the
battery nominal voltage, and ibat is the battery nominal current. From (1) and (2), the optimal SC SOC
is given by:

q∗sc =

√
mv2

max −mv2 − 2ubatibatt0

cusc
2 + 0.25 (3)

where, q is the SOC of the ultracapacitor, and q* is the ideal SOC of the SC. To verify the performance
of the optimized power distribution strategy, experimental tests were performed under different
conditions. The results of the current distribution are shown in Figure 13. Unlike the traditional
control strategy, the battery transfers charge to SC at a constant speed driving and stopping stage,
and the current frequency is higher than that of the traditional control strategy. At the end of the
acceleration process (380–500 s), the SC provides approximately four times higher ibat peak current
than the conventional mode. Based on the comparison between traditional control strategy and the
SOC control strategy, the SOC control strategy is concluded to be more conducive to EV acceleration
performance. The SOC curve of the SC is shown in Figure 14.

 
Figure 13. Charge and discharge current distribution of supercapacitors and batteries under SOC
control strategy.

 
Figure 14. SOC curve of the supercapacitor under the control strategy.

The SOC value of SC is 0.97. In the acceleration and braking stages, the actual SC SOC deviates
from the expected value owing to the drastic change in SC charging and discharging current. The SC
SOC approaches the optimal curve when EVs continue to operate. Compared with the SOC changes of
SC shown in Figure 10, the SOC control strategy is more ideal. Under the optimized control strategy,
the SOC of the SC has a small decrease, which can meet the energy output requirement.
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The acceleration test of the system is shown in Figure 15a. The acceleration performance under the
SOC control is approximately 50% higher than that of the pure battery, and approximately 25% higher
than that of the conventional control. The energy loss test under EDUC, NYCC, 1050 and CSHVR is
shown in Figure 15b. The energy loss under SOC control is approximately 4%, which is 23% lower
than that of conventional control and 69% lower than that of the pure battery. The test parameters
of the EV are shown in Table 2. The EV with the SOC control strategy has the shortest acceleration
time and the lowest energy consumption. The SOC control strategy proposed herein is superior to the
traditional control strategy in terms of acceleration performance and power distribution.

Figure 15. Acceleration and power tests: (a) Acceleration tests; (b) Power tests.

Table 2. Vehicle, Battery and SC Parameters.

Variable Symbol Value Units

Vehicle total mass m 1150 [kg]
SC system capacitance C 5 [F]

SC system nominal voltage usc 305 [V]
Battery nominal voltage ubat 325 [V]
Battery nominal current ibat 21 [A]

Power assisting time t0 9 [s]
Maximum speed Vmax 80 [mph]

5. Conclusions

The ordered mesoporous carbon electrode SC prepared herein exhibits good performance
under high current conditions through charge and discharge experiments. Using the prepared SC,
an optimized hybrid energy distribution method was proposed for the HESS. A hybrid converter
with an isolated soft-switching symmetric half-bridge bidirectional converter is used as the protection
structure to accurately control the charging/discharging of the SC and battery. Through the optimized
power distribution method, the SC energy can be quickly supplemented when stopping and driving at
a constant speed; this makes up for the shortcomings of the traditional control strategy. On the other
hand, by controlling the SOC of the SC via the speed of EV enables the energy storage system to have
better flexibility and adaptability, thereby enhancing the demand for the acceleration performance
and energy variation of EVs. The experimental results demonstrate that the optimized SOC control
strategy proposed herein can meet the peak power demand and energy loss, shorten the acceleration
time of EVs but reduce the energy loss, improve the performance of EVs and extend the service life of
the battery.
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Abstract: The aim of this paper is to present a methodology for dimensioning an energy storage
system (ESS) to the generation data measured in an operating wave energy generation plant connected
to the electric grid in the north of Spain. The selection criterion for the ESS is the compliance of
the power injected into the grid with a specific active-power ramp-rate limit. Due to its electrical
characteristics, supercapacitor (SC) technology is especially suitable for this application. The ESS
dimensioning methodology is based on a mathematical model, which takes into account the power
generation system, the chosen ramp-rate limit, the ESS efficiency maps and electrical characteristics.
It allows one to evaluate the number of storage cabinets required to satisfy the needs described,
considering a compromise between the number of units, which means cost, and the reliability of
the storage system to ensure the grid codes compliance. Power and energy parameters for the ESS
are obtained from the calculations and some tips regarding the most efficient operation of the SC
cabinets, based on a stepped switching strategy, are also given. Finally, some conclusions about the
technology selection will be updated after the detailed analysis accomplished.

Keywords: supercapacitor; energy storage; wave energy; dimensioning; efficiency; grid code;
renewable energies

1. Introduction

The increased environmental awareness together with the fossil fuel availability
reduction, have fostered the development and integration of renewable energy sources
(RES) in the last decades [1]. In this sense, hydro, solar, and wind energy sources have
been extensively researched and consolidated, whereas other RES as wave energy remain
a few steps behind in terms of technology readiness level (TRL). Regarding wave energy,
and given the significant potential enclosed in the waves [2], several wave energy farms
have been deployed and tested, particularly in areas with high oceanic resource [3]. Thus,
the numerous projects developed during the past years in Europe, United States, and
Asia have pushed the wave energy technology to a precommercial state (TRL 7), and the
first commercial projects are expected to be implemented in niche markets in the near
future [2,4–6].

This paper focuses on wave energy converters (WECs) as the device selected for
extracting the wave energy and converts it into electricity. For a thorough review of WECs
and other wave energy devices, see [7].

The aforementioned integration and connection of wave energy farms, each one
composed by a set of WECs, is not exempt of drawbacks. As with other non-dispatchable
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RES (wind and solar energy), wave energy farms can have a considerable impact on the
stability, quality, and reliability of the power grid [8,9]. Given the intermittent nature of the
source, i.e., the waves, the power generated by a WEC also follows an intermittent profile
with severe power fluctuations [10]. As a result, the power grid can suffer from sudden
frequency deviations, and voltage distortion such as harmonics or flicker [9–11]. These
frequency and voltage issues may cause the wave energy farm to not be compliant with
the grid codes of the transmission system operators (TSOs) and, hence, make wave energy
farms not suitable for being included in the electricity generation mix of a country [8].
In [12,13] an introduction about the study on grid compliance and standardization of
renewable generation and other energy systems connected to the power grid is provided.
In [13–17] the grid codes of different countries (European and non-European) and the
corresponding projects about renewable power are compared and summarized. The impact
of grid code regulations on stability is also analyzed. Additionally, these papers provide
the information about the future trend of grid code requirements. The main requirements
in most of grid codes include reactive power, frequency regulation, fault ride through,
power quality, and communication.

Several solutions for solving this issue have been proposed in the literature, including
advanced control strategies [18–20] and proper WECs location in the wave energy farm [21].
In [22] an active control for a tidal turbine is developed to grid code requirements in terms
of active and reactive powers (P, Q) and, conversely, the voltage at the point of common
coupling and reactive power (U, Q). However, the most promising solution for solving
power quality issues, which encompass the vast majority of articles of this topic, is the
utilization of an energy storage system (ESS) for a combined operation together with the
wave energy farm. In this sense, the ESS will store energy when the power generated
by the WECs overcomes a certain value, and it will deliver power when required by the
control strategy [21].

Different energy storage technologies have been analyzed in the literature for being
integrated with WECs, aiming for grid code compliance: battery energy storage system
(BESS), flywheel energy storage system (FESS), and supercapacitor energy storage system
(SCESS) or a hybrid energy storage system (HESS). All three technologies are able to
provide a fast response in the range of 10–50 ms when the control strategy demands
it [23,24].

BESSs have been studied in [25] for a combined operation of a wind turbine and
a WEC, including a predictive control in order to not overcome the maximum power
fluctuations allowed by the Irish grid code and the UK national grid code. The work
published in [26] uses a BESS for smoothing the output power of a WEC, in order to have
an acceptable power quality for a general grid code defined by the authors.

FESS have been studied together with a wave farm in [27] for controlling the power
output of the complete installation, aiming for being compliant with the Nordic grid code.
The authors in [27] develop a control based on three stages, achieving a reduction up to
85% in the power output peak. A control strategy is proposed for power smoothing in a
hybrid wave energy plant. The control strategy is based on a power filtering process.

Grid code compliance with SCESS has been studied in [28,29], validating control
strategies for compensating WEC power oscillations. A finite predictive control is applied
to the study proposed in [28], where the SCESS is located in the DC link of the back-to-
back power converter. The analysis performed in [30] include an experimental validation
in a laboratory test bench of a control that includes a state of charge compensator for
the SCESS. In [30] a SCESS is studied to smooth the power extracted from waves by a
grid connected linear electric generator. A complete model of the system is developed in
Simulink-MATLAB to test the system under varying system conditions (faults with and
without the SCESS).

Another possibility is to use a hybrid energy system (HESS) consisting of two different
storage technologies. For example, in [29] a power management system for a grid connected
OWC wave energy converter with a HESS (battery/SC) is proposed. Performance of the
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control system is evaluated in two case studies, fixed and variable operating speed. In [31]
an optimization algorithm is aimed at splitting the power required between the battery
and SCs of a HESS. This ESS is used to smooth the power oscillations for a wave energy
conversion connected to the public grid. The proposed algorithm, among other things,
considers minimizing the losses of the storage system and maximizing the battery lifetime.

Apart from those three ESSs, other authors decided not to select a specific ESS, but
studied the application of a generic ESS together with a WEC. In this sense, authors in [32]
combined a wave farm model with a small ESS for being compliant with the Irish, UK, and
Nordic grid code. The study includes a modeling strategy for the wave-to-wire system
of WEC arrays. Moreover, the work published in [33] studied the integration of a generic
ESS for achieving the grid code requirements at the point of common coupling (PCC),
using real location data. The authors also propose a real-time technique for the centralized
control of the wave farm, which is validated in critical scenarios such as weak grids.
In [34] an adaptive energy filter is proposed to smooth renewable power fluctuations in
function of the input power level. The novelty of this paper resides in the robustness of
the proposed filter against changes in the level of the generated power (fluctuating in the
case of renewable sources). This method is generic and it can be applied to any ESS (BESS,
FESS, SCESS, and SMES).

As it has been described above, the combined effects of using a WEC with different
ESS has been analyzed, and the benefits for meeting the grid code requirements are clearly
stated in the literature. However, from an industrial point of view, knowing that including
ESSs is beneficial for integrating wave energy in the grid is as important as knowing the
proper size of the ESS, in terms of power and energy. ESSs are expensive equipment, and
under or oversizing can result in premature degradation and incompliancy with the grid
codes, or unnecessary economic investment, respectively. Hence, ESS dimensioning studies
for wave energy become of the utmost importance.

In this regard, the works published in [3,24] propose a dimensioning methodology for
a generic ESS integrated with a WEC, without focusing on a specific technology, and based
on efficiency and grid code compliancy in terms of frequency. Authors in [24] include a
methodology validation for non-regular waves. A further validation with real data from
Tenerife is performed in [3]. Moreover, authors in [35] proposed a SCESS dimensioning
methodology, which includes an ageing model without temperature dependence, and with
no particular focus on grid code compliancy.

For wave energy applications, SCESSs and FESSs perform better that other ESSs in
terms of efficiency [36]. Although SCESSs and FESSs present similar characteristics in terms
of TRL, power and energy range and number of cycles [23], SCESS is the ESS technology
selected by the authors to perform the analysis of this work, since power and energy levels
are appropriate, a better economic alternative has been found in terms of €/kW and the
system fits better within the available space at the power plant.

A case study is proposed to illustrate the methodology, with the real profile of a wave
power generation plant and a real SCESS. To reduce fluctuations in the power delivered
to the power grid a specific active power ramp rate (%/min) is set. It is a characteristic
parameter of the grid code standards. The proposed methodology allows the establishment
of other types of limitations that conform to the existing grid codes in different countries.

The paper is structured as follows: in Section 2 the wave power generation plant on
which this study is based is described, in Section 3 the SCESS cabinet on which the complete
SCESS (technology, power loss calculation, and efficiency map) is based is described, in
Section 4 the results obtained from a simulation model that integrates both the SCESS and
the wave generation profile are presented and commented and, finally, in Section 5 some
final conclusions are detailed.

2. Wave Power Generation Plant

The study of using supercapacitors (SCs) as a storage solution for systems that harvest
energy from waves to comply with the grid code is based on the wave power generation
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plant located in the breakwater at the harbor in Mutriku (Spain). The plant was inaugurated
in 2011 and has been delivering power into the electric grid ever since. The technology
used to extract energy from waves is called the oscillating water column (OWC) with
a total installed power of 296 kW, comprising 16 equal turbines of 18.5 kW each [37].
The principle of these oscillating water column converters (OWC-WECs) is based on the
pressure variation of the air contained in a chamber when the wave motion enters it. When
the wave arrives, the contained air is expelled at high pressure through an orifice located
at the upper part of the chamber. The air drives a turbine whose shaft is coupled to an
electric generator. When the wave retreats, the water level in the chamber decreases. This
causes the pressure inside the chamber to drop and the air to be sucked in through the
upper hole. The turbine always rotates in the same direction regardless of the direction of
air circulation, so that the rotation in the shaft is more or less continuous. The connection to
the local distribution grid of the generation plant is made through a 460 V/13.2 kV power
transformer. Figure 1a shows the electrical diagram of the wave power generation plant
connected to the grid. Figure 1b shows an aerial image of the power plant.

  
(a) (b) 

Figure 1. (a) Electrical diagram of the wave power generation plant and (b) aerial photo of the wave power generation
plant integrated in the breakwater of Mutriku port.

3. Description of an Energy Storage System Based on SCs

Electric double layer capacitors (EDLCs) [30], commonly known as supercapacitors,
are electrochemical capacitors composed of two conductive porous electrodes immersed
in an electrolyte, between which a separator is placed. The electrodes are based on a
sheet, usually made of aluminum, covered by activated carbon or carbon nanotubes.
The electrolyte is the key element in determining internal resistance or equivalent series
resistance (ESR). Nonaqueous solutions, such as acetonitrile or propylene carbonate, are
often used because they support higher stress. The separator must allow the circulation
of ions but avoid contact between the two electrodes. SCs, like conventional capacitors,
store charge electrostatically and there is no charge transfer between the electrode and the
electrolyte. EDLCs use double electrochemical layers to store energy. When a voltage is
applied between the electrodes, the charge accumulates on the surface of the electrodes.
Following the natural repulsion of oppositely charged, ions in the electrolyte solution
spread through the separator into the pores of the oppositely charged electrode. These
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double layers, together with an increase in surface area and a reduction in the distance
between electrodes, allow SCs to achieve energy densities much higher than those of
conventional capacitors [38]. Since there is no charge transfer between the electrolyte
and electrode there are no changes in the chemical composition. For this reason, the
storage of charge in EDLCs is reversible and is not associated with a significant loss
of capacity with the number of charge and discharge cycles, which is not the case in
electrochemical batteries.

SCs are especially suitable devices for high power applications with a relatively low
energy capacity compared to batteries [39,40]. It has a lower cost than batteries in terms of
power, a complete cycle efficiency of around 95%, the possibility of a high number of charge-
discharge cycles (up to a million as per the datasheets) and a useful life of 20–25 years. The
operating temperature range is between −40 and 60 ◦C, much wider than that of batteries,
without significant impact on their response. The energy that a capacitor of any type is
capable of storing is dependent on its capacitance and its voltage. The capacitance (C) is a
constructive parameter related to the electrical charge that the device is capable of storing
and that depends on constructive aspects such as the permeability of the dielectric, the area
of the metallic plates and the distance between them. On the other hand, the maximum
voltage between terminals depends on the insulation conditions of the dielectric that is
between the two electrodes that make up the SC.

Regarding capacitance, it should be taken into account that EDLCs are not linear
capacitors, but that the capacity depends on the voltage, as shown in Figure 2 [41,42].
In the case of cells, manufacturers provide values for capacitance and ESR. The capacitance
value is only a mean value in the voltage operating range. For the basic cell upon which
this study was based (BCAP3000 commercialized by Maxwell in the past) the maximum
capacity value at the beginning of the operational life was above 3000 F, being 3000 F
was the mean value. To model this evolution of the capacitance, an experimental loading
process was performed in which measured capacitance was calculated in small voltage
increments. Figure 2a shows the evolution of capacitance with voltage. It presents a
quadratic relationship with the voltage as indicated in the following equation:

C(V) = −95.756·V2 + 613.58·V + 2216.6 (1)

V: Voltage measured in the terminals of the SC (V);
C (V): Capacitance as a function of the voltage (F).

 
(a) (b) 

Figure 2. (a) Evolution of the capacitance value as a function of the voltage in the BCAP3000 cell and (b) schematic of the
electrical circuit used to model the behavior (voltage) of the supercapacitors (SCs).

An appropriate dimensioning of any storage system must take into account the power
losses. The fundamental losses in the SCs are produced in the separator, in the positive and
negative current collectors and in the positive and negative porous electrodes [40]. The
total resistance of each of these parts is included in the ESR. It must be taken into account
that the ESR value is not constant, but depends on the voltage in the cell, the temperature
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and the frequency of the current that passes through the cell. To model the losses in the
SCs, which will be explained later, an electrical circuit like the one shown in Figure 2b is
used [41].

Another difference between batteries and SCs is that, while in batteries the voltage
is relatively constant regardless of the state of charge (SoC), in SCs the voltage is more or
less linear with the SoC. For this reason, the integration of this type of ESS into industrial
applications is usually done through DC/DC power converters. This characteristic means
that the SCs cannot be fully discharged, since working at too low of a voltage would greatly
penalize the performance of the power converter. For this reason, it is common to define
a discharge limit up to half their maximum voltage, which means using 3

4 parts of their
theoretical energy, as can be seen in Equation (2).
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UMAX: Maximum operating voltage measured on the SC (V);
UMIN: Minimum operating voltage measured on the SC (V);
C: Average value of SC capacitance (F).

3.1. Description of the Real SCESS Module on Which this Study Is Based

The unit module of SCs is made up of 8 drawers connected in series as shown in
Figure 3. Each of the drawers has, in turn, 30 units of BCAP3000 cells connected in series.
The main electrical characteristics of each cell are a nominal voltage of 2.7 V, capacity of
3000 F, and energy of 3 Wh. Therefore, the nominal capacity of the cabinet was 11.7 F
and the total energy available was 500 Wh. If each cell is discharged to half its voltage,
the total energy available is 1

4 of the total energy. Despite this fact, and as mentioned in
the previous point, the minimum working voltage of each cell was set at half the nominal
voltage so that the performance of the DC/DC converter that connects the SCESS with the
DC bus does not decrease considerably. Therefore, the theoretical operating voltage range
of the cabinet was approximately 381-636 V. The cabinet was provided with 16 electronic
boards to measure the voltage evolution of each cell. Another 30 temperature measurement
channels were also used to monitor the maximum temperature of the cells and check it
did not exceed 65 ◦C. Analog measurements of voltage and temperature were monitored
due to a Concerto F28M35H52C microcontroller commercialized by Texas Instruments
(12500 TI Blvd., Dallas, Texas 75243 USA) that was placed inside the same cabinet. This
microcontroller acted as a web server to access the temperature and voltage measurements
via the internet.

The cabinet had a cooling extractor turbine located in its upper part. The rotation
speed of this turbine varied depending on the temperature in the cells. Additionally,
each of the cells has a hardware protection system so that the cells did not exceed their
maximum voltage. In addition, this system allows the total voltage to be balanced so that
it is distributed equally among all the cells. Figure 3a shows the state of the cabinet during
a balancing process.

3.2. Operation Limits and Calculation of Power Losses and Performance of the SCESS

As mentioned above, in order to decide which storage system is best suited to a
certain application, it is very important to consider its energy efficiency. In general, storage
systems are complex non-linear systems and it is not easy to know their performance
over the entire operating range. One of the parameters on which efficiency depends is the
state of charge (SoC), that is, the operating point at which the system is working. In the
case of SCs, efficiency is a function of current and voltage (SoC = f (V)) at each moment.
In the present application the ESS, formed by supercapacitors, is connected to a DC bus
through a DC/DC converter. Therefore, to calculate the overall efficiency it is necessary
to also take into account the performance of this converter. Another parameter on which
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the efficiency of the ESS depends is the duty cycle. It is necessary to take into account the
frequency with which the SCs are charged/discharged, because, among other parameters
(temperature), the value of the series resistance (ESR) depends on this frequency. Therefore,
when a performance value is provided, the associated duty cycle must be specified. In
the sizing of the storage system for the present application, the overall performance of the
set composed by the electronic converter and the SCs for each operating point has been
considered. The process followed to calculate these losses is explained in the next points.

  
(a) (b) 

Figure 3. (a) Image of one supercapacitor energy storage system (SCESS) module during a voltage balancing process
between cells and (b) image of one of the eight drawers that make up the SCs cabinet upon which this study is based.

As has already been commented, the SCESS is connected to a DC bus through a power
converter. Another converter, connected between the electrical grid and the DC bus, keeps
the voltage value of this bus at 950 V. This DC/DC converter regulates the charge/discharge
current according to the received power command. The maximum power and energy
available for each SC cabinet (unit module) is 125 kW and 0.5 kWh respectively. These
values correspond to the following operating limits for each cell that makes up the SC
cabinet:

• USUPERCAP_max: 2.65 V;
• USUPERCAP_max: 0.6·UMAX;
• ISUPERCAP_max: 200 A.

The nominal voltage of each cell was 2.7 V (absolute maximum voltage is 2.85 V), but
the maximum operating value was set at 2.65 V for two reasons. The higher the voltage
in the SCs, the more accelerated their ageing. Reducing the maximum voltage by 0.05 V
greatly lengthened the lifetime of the SCs. On the other hand, the ESS was formed by a
series connection of cells and the distribution of the total voltage between all of them was
not perfect. To ensure that the voltage in any cell was higher than 2.7 V, 2.65 V was set as
the maximum value. The total working voltage range of each cabinet will be 382-636 V.
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These limits imply an input and output voltage ratio in the DC/DC converter of 1/3-2/3,
which did not significantly restrain its performance [43].

3.2.1. Power Losses in the Equivalent Series Resistance (ESR)

In order to calculate the performance of the storage system, in addition to taking into
account the efficiency of the storage system (ESR losses) and the converter, the losses in the
connection plates, in the cables and in the voltage balancing system were calculated [36].
In this case, the variation of the ESR and capacitance with the temperature in the cell was
not considered, since each cabinet had a cooling turbine in the upper part that maintains
the temperature of the cells in the working range of 25-40 ◦C. In this temperature range
the variation of both parameters (ESR and C) was very small. Regarding the variation of
capacitance with frequency, it was not studied in this paper, only analyzing the variation
with voltage.

To calculate the power losses in the ESR, Equation (3) must be taken into account:

PESR(t) = USC(t)·iSC(t) (3)

PESR(t): Instantaneous power losses;
USC(t): SC voltage;
iSC(t): Instantaneous current through the SCs.

If the current is considered as a periodic function of period T, it can be written as a
Fourier series:

iSC(t) =
+∞

∑
i=0

ISC(i)· sin(iwt + ϑi) (4)

ISC(i): Harmonic component of the current;
w: Angular frequency.

The voltage across the ESR can be expressed as:

UESR(t) =
+∞

∑
i=0

ESR(iw)·ISC(i)· sin(iwt + ϑi) (5)

UESR (i): Voltage across ESR
ESR (iw): ESR value for each frequency

If Equations (4) and (5) are multiplied, the expression for the instantaneous power
losses in the ESR is obtained. Applying the Lagrange identity and the orthogonal property
of sine and cosine the total power losses can be expressed as [40]:

PESR(t) = I2
RMS·

[
+∞

∑
i=0

ESR(iw)·
I2
SC(i)

I2
rms

]
= I2

RMS·ESR(eq) (6)

IRMS: r.m.s value of the current;
ESR (eq): Total ESR.

To calculate the equivalent resistance in series for each frequency, it is necessary
to complete an analysis of the SCs in the frequency domain. This analysis is based on
experimental tests and on the design of a simulation model whose frequency response
is adjusted to the results obtained experimentally. A complete analysis of the frequency
response of the cell model (BCAP3000) on which the present study is based is presented
in [44]. In this way, using Equation (6) the efficiency (ηESR) of the SCESS cabinet can be
calculated including the losses in the ESR for a given duty cycle (frequency) as per:

ηESR =
USC·Irms

USC·Irms + PESR
(7)
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USC: SC voltage;
Irms: r.m.s value of the current through the SC.

Figure 4a,b shows the evolution of the power losses in the ESR and the efficiency of
the ESS as a function of the current flowing through the SCs and the voltage measured at
the terminals. As expected, the higher the current through the capacitors, the higher the
power losses in the ESR.

 
(a) (b) 

Figure 4. (a) Power losses in the equivalent series resistance (ESR) as a function of the current and voltage measured in the
SC cabinet and (b) efficiency map of the module due to ESR losses.

3.2.2. Voltage Balancing System Power Losses

As mentioned above, the ESS was made up of a series connection of cells, whose
maximum voltage was 2.65 V, in order to achieve voltage levels more typical of industrial
applications. Due to manufacturing tolerances, not every cell has the same capacitance or
ESR, which means that the distribution of the total voltage between the different cells is not
exactly the same. Therefore, there is a voltage supervisor hardware that prevents any cell
from exceeding the voltage limit value (2.7 V) and facilitates the equitable distribution of
voltage [45–47]. This system is based on the dissipation of the power in a resistance when
the voltage in any of the cells exceeds a predetermined threshold value (approximately
2.6 V). Below this value the protection system does not work. The current and resistance
where that current is dissipated is known, so the power losses can be derived from voltage
measured in the SCs as follows:

PV_Balancing = RDIS·I2
DIS(U) (8)

PV_Balancing: Voltage balancing system power losses;
RDIS: Power dissipation resistance;
I2
DIS(U): Current dissipation as a function of the measured voltage.

Figure 5 shows the power losses map of the voltage balancing system as a function
of the current flowing through the ESS and its voltage. Compared to the power losses
calculated in the ESR, these losses can be considered negligible.

3.2.3. Cooling System and Electrical Connection Plates Power Losses

Each SCs cabinet has an extractor cooling turbine on top because a natural cooling
system is not sufficient for these power requirements. It is a variable speed turbine whose
control depends on the temperature measured in the SC cells. The higher the temperature
in the cells, the higher the rotation speed. The objective of this refrigeration system is to
keep the temperature of the SCs below 40 ◦C. It is known that SCs age faster the higher
the stress to which they are subjected and the higher their temperature [45]. Ageing in this
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ESS type causes a decrease in C and an increase in ESR. This results in a loss of available
energy in the ESS with respect to its initial value and a loss of efficiency. On the other
hand, uneven aging between cells causes an imbalance in the distribution of the total
voltage and a limitation in the use of available useful energy. To calculate the losses at the
refrigeration system, an equivalent electrical circuit has been implemented using MATLAB-
Simulink [48] that models the refrigeration flow. Additionally, a turbine regulation curve
has been established to improve its efficiency. Figure 6a shows the map of cooling system
losses as a function of current and voltage between terminals. It can be seen that the higher
the current, the higher the losses in the cooling system and in the connection bars. As in
the previous case, the losses are low compared to the losses in the ESR.

  
(a) (b) 

Figure 5. (a) Power loss map in the voltage balancing system as a function of current and voltage and (b) detail of the
connection plates between the cells and of the voltage balancing system.

 
(a) (b) 

Figure 6. (a) Power losses map of the cooling system as a function of voltage and current and (b) power losses map in the
connection bars between cells as a function of current and voltage.

Regarding the losses in the connection plates between cells [49], it must be said
that they have a certain resistance and consequently a power loss depending on the
current flowing through them. These are 3 mm thick aluminum plates supplied by the
manufacturer. The resistance value of each connection plate is given by:

RCONNEC_PLATES =
ρ·l
S

(9)
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RCONNEC_PLATE: Resistance of connection bars;
ρ: Aluminum resistivity;
l: Connection plate length;
S: Connection plate section.

Therefore, the power losses in the plates (PCONNEC_PLATES) are calculated as:

PCONNEC_PLATES = I2
SUPERCAP·RCONNEC_PLATES·NoSUPERCAP (10)

I2
SUPERCAP: Current through the SCs;

NSUPERCAP: Number of SCs connected in series.

3.2.4. Power Converter and Total Losses

Each SC cabinet was connected to a DC bus regulated at a voltage of 950 V through
a DC/DC converter that regulated the charge/discharge current of the ESS. This current
command was the consequence of the reference power value to supply/consume assigned
to the SCESS. The generation of this power command and the control of the complete
system will be explained in the next point. A 3-branch interleaved DC/DC converter was
used to exchange power between the ESS and the mentioned DC bus. This converter was
bidirectional in the current to allow both charging and discharging of ESS. Figure 7 shows
the topology and the input and output voltage levels of the converter [50,51].

The DC/DC power converter is a voltage source converter that regulates the charge/dis-
charge current of the ESS. The control strategy was designed to operate in the discontinuous
driving mode to improve its efficiency. The total current that passes through the SCs was
distributed among the three output branches of the converter. The converter was modeled in
MATLAB-Simulink to size the power components (filters, semiconductors, cooling system,
etc.) and to verify the operation of the converter with the designed control strategy. On
the other hand, the model implemented in MATLAB-Simulink allowed calculating the
converter losses to obtain, as in the previous cases, the power converter losses as a function
of the voltage and current through the SCs. The performance of the converter was calculated
according to Equation (11):

ηpower_converter =
USC·I

USC·I + Pconverter_losses
(11)

USC: Voltage of the SCs system;
I: Current through the SCs;
Pconverter_losses: Power converter losses.

Figure 7. Electrical diagram with the voltage levels at the input and output of the DC/DC converter used.

Figure 8a shows the power converter losses as a function of the voltage and current
through the SCs. Figure 8b shows the total efficiency of the power converter. The total
losses of the power converter were higher with higher currents. However, the relative
efficiency of the converter (with respect to the total power) was higher the higher the
current through the SCs.
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Figure 9a shows the total power losses of the SC cabinet as a sum of the previously
calculated map (ESR, balancing and cooling system, bus bars, and power converter losses).
Likewise, Figure 9b shows the total efficiency map of each cabinet as a function of the
current and voltage.

 

(a) (b) 

Figure 8. (a) Power losses map in the DC/DC converter as a function of the current and voltage in the SCESS module and
(b) efficiency map in the DC/DC converter as a function of the current and voltage in the SCESS module.

  
(a) (b) 

Figure 9. (a) Total losses map in the energy storage system (ESS) (sum of all commented power losses) as a function of
current and voltage and (b) total efficiency map of the SC cabinet as a function of current and voltage.

4. Description and Results Obtained from the Simulation Model Developed

This section analyzed the case study chosen for the sizing of a SCESS that allows the
power injected into the grid by a wave power generation plant to comply with the grid code
standards. The generation profile studied is that of the Mutriku port plant located in Biscay
(Spain) and managed by Biscay Marine Energy Platform (BIMEP) [52]. The representative
study period is slightly longer than 1 month, from 7 May to 19 June 2020. The sampling
time of the power measured during this period was 1 s. Figure 10 shows the wave power
generation profile generated by 3 of the 16 water column converters during said period
(in blue). The total power generated by the plant (in red) is also displayed (N.B.: criterion:
negative sign is generated power). It can be seen how the power generated by the OWCs is
highly variable due to the oscillating nature of the wave resource itself [53]. The generation
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peaks can reach values of up to 10 times the mean value. Just as a curiosity, the maximum
power peak in the generation period occurred on June 11, with a value of 163 kW.

Figure 10. Power profile of three representative turbines of the wave power generation plant and
total power in a stretch of time of the period studied.

4.1. Scheme of the Model Elaborated in SIMULINK-MATLAB and Its Input Parameters

For this study, a model has been developed using MATLAB-Simulink that includes
the power generation data from the wave power plant for just over a month, the storage
system based on several units of a real SC cabinet and the profile of the power that is
exchanged with the electrical grid to comply with the different grid codes [54]. The ESS
reference power profile is the result of subtracting the power from the generation plant and
the target power profile to be injected into the grid [55,56]. The ESS, in addition to the SC
cabinets, also integrates the DC/DC power converter. The scheme of the Simulink model
is shown in Figure 11.

Figure 11. Simplified scheme of the model and control implemented in MATLAB-Simulink.

In order to be able to analyze all the available generation data, the full sample is
divided into 15 min sections. It is set as a reference that the energy balance of the complete
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storage system (ΔEESS) at the end of the complete generation period is zero. This means
that the SoC of the storage system at the end of the analysis is the same as the initial one.
In addition to the wave generation power profile, the other input parameters that the
model has are: the maximum percentage of the rise ramp of the wave generation profile
(% ramp-up/min) that can be injected into the grid, the ESS efficiency maps discussed in
the previous section and the electrical parameters of each SC cabinet (maximum power,
maximum and minimum voltage, available energy, and initial state of charge). From the
limit value of % ramp-up, the value of the maximum percentage of the ramp down of
the generation profile that can be injected into the grid was calculated so that the ΔEESS
at the end of the generation period is null. In other words, for each allowed value of
% ramp-up [57] there will be a value of ramp-down (%/min) that fulfills the previous
condition (ΔEESS = 0). On the other hand, the model integrates the instantaneous SoC of
each cabinet (voltage/current) to calculate the efficiency and the real instantaneous power
that each SCESS module is capable of supplying/storing. Table 1 summarizes the main
input parameters of the simulation model:

Table 1. Main input parameters of the simulation model.

Parameter Meaning Value

% ramp-up Maximum ramp-up (%/min) 10

UMAX Maximum voltage per cell in the SC cabinets 2.65 V

UMIN Minimum voltage per cell in the SC cabinets 1.59 V

SoC_INITIAL Initial State of charge of the SC cabinets 60%

Energy_USABLE Usable energy respect to the total energy of each SC cabinet 0.5 kWh

PESS_MAX Maximum Power provided by one SCESS module 125 kW

4.2. Results Obtained in the Simulation Model

Starting from ramp-up value (%/min) of 10, the value of % ramp-down that fulfilled
that at the end of the complete generation period studied the ΔEESS = 0 was 7.22%/min.
The ESS energy balance was calculated from the ESS power profile throughout the genera-
tion period. The power profile of the ESS was the result of subtracting the wave generation
power profile and that same generation profile limited by the maximum ramp-up (%/min)
and ramp-down (%/min) allowed (target power injected to the power grid). Figure 12
shows the generation profile throughout the entire period (in blue) and the target power
profile that was injected into the grid after applying the aforementioned restrictions.

Figure 12. Profile of the generation of the plant (in blue) and theoretical objective profile to be
delivered to the grid after applying the power ramp-rate limit.

To evaluate the actual energy required for the storage system, the efficiency maps
calculated and introduced in the previous point were integrated, which incorporated
the losses in the elements that exist between the SCs and the connection point with the
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generation plant. Figure 13a,b shows the target power and energy profiles respectively of
the ESS throughout the generation period to comply with the established grid codes. The
maximum power requested from the storage system at the connection point was 111 kW
(11 June).

 
(a) (b) 

Figure 13. (a) Power profile that the ESS has to supply to meet the active power ramp-rate limit requirement and (b) ESS
energy calculated in 15 min periods from required power.

Once the energy and power required from the ESS are known, the optimum number of
SC cabinets must be calculated to reduce the oscillations of the power delivered to the grid.
To do this, the joint cumulative distribution function of the power and energy required
from the ESS was calculated in 15 min steps throughout the entire generation period. This
function gives an idea of the percentage of time when the restrictions applied to the power
delivered to the grid can be met. Figure 14a shows the values of the normalized cumulative
probability of the ESS with respect to power and energy calculated in 15 min steps. Most of
the values were found at power figures above 20 kW and energy figures greater than 1400
Wh. On the other hand, areas in Figure 14b represent the areas relative to the percentage of
time that the power and energy needs are met as a function of the number of SC cabinets
chosen. Considering that each cabinet has a maximum power of 125 kW and an energy
of 500 Wh, the resulting black line is shown in black in Figure 14b. If three cabinets are
chosen, the percentage of time that the generation curve would be smoothed, complying
with the grid codes would be almost 80%. However, if four cabinets were selected, the
objective would be met 100% of the generation time on which the study was made. The
decision to install three or four cabinets will depend on a further analysis of the particular
consequences of the power oscillations in terms of frequency excursions. It can be observed
in any case that the ESS would be oversized in terms of required power for the present
application while fulfilling the energy requirements, more restricting in this case In other
words, the maximum current that each cabinet is capable of giving could be limited to
a value lower than the set limit of 200 A, seeking a more optimal ESS point of efficiency
complying with the established restrictions for the same percentage of the time.

Considering that 3 o 4 SC cabinets would be required, the most efficient operation
would lead to switching between the SC cabinets according to the power and energy
needs, the strategy known as “stepped switching”. In this mode, a minimum power value
is set, which takes into account the SoC, below which the corresponding SC cabinet is
disconnected and another one with a higher SoC takes over and starts up. The maximum
power that each cabinet is capable of giving is a function of the SoC and the operating
point where it is located (in the efficiency map). What is sought with this strategy is that
the efficiency of the cabinets in operation is always above a certain threshold, applying
the efficiency maps and knowing the voltage and current that each cabinet is supplying.
Another possibility would have been the simultaneous operation of all the chosen cabinets.
That is, each cabinet would give the same power and would be working at the same
load regime all the time. The total power required would be equally shared among them.
However, this strategy known as “all-in, all-out” reduces the efficiency of the ESS as a
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whole compared to the efficiency achieved with the previous strategy [58–60]. Figure 15
shows the real power profile delivered to the grid for a 10% ramp-up, a 7.22% ramp-down
and an ESS made up of 4 modules of SCs.

Figure 14. (a) Cumulative power and energy distribution function in the ESS and (b) cumulated distribution function for
selection of the number of cabinets necessary to cover a certain number of cases of the proposed objective.

Figure 15. Power profile delivered to the grid throughout the generation period.

Figure 16a shows the percentage of time with respect to the complete generation
period that each cabinet would work if 4 units were selected. On the other hand, Figure 16b
shows a sensitivity analysis of the mean value of the reference power to be injected into
the grid based on different grid codes (% ramp-up). Values from 10% to 23% (p.u./s) were
taken. These values will correspond to respective ramp-down values, always complying
that at the end of the generation period the energy balance in the ESS was zero. From the
box-and-whisker plot it can be extracted that the median (Q2) was very similar in all cases
as expected, around 20 kW. On the other hand, the atypical values of power delivered to
the grid were below 5 kW and above 40 kW.
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(a) (b) 

Figure 16. (a) Percentage of use of each of the four SC cabinets during the entire period studied and (b) box and whisker
plot showing the average reference power values that will be delivered to the grid based on different active power ramp
rate limits per minute (p.u./s).

5. Conclusions

This paper presents the methodology followed in the sizing of a SCESS in order to
reduce the power oscillations of a real wave power generation plant connected to the
electricity grid. The criterion followed to reduce the oscillations of the power injected into
the grid is to limit the ramp-up of the power delivered by 10%/min and the ramp-down by
7.22%/min with respect to the generation profile. This criterion is based on the application
of a grid code, which defines the requirements that a facility connected to a public power
grid has to meet to ensure a safe, secure, and economic proper functioning. In this case,
among all the parameters limited by the grid code standards, the active power ramp rate
limit specified by regional transmission system operator (TSO) of each country is studied.
For the sizing of the ESS, the calculated efficiency maps calculated of a real SC cabinet
(on which this study is based) were drawn up to analyze the real power that the SCESS
has to supply based on the measured current and voltage. Unlike other ESSs, such as
batteries, the voltage in the SC is more variable and must be properly considered in order
to try to operate, as far as possible, at the most optimal point of efficiency when there are
several storage modules (cabinets) working in parallel. For the study shown, a model
was developed in MATLAB-Simulink that integrated n modules of one ESS (SC + power
converter), the wave generation profile and the power profile to be delivered to the grid.

Additionally, to select the ESS units that were necessary in this application, the cumu-
lative probability of the ESS power and energy values (calculated in 15 min periods) that
satisfy the established criteria were studied. For the dimensioning of any ESS it is necessary
to find a compromise between the percentage of cases that the ESS covers and the cost
of adding an additional storage module. In this case, SC was considered an appropriate
technology for the present application (fast and high number of charge/discharge cycles).
It was obtained that four cabinets was the most “optimal” value with a percentage of
usage in all of them greater than 33%, although with just three cabinets 80% of power
compensation was achieved.

The dimensioning process was more restricting in terms of energy, obtaining, and
excess of power capability. By either considering three or four SC cabinets to compensate the
power oscillation, there was an excess of power. That was already identified in Figure 14b,
where the fact that the line representing the storage technology was quite far from the curves
knee. As a consequence, and although in this case it was initially selected SC as technology
for available space and economic reasons, it would be interesting to explore other solutions
such as flywheels, with a much better ratio energy/power for this application or even a
hybrid storage system should not be disregarded.
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Finally, it should be highlighted that this methodology can be applied to different
renewable generation plants (solar, wind, etc.) connected to the grid that have to comply
with grid code standards of different countries or regions.
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Abstract: Energy storage systems (ESS) are becoming essential as a solution for troublesome industrial
systems. This study focuses on the application of a type of ESS, a high-power technology known in
the literature as supercapacitors or electric double layer capacitors (EDLC). This technology has had
a huge impact during the last decade on research related to the electric traction drives, renewable
sources and powergrids. Related to this aspect, this paper summarizes the most relevant scientific
publications in the last five years that study the use of supercapacitor technology (SCs) in electric
traction applications (drives for rail vehicles and drives for road vehicles), generation systems for
renewable energy (wind, solar and wave energy), and connection systems to the electric grid (voltage
and frequency regulation and microgrids). The technology based on EDLC and the practical aspects
that must be taken into account in the op-eration of these systems in industrial applications are
briefly described. For each of the aforementioned applications, it is described how the problems are
solved by using the energy storage technology, drawing the solutions proposed by different authors.
Special attention is paid to the control strategies when combining SCs with other technologies, such
as batteries. As a summary, some conclusions are collected drawn from the publications analyzed,
evaluating the aspects in which it is necessary to conduct further research in order to facilitate the
integration of EDLC technology.

Keywords: supercapacitors; electric traction drives; electrical vehicle; microgrid; renewable energy;
energy storage system

1. Introduction

Energy storage systems have begun to play a fundamental role in recent years, being
one of the most used solutions to improve industrial processes. These devices increase
both the production systems performance, improving the energy efficiency, reliability,
and flexibility of electrical systems. This topic has nowadays a high relevance due to the
expectations of a high integration of renewable energies in electrical grids.

There are different types of energy storage systems (ESSs), divided according to their
nature or their operating cycle duration, listed in Tables 1 and 2 respectively. From those
tables, the market niches of each ESS could be extracted, considering those technologies
with short cycle to applications with fast response, e.g., frequency stability or regenerative
braking. Meanwhile, those devices with long cycle could be used in long term applications,
as for example massive energy storage or backup system for critical loads.

This paper focuses on a promising energy storage system, supercapacitors (SCs),
also known as electrolytic double layer capacitors (EDLC), which have better trend than
other competitors. This ESS has a high technology readiness level (TRL), TRL8, and a
very promising track record, since it closes the gap between batteries and conventional
capacitors, competing with other technologies with similar characteristics such as fly-
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wheels, see Figure 1, Tables 1 and 2. SCs are characterized by high power density and low
specific energy.

As described before, SCs focus on applications that require charge-discharge cycle
times ranging from a few seconds to several minutes. Based on this and considering
the objective of improving the performance of the industrial processes and the electrical
systems, countless research articles have been published, as well as research & development
projects have been developed in recent years. The aim of these studies is to create new
industrial products of ESS based on SCs. This great amount of studies related to SCs
evidence the current need for this technology, having inter-annual market growth and
encouraging impressive expectations for the future [1].

Figure 1. Storage time against the power delivered for electrical energy storage technologies,
adapted from [5].

Table 1. ESSs Classification according to their nature, data from [2].

Nature Electrical Energy Storage Technology

Electromechanical

• Flywheels (FESS)
• Compressed Air (CAES)
• Hydro Pumped Energy Storage (HPES)

Pumped Energy Storage (HPES)
Electromagnetic Superconducting Magnetic Energy Storage (SMES)
Electrochemical Batteries (BESS)

Chemical Fuel Cells (FCs)
Electrostatic Supercapacitors (SCs)

Table 2. Classification of the ESSs based on their cycle duration (based on [3,4]).

Cycle Duration (Time) Electrical Energy Storage Technology

Very short (<10 s) Capacitors, inductors
Short (1 s to 15 min) SCs, FESS, SMES

Medium (5 min to 24 h) Batteries
Long (days) Batteries, CAES, HPES

After showing the operating ranges of some of the most widespread storage technolo-
gies in the industry, a comparison between the SCs and their competitors (batteries and
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flywheels) is collected in Table 3, where the advantages and disadvantages are described in
order to establish criteria to select the most suitable techonology for an application.

Table 3. Comparison based on benefits and drawbacks of the Batteries, flywheels and Supercapacitors.

ESS Technology Advantages Drawbacks

Batteries

Low self discharge
Narrow range of voltage variation

in operation
High energy density
Low installation cost

Accelerated aging with large
power pulses

Low recyclability of materials
Reduced operating
temperature range
Low power density

Need for a BMS

Supercapacitors

High power density
Wide operating temperature range

Ageing not dependent on the
duty cycle

More stable efficiency throughout
the operating range

Wide voltage variation in operation
Power converter required

to operate
Voltage balancing system between

cells required
Low energy densisty
Higher cost (€/kWh)

Flywheels

High energy density
Power and Energy decoupling
Less ageing than batteries and

supercapacitors
Very wide operating
temperature range

High self-discharge
High installation cost

Lower efficiency than batteries
and SCs

Power converter required

Regarding the comparison in the above table, the supercapacitors show better per-
formance in some areas, especially regarding cost (specially when cost in terms of power
terms, $/W), compared with flywheels, and in the dynamic response and their aging, in
applications with short cycle and high power delivered. Supercapacitors will be more
preferred than batteries in general for applications where high power, low energy, and
large cycling requirements are demanded.

One important aspect when designing and dimensioning SC-based ESS is to define
a model of the system which represents its performance under a particular application
profile or conditions with high accuracy. Countless SC models for industrial applications
have been published in the literature, classified in three main categories: equivalent
circuit models, electrochemical models and intelligent models [6]. From these categories,
equivalent circuit models are suitable for industry applications, since they describe the SCs
behavior using basic common components: capacitors, inductances, and resistors (RLCs) [7].
Within equivalent circuit models, three subcategories can be established, according to their
complexity and accuracy: RC models, transmission line models, and frequency domain
models [8–11].

Following the SCs model analysis, the next step is to define the main parameters that
define the SCs performance:

• The first and main feature is the capacitance. This parameter represents the energy
storage behavior of the SCs, being a function of the voltage and the frequency [12].
This variation, shown in Figure 2a, is between 15% and 20% of the rated capacity [13].
This effect is important in ESS applications since the ESS operating voltage impose a
capacitance value different to its rated value, which provokes less stored energy. More-
over, the operation frequency of the SCs modifies the capacitance value. Figure 2b
shows that there is a cut-off frequency, usually around 1 Hz depending on the materi-
als and manufacturing processes, where the rated capacitance drastically decreases.
Therefore, SCs are usually considered for fast charge–discharge cycles, from tens of
seconds to minutes.
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(a) 

 
(b) 

Figure 2. (a) Capacitance variation respect to the voltage; (b) Capacitance variation as a function of
the frequency adapted from [7].

• The second effect is the inner resistance. Joule effect takes place in the positive and
negative current collectors, the positive and negative porous electrodes and in the
separator [12]. Due to the electron transportation process, their kinetic energy is
converted into heat. These effects on the conductors and the electrolyte are grouped
in a single term named ohmic phenomena and represented by the equivalent series
resistance (ESR). The ESR is not constant and depends on the frequency and the cell
temperature in a non-linear form [14], as shown in Figure 3. The ESR value is reltively
low compared to other electrochemical ESS such as batteries. However, attention
should be paid to the ohmic losses on the SCs in those applications which require high
power [15]. Moreover, ESR provokes a voltage drop, decreasing the SCs efficiency,
and a temperature rise inside the cells. This heat produced from losses needs to be
evacuated in order to avoid accelerated aging due to overtemperature. Therefore,
proper operation of cooling systems is always required.

• The third parameter in a SC is the self-discharge, which is a drawback of using SCs for
cycles longer in the order of hours [16]. The origin of this effect is the redox reactions
at the electrode surface when the electrons cross the double layer [17]. This parameter
depends mainly on voltage, temperature and aging. Therefore, it could be modelled
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as a voltage-controlled temperature-dependent current source. The self-discharge
current value is given by the manufacturer in the datasheet as a constant value [16].

 
(a) 

 
(b) 

Figure 3. (a) ESR variation respect to the voltage, adapted from [7]; (b) ESR variation as a function of
the frequency.

Navarro G. [18] presents a study in which all these parameters are analyzed and aging
and voltage imbalance in a large series connection of SCs are calibrated. Table 4 collects the
main parameters of commercial cells for several manufacturers.

With respect to the lifespan of the SCs, several limits are established that imply the
SCs replacement. A SC cell is considered to have achieved the end of its useful life when
any of the following point are fulfilled:

• ESR current value has doubled from its initial value.
• The current capacitance value has decreased by 20% compared to its nominal value.
• The SC operating cycle number is more than 1 million.

Finally, the last step in the designing and dimensioning process is to evaluate the
system losses. A SC-based ESS comprises the SC cells and an interface DC/DC power
converter. Power losses take place in both devices, imposing the following issues [15]:

• The ohmic losses in the system located in the SCs, represented by the ESR value, the
cell-bars which connects the SCs and the power cables.

• The cooling system to maintain the SCs in an optimum operating temperature range.
• The power electronics (conduction and conmutation) losses.
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Considering a literature review, there are many articles focusing on organizing and
summarizing the new published research advances of this type of technology, as collected
in [26]. This paper collects both small- and large-scale applications. For this purpose,
the applications have been classified in four main groups: electric traction applications;
renewable generation systems; microgrid and power grid connection applications; and
autonomous power systems for energy distribution and ships and aircraft applications.

Table 4. Main parameters of SCs cell for different manufacturers.

Characteristics
Maxwell

[19]
Skeleton

[20]
Ioxus [21] EATON [22] Kamcap [23]

Ls Mtron
[24]

Vina Tech
[25]

Yunakaso
[23]

Rated voltage 2.7 V 2.85 V 2.85 V 2.85 V 2.7 V 2.7 V 2.7 V 2.7 V

Initial rated
capacitance 3000 F 3200 F 3000 F 3400 F 3000 F 3000 F 3000 F 3000 F

Initial ESR 0.29 mΩ 0.14 mΩ 0.20 mΩ 0.23 mΩ 0.29 mΩ 0.23 mΩ 0.28 mΩ 0.28 mΩ

Operating
temperature

range
[−40 ◦C , 65 ◦C]

Maximum
current 1900 A 3100 A 2700 A 2700 A − − − 2200 A

Maximum
Leakage
current

5.2 mA 11 mA 4.5 mA 8 mA − − 5 mA

Figure 4 shows the percentage of scientific publications in the last five years related to
SCs for the four application groups:

• The most published topic is related to the use of SCs in electric traction applications.
This group represents 50% of the published studies. Most of them related to electric
vehicles (EV) or hybrid electric vehicles (HEV).

• The second group of the most published topics is related to power grid applications.
Most of them are related to the improvement of the control strategy of a microgrid,
the voltage and frequency regulation, and the increase of the battery lifespan.

• The third position is for the group of studes related to the renewable generation
systems, especially solar PV, wind and wave energy sources. Finally, the last group
with 10% of the papers are those applications related to the autonomous power
systems, ships and aircrafts.

Figure 4. Classification of the research publications related to SCs in the last decade respect to their application.
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This paper describes the most important studies done for the three main groups which
represent most of the SCs present applications. Those groups collect almost 90% of the
whole researches related to SCs.

The information is structured into the following sections. Following this introduction,
in Section 2 the applications related to the electric traction are described. This section
collects both the railway and the road vehicles. This is followed in Section 3, describing in
detail the applications related to the renewable generation systems, which include solar,
wind, wave energy and hybrid generation systems. In Section 4, those studies that analyze
the electrical systems connected to the grid are detailed; within them, there are topics
as frequency regulation, voltage drop problems, etc. Furthermore, this group includes
those researches related to microgrids. Finally, the paper concludes with Section 5, which
contains a summary of the most important aspects covered, as well as the future prospects
of the technology based on the information provided for different applications.

2. Electric Traction Applications

The electric traction drives can be applied to diverse means of transport that use the
road or rail transport modes. Regarding the road mode, SCs might be applied in:

• Means of public transport power by catenary
• Hybrid electric vehicles
• Pure electric vehicles

On the other hand, within the vehicles that move on rails, it is possible to distin-
guish between:

• Heavy-rail catenary supplied vehicles
• Heavy-rail diesel–electric vehicles
• Light-rail rapid transit vehicles

Whether they are vehicles that move on rails or on the road, they have a common
structure: a traction drive and control system. Its power stage is formed by the traction
motor, the power electronic converter, a braking chopper or dynamic brake and a high
impedance/ high power density power supply. This power supply has the capacity to
absorb high power consumption peaks, while the power inverter drives the traction motor,
and the braking chopper limits the DC voltage during braking dissipating the excess energy
into a resistor. Figure 5 shows a general electric scheme of the traction system for this type
of vehicles.

Figure 5. Electrical diagram of a traction converter connected to a high energy/high impedance
power source.

Regarding the stages in which the route of a vehicle can usually be divided, the
followings are distinguished:
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I. Acceleration section (beginning of the route): During this acceleration stage, the
vehicle goes from zero speed to nominal speed. Moreover, during this phase, the
power consumed begins to increase until it reaches its maximum value when the
vehicle reaches its nominal speed.

II. Nominal or cruising speed: At this stage, the power drops till a minimum value
required to maintain the vehicle speed at its nominal value.

III. Braking or deceleration phase (end of route): During deceleration, the kinetic energy
of the vehicle is transformed into electrical energy by means of a regenerative braking.

As a consequence, the power fluctuations are very high: positive, minimum and
finally negative. The problems in the power system derived from this highly irregular
power profile are:

• Fluctuations in the supply voltage and instability [27].
• Higher losses in the power system.
• Significant energy consumption due to not being able to take advantage of the braking

energy: not reversible power supplies and braking chopper.
• Oversized power system due to the need to fully supply the energy consumed by

the vehicle.

A possible solution to the aforementioned problem is the inclusion of a storage system
in the vehicle’s power train to supply/absorb high power peaks for short periods (accelera-
tion and deceleration section) and to recover braking energy by eliminating or reducing
considerably the size of the chopper. When sizing the storage system, it is required to
define the maximum power peaks (positive and negative) and the stored energy level.
In general, those vehicles use other main power systems and the storage system would
usually operate for periods of less than 1 min. Considering the particular characteristics of
SCs (high power density and low energy density), they are a highly recommended option
for this type of application.

2.1. Electric Drive for Rail Vehicles
2.1.1. Heavy-Rail Catenary Supplied Vehicles

This category mainly includes transport locomotives such as high-speed short-distance
passenger and freight trains [28]. In general, the traction system of these vehicles is fed
from an overhead line (primary power supply) through a pantograph. The voltage level
varies depending on the country, generally 1.5–3 kV DC (short-haul train) or single phase
25–50 Hz (short and long-distance trains). Figure 6 shows a typical block diagram of a
common heavy-rail catenary supplied traction drive without any ESS.

Figure 6. Simplified electrical diagram of the traction drive of a heavy-rail catenary supplied vehicles.
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There are several researchers that describe the use of SCs in this type of vehicle. Dutta,
O. [29] proposed a mathematical optimization methodology and a model of a stationary
storage systemfor a DC rail transportation application, New York City Transit (NYCT).
In this study different technologies are compared, including batteries, flywheels and SCs
working independently or together. The results of the optimization process are based
on the percentage of energy savings because of regenerative braking, voltage regulation,
reduction in peak demand, estimated payback period and system re-siliency. The paper
concludes that the cheapest storage system to operate autonomously are SCs. On the other
hand, it highlights that regarding the the resilience of the system, a hybrid system made
up of batteries and SCs is the economic option as long as the percentage of regenerative
braking energy recovery is greater than 30%.

Khodaparastan, M. [30] compares two storage technologies (SCs and high-speed
flywheels), from an economic point of view, to take advantage of the braking energy of a
continuously powered train (650 V rectified voltage from the utility grid AC 13 kV). Two
case studies are presented depending on the objective to be achieved: reduce the demand
peak or stabilize the supply voltage. A cost analysis of both technologies is also performed
for both purposes. It is concluded that the flywheel is the most suitable technology from the
economical point of view. However, due to their technical characteristics, both technologies
are appropriate for the purpose described.

Chen, J. [31] also proposedthe use of SCs to take advantage of the regenerative braking
of a high-speed railway powered by a 27 kV AC catenary. The storage system is connected
through a bidirectional DC/DC converter to the intermediate DC stage of a back-to-back
converter, whose input and output are connected to two different points on the main power
line of the trains. A state machine logic is proposed with four states (charge, discharge,
transfer and standby mode) and transitions between them depending on the power line
charge level and the maximum state of charge (SoC) of the ESS. One of the back-to-back
converters acts as the master converter and the other converter and the DC/DC of the
SCs act as slaves. The proposed control coordinates the operation of several converters to
stabilize the DC bus voltage, improve the power supplyquality in high-speed railways and
take advantage of braking energy. The cost savings will depend on the policy of power
utility companies for the returned regenerative braking energy.

Zhong, Z. [32] proposes SCs as an on-board storage system to absorb braking energy
and completely replace the brake resitor (see Figure 7). Despite the weight that this
implies, it is justified that the storage system is on board and not stationary in order to take
advantage of the whole braking energy and to be able to completely replace the on-board
brake resistor. A hierarchical optimization energy management strategy is proposed based
on an additional power stage in series, connected between the inverter of the traction motor
and the main supply voltage (DC). The storage system would be connected to the DC stage
through a bidirectional converter. The three benefits extracted from this configuration are:

1. The voltage level of the DC stage is adjusted to its optimal value to extract the
maximum torque for each speed.

2. The use of braking energy in any operational scenario.
3. A 10% reduction in system losses is achieved by adjusting the SCs duty cycle in

real time.

Xu, C. [33] presented a study related to the use of SCs to extend the service life of
the pantographs that feed high-speed trains. The arcing phenomenon due to the irregular
movements of the trains and the intermittent line pantograph disconnection reduces its
useful life. Morreover, it can even damage onboard equipment and measuring elements.
In this study, the SCs based ESS absorbs the inductive energy and reduces the surges in
the power line. The strategy to manage the system energy between the storage system, the
train and the main power system is analyzed and validated by simulations to compensate
the voltage fluctuations and take advantage of braking energy.
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Figure 7. Topology of onboard-wayside supercapacitor hybrid energy storage system extracted
adapted from [32].

2.1.2. Heavy-Rail Diesel–Electric Vehicles

This section analyzes the applications of SCs in Heavy-Rail Diesel—Electric Vehicles.
These types of vehicles run on fossil fuel and are commonly used in North America and
some European countries [34]. The traction scheme of this type of vehicle is composed of
an internal combustion engine (ICE) group (gas engine, petrol engine, diesel engine, or
gas turbines) coupled to an electric generator that, through two power converters, feed
the traction motors. They have also an energy dissipation system to evacuate the braking
energy (DC chopper). A typical electrical diagram of this type of vehicle without any ESS
is shown Figure 8.

Figure 8. Simplified electrical diagram of the traction drive of diesel-electric vehicles with permanent
magnet synchronous generator (PMSG).

Da Silva Moraes, C.G. [35] proposed a hybrid storage system (lithium-ion batteries
and SCs) whereby a percentage of the braking energy is used to power auxiliary equipment,
while the ICE group remains the main power supply for the traction motor. Thids would
reduce the cost and volume of the diesel group. SCs are used as buffers to absorb rapid
power fluctuations in a multiport configuration in which each storage system consists of a
DC/DC converter.

2.1.3. Light-Rail Rapid Transit Vehicles

Light vehicles powered by a catenary constitute a type of transport that is normally
used for moving passengers in urban environment [36]. The locomotive or towing vehicle
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is powered by an overhead line through a pantograph. The catenary in turn is fed by a
power supply substation. The supply voltage level varies from one country to another,
stablishing in most of them in the range of 1.5 kV or 3 kV. Figure 9 shows the most common
electrical scheme used by this type of vehicle without any ESS. A three-phase inverter is
usually used to power the traction motors from the catenary. On the other hand, it also has
a DC/DC converter (DC chopper) to evacuate the braking energy.

Figure 9. Simplified electrical diagram of the traction drive of light-railupplied vehicles.

In the literature, there are several papers that study the SCs introduction in the feeding
scheme of this type of vehicle. Zhang, X. [37] studied the existing problem arises due to
the overcurrents suffered by the SCs that feed some light urban transport vehicles during
charging from the catenary. This problem is more serious when, due to power needs, it is
necessary to connect several chargers in parallel. These overcurrents also cause accelerated
aging of the SCs. The authors propose a protocol to coordinate the load of the different
storage systems to reduce the current overshoot without hardly increasing the load time.

The study proposed in [38] shows a power management control of wayside lithium-
ion capacitor to improve the efficiency of a light railway vehicle. The particularity of
this paper is it concludes the SC technology that best suits the present application are
Li-ion capacitor and not EDLC due to its higher energy density. The energy stored during
regenerative braking is used again during the acceleration section. The energy management
strategy is based on monitoring the SCs SoC and the current vehicle speed. Other important
conclusions drawn from the study are that the peak power of the power supply is reduced
by up to 46% and the maximum energy saved represents 30% of the energy consumed by a
system without an ESS.

Zhu, F. [39] suggests a hierarchical control of a stationary supercapacitor-based energy
storage system to save energy by taking advantage of braking power. The main power
supply for the vehicle is a 750 V or 1500 V voltage catenary. The ESS is connected to this
DC bus through a DC/DC converter. A real case study is described and analyzed in which
the proposed control strategy is applied with a maximum energy saving of 12%.

Additionally, although no references related to real applications have been found, it is
worth mentioning the possibility to use energy storage for ultrafast rail vehicles, mag-netic
levitated trains, and the hyperloop, resulting in an especially convenient option in the
second one, since the use of a power supply just for the acceleration leads to the use of
short-term energy storage [40].

2.2. Electric Drive for Road Vehicles
2.2.1. Public Transportation Catenary-Supplied Vehicles

This section describes the applications of SCs in urban passenger transport vehicles
powered by a catenary. This type of vehicle is usually known by the name of trolleybus [41].
The difference respect to light vehicles is the electrical circuit is not closed by the rail,
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but the catenary must consist of two poles. The predominant electrical scheme of this
type of vehicle is shown in Figure 10. The catenary voltage is usually a direct voltage of
600–900 VDC generated from a three-phase rectifier connected to an electrical substation.
The equipment on board the vehicle is made up of the inverter that feeds the traction
motor and an electrical braking to avoid overvoltages in the power line (catenary). The
trend in this type of transport is to replace the chopper with an ESS to take advantage of
regenerative braking energy, save a percentage of energy, and, in a second step for the
electrical power system, to place charging points in different sections of the route.

 
Figure 10. Simplified electrical diagram of the traction drive of public transportation catenary-
supplied vehicles.

Cignini, F. [42] made a comparison of four prototypes of electric buses with an on-
board storage system to fulfill certain speed requirements in a specific time. The study is
carried out from the real data taken from the vehicles (energy consumption, acceleration,
and maximum speed) in different scenarios. The four storage technologies being compared
are a hybrid energy storage system (HESS) consisting of:

1. SCs and absorbent glass mat (AGM) lead batteries.
2. SCs and lithium-ion batteries.
3. SCs and lead-acid batteries.
4. SCs and lithium-ion iron phosphate batteries.

An economic analysis is also carried out to complement the previous comparison
from a life cycle cost point of view. The paper concludes that the best option (lowest cost)
is formed by SCs and lithium-ion batteries followed by option 1 (SCs/AGM batteries). On
the other hand, from a technical point of view, option 2 is the best because it is the option
that supports the highest charging rates.

Soltani, M. [43] proposed a HESS made up of lithium batteries and lithium-ion capaci-
tor (LiC) as the only power source for a city bus. LiCs complement the use of batteries to
extend their useful life by reducing the power peaks in the acceleration and decelaration
stages, supplying/absorbing that energy in the LiCs. This study proposes an electrical,
thermal and aging model of each ESS is presented and a methodology for the distribution
of power requirements. The research concludes the HESS, compared to the ESS made
up only of batteries, reduces the size of the energy storage required by 30% and the cost
by 16%. The reason for this development is the increase of the battery lifetime and an
improvement in the dynamic response and efficiency of the system.

2.2.2. Hybrid Electric Vehicles (HEVs)

SCs also have application in hybrid electric vehicles. This type of vehicle combines
an ICE group and an electric drive. The aim of the electrical system is to operate at the
point of maximum efficiency of the motor at each situation. The main elements are a fossil
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combustion engine, an electric traction machine (generally a permanent magnet machine),
a power converter and an ESS. According to the arrangement of these elements, four
different configurations are distinguished: (1) series based on ICE, (2) parallel based on
ICE, (3) series-parallel based on ICE, and (4) plug-in based on ICE.

In the series configuration the heat engine and the electric drive share the traction
shaft (see Figure 11a). In the parallel configuration, the thermal motor and the electric
drive are connected through a transmission element (see Figure 11b). In ICE based on
series-parallel, the hybrid double conversion, the heat engine and the electric drive are
interconnected through an electrical link as shown in Figure 11c. The ICE-based plug-in
has the same characteristics as the parallel-based ICE, but it allows one to recharge the
battery with an external charger (see Figure 11d).

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 11. Simplified electrical diagrams of different traction drive configurations in HEV adapted from [44]: (a) ICE-based
series; (b) ICE-based parallel; (c) ICE-based series-parallel; (d) ICE-based plug-in.

In the literature, there are several studies which propose to include SCs in HEVs to
improve their efficiency and reduce the cost of their powertrain. Passalacqua, M. [45]
describes the future possible advantages of a serial versus parallel architecture due to
the development of the technology of the power elements (power electronics and ESS)
that make up the powertrain of a medium size HEV. An SC-based ESS is proposed as a
storage system. Results obtained in simulations are presented where fuel consumption is
shown for different speed profiles (road missions) and serial vehicle configurations. The
vehicle studied is based is equipped with a diesel engine, SiC power converters and SCs in
series configuration. The paper concludes that the serial configuration and the proposed
energy management system (EMS) achieve an energy saving of 35–48% compared to
conventional configurations.

Passalacqua, M. [46] also described and analysed how the sizing of SCs affects engine
number of starts (comfort) and the amount of energy that can be stored during braking.
A review of the characteristics of a series configuration in HEVs is made and SCs are
studied as the only storage system to make series configuration more efficient compared
to the parallel configuration in a HEV. An EMS and seven experimentally measured road
missions are proposed to calculate the required energy from the ESS to recover all the
braking energy. From the point of view of the need for storage energy, mountain mission is
the most demanding. The energy needs for the road missions studied are 150–200 Wh with
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an approximate weight of 40–50 kg. It is suggested that, if LiCs are used instead of EDLC
technology, the storage weight would be reduced to 25–35 kg.

2.2.3. Electric Vehicles (EV)

EVs are vehicles with a pure electric powertrain, i.e., without another power source of
a nature other than electric [47]. Figure 12 shows an overall diagram of the traction system
in this type of vehicle. In general, the parts that make up the electric drive of an EV are: an
ESS (electrochemical battery, fuel cell), a power converter, and an electric traction drive.
Depending on the ESS, a braking resistor is necessary (e.g., fuel cells as power source) or
not (battery) to dissipate the braking energy.

Figure 12. Simplified electrical diagram of the traction drive of EVs.

As in the previous sections, there are studies which analyse the inclusion of SCs in
the electric drive of an EV to improve its dynamic response and reduce the cost of the
ESS because of the higher battery lifetime. One of these studies is [48], in which a HESS
made up of batteries and SCs is analyzed to be used in EVs. Two options of EMSs are
proposed, one based on a low pass filter with a fuzzy logic controller and another based on
an adaptive proportional integrator. This control distributes the power supplied between
the battery and the SCs during acceleration and stores the energy during braking in the SCs
considering their SoC. A simulation study has been done for different drive cycles (New
York City cycle, Artemis urban cycle, and New York composite cycle). The conclusions of
the paper are as follows. The proposed control strategy allows to reduce the variation of
the voltage, higher SoC of the battery and efficiency, lower losses in the battery, a reduction
of the current ripple through the battery, and a slight increase in temperature. In this
case, no economic analysis is performed to compare this configuration to one that uses
only batteries.

Sadeq, T. [49] also proposed an EMS for a HESS (battery/SC) to improve the dynamic
response of EVs. The proposed topology is a battery/SCs system in semiactive configura-
tion [50]. In order to distribute the power delivered by each ESS, two adaptive algorithms
(optimal adaptive and fuzzy adaptive controller) are compared taking into account the
profile traveled by the vehicle. Three profiles are simulated in MATLAB-Simulink at three
different speeds, demonstrating that the useful life of the batteries is increased due to the
reduction of the stress on the battery during high load operations. On the other hand, it
is concluded that the response of the vehicle with an optimal adaptive controller is better
than with a fuzzy adaptive controller in most cycles.

Additionally, the research described in [51] proposes a traditional topology of a HESS
(battery/SC) to improve the drawbacks of using a ESS made up only of batteries (high
cost, low power density and short cycle life). For the sizing of the ESS and the power
distribution, a bilevel multiobjective design and control framework with the nondominated
sorting genetic algorithm (NSGA-II) and fuzzy logic control (FLC) is described. The
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authors conclude that a good EMS allows reducing the dimensioning of the SCESS (size
and volume), achieving the same dynamic response as with a larger mass of the HESS.

Finally, regarding the most common topologies, Shi, R. [52] proposed a new topology
of a HESS comprising batteries and SCs is proposed to distribute the power needed by
an open winding motor. This topology connects both ESS to the electric motor through
a power converter (dual in-verter drive), which makes it easier for both the batteries and
the SCs to deliver the active/reactive power requirements (see Figure 13). This allows the
use of machines with a higher voltage level than those that can be used with a traditional
configuration. During the periods in which the required power is low, SCs remain in
stand-by to improve the efficiency of the set. Experimental tests are carried out with a
10-kW liquid-cooled EV motor.

Figure 13. Single stage HESS topology adapted from [52] for its integration in EVs.

2.2.4. Wireless Charging of EVs

This section describes the existing papers in the bibliography that propose the use of
SCs in wireless power transfer (WTP) systems for EV recharging. The selected papers have
been those considered most relevant in the last three years. In general, the use of an ESS, in
this case SCs, is justified to reduce the high fluctuations in power consumption and allow
the power flow in the charger to be bidirectional, increasing its versatility. The papers that
have been considered most relevant are described below.

Lu, W. and Geng, Y. [53,54] propose the inclusion of a HESS (SCs/lithium-ion batteries)
in WTP systems. Lu, W. [53] proposed a methodology for sizing the HESS for recharging
a 100kW electric bus during the time the vehicle is at one of the stops on the route. The
proposed methodology is applied to a laboratory prototype in which the output power is
analyzed based on the power transfer distance, reaching an efficiency of 89.6%. Addition-
ally, Geng, Y. [54] focused on the control strategy from the point of view of the efficiency
and cost of the system. The proposed strategy is based on the dynamic distribution of
power between both ESS to get the WPT system to work at the optimum power point
throughout the entire operating range. The strategy is validated in a 27.8 kW laboratory
prototype. The efficiency achieved of the WPT System is 93% with a reduction of the
required power of 27.6% compared with non optimal control charging.

Azad, A. [55] proposes the use of SCs as the only ESS to dampen power grid fluc-
tuations that occur in dynamic and wireless power transfer (DWPT) in EVs charging.
It seeks to ensure the stability of the network to which the charging point is connected.
A complete analysis of the system is carried out through simulation including the design
of the regulator and the modeling of the converter, achieving a reduction of grid transients
by 75%. Ruddell, S. [56] presents a new topology of a WTP system, also with SCs, for
the dynamic recharging of EVs. Experimental tests are carried out on a 3.8 kW prototype
highlighting the advantages of the proposed topology over the conventional ones due
to its reduced complexity and lower number of required switches. Finally, Wu, Y. [57]
also proposes SCs as an energy buffer for dynamic loading in WPT systems. The ESS
stores energy when the coupling is strong and discharges when the coupling is weak. To
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optimize the dimensioning of the ESS (smallest capacitance) and the pole spacing between
two adjacent transmission coils and capacitance of SCs (maximum distance) a genetic
algorithm is used. The proposed method is verified by simulations to demonstrate that the
WPT system allows for increasing the power density and reducing the construction cost
compared with WPT systems without SCs.

3. Renewable Generation Applications

There are two main problems in the operation of generation plants based on renewable
energy sources. The first is related to the fluctuating nature of the renewable resource and,
as a consequence, the fluctuation of the electrical power generated. Power fluctuation
injected into the grid can cause the variation of the point of common coupling (PPC)
voltage and affect the system’s stability [58]. The second problem is related to the operation
and behavior of the renewable generation system when there are disturbances at the grid
point where it is connected. In general, this section describes the existing papers in the
bibliography that include SCs as a possible solution to the problems discussed. This section
is divided into three main points depending on the renewable resource: wind, solar energy,
and wave energy.

3.1. Wind Energy

Wind energy is the renewable energy used mostly in the world. The power of wind
turbines today can reach up to 3 MW. However, the power generated is highly variable
as is the wind speed [59]. A generic electrical scheme used in wind turbines is shown in
Figure 14a. It consists of a variable speed wind turbine, an electric generator and a double
power conversion stage with two power converters. There are different variants, but
normally the converter connected between the generator and the intermediate continuous
stage controls the turbine pitch and the generator torque (maximun power in function of
the wind speed). On the other hand, the converter connected between the continuous stage
and the power grid regulates the DC bus voltage and the reactive power exchanged with
the power grid. Although the variation in the power generated can be reduced, it cannot be
eliminated due to the dynamic response of the pitch control, which for fast speed variations
is not capable of eliminating the fluctuation reflected in the output power. Another effect
to take into account is the power fluctuation as a consequence of the tower shadow effect
that causes a pulse in the torque and in turn a fluctuation in the output power.

Panhwar, I.H. [60] proposed a HESS (SC/lead-acid battery) to smooth the generated
wind power. The wind energy converter consists of a wind turbine mimicking converter
(wind turbine generator, rectifier and DC/DC converter), a SCs module, a charge controller
and a battery as shown in Figure 14b. The first DC/DC converter charges the SCs and the
charge controller control is designed to charge the battery from the energy stored in the SCs.
The conclusion of the paper is that the proposed configuration allows smooth charging and
extended discharging of the battery. On the other hand, the topology and the proposed
mode of operation causes reduced stress on the generator and ancillary components of
the circuit.

Liu, J. [61] also proposed a HESS (battery/SC) to smooth out the fluctuations of
wind power. The low-frequency components of the generated power are absorbed by the
battery and the high-frequency components by the SCs. That makes possible to reduce
the charge/discharge times of the batteries and thus extend their useful life. A control
strategy is proposed in which the SoC of the storage systems is taken into account to
avoid deep discharges, overloads and allow them to work at the optimum efficiency
points. Experimental results are presented in which a DC/AC converter controls the HESS
to achieve bidirectional active and reactive power exchange. The proposed strategy is
validated, demonstrating the optimal response of the HESS to improve power quality and
enhance the stability of power systems.
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(a) 

 
(b) 

Figure 14. (a) Simplified electrical diagram of a variable speed wind turbine with full-scale power
converter; (b) Wind Energy Conversion System with proposed HESS adapted from [60].

3.2. Solar PV Energy

Solar Photovoltaic (PV) panels are used to convert solar energy into electrical energy.
The system that extracts energy from the sun is made up of a solar panel and a power
conversion stage that connects the PV panel with the load or the electrical grid. The
power conversion stage (power electronic converter) can be single stage (solar PV panel
connected directly to the power inverter) or double stage (solar PV panel connected to a
power converter with an intermediate direct voltage stage). Figure 15a shows a possible
simplified electrical diagram of a double-stage solar PV plant connected to the electrical
grid. The problems associated with solar energy are the irregular generation of power,
maximum in periods of highest levels of solar irradiation or unregulated in partially
cloudy days.

Cabrane, Z. [63] proposed SCs to compensate voltage drops during short periods
of time in soalr PV systems connected to the grid. A coordinated control algorithm is
described to compensate the effects caused by the variable solar irradiance in PCC and
results obtained from simulations are shown. The algorithm applies a two-stage topology
with the SCESSS connected to the intermediate DC stage through a DC/DC converter.

Ma, W. [64] proposed a HESS composed of batteries and SCs to smooth out the power
fluctuations of solar PV systems. A multi-objective optimization model is established to
split the required power between both ESS. The variables that are taken into account in
the algorithm to decide how much power each one contributes are: power losses, lifetime
aging, cost of batteries and the SoC of the SCs.

Cabrane, Z. [62] proposes an EMS for a HESS (battery/SCs) applied to PV energy
in order to stabilize the DC voltage. Different topologies are compared (hybrid passive
parallel, semi-active, and multiple converters) for the connection of SCs and batteries in
photovoltaic energy systems. The advantages and disadvantages of each of them are listed.
The control proposed by the authors applies to the configuration of multiple converters.
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For the distribution of the necessary energy between batteries and SCs, a low pass filter is
applied. Proportional integral (PI) controllers are used to regulate the DC bus voltage. The
output of these regulators is the ESS charge/discharge current reference. Finally, results
obtained from simulations are shown and the SoC of batteries is compared for different
filter constants.

(a) 

 
(b) 

Figure 15. (a) Simplified electrical diagramam of grid connected double conversion PV system;
(b) Structure of a multiple converters configuration with maximum power point tracking (MPPT)
adapted from [62].

3.3. Wave Energy

Another source of renewable energy is the energy extracted from waves. Currently
there are different systems capable of extracting energy from waves, commonly known
as wave nergy converter (WEC). As in the case of other renewable sources, the energy is
converted and delivered into the grid by means of a power take-off (PTO). The intermittency
associated to the wave energy causes a continuous imbalance between the power generated
and the power demanded leading to potential power quality problems, such as voltage and
frequency deviations, specially in weak electric grids with high penetration of renewables.
The period of the wave energy generated is in the range of 1–10 s, causing frequency
variations and voltage distortion, such as flicker and harmonics at the grid connection
point [65–68]. Figure 16 shows a general scheme of WEC solution.
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Figure 16. Simplified electrical diagramam of a WEC+PTO with linear generator connected to
the grid.

Nunez Forestieri, J. [69] proposes an integrative sizing and EMS based on reinforce-
ment learning (RL) for a HESS (SC/undersea energy storage) applied to grid connected
operation of an offsore wave energy source. Different power profiles are used to verify the
adaptability of the reinforcement learning-based energy management system (RLEMS).
Real-time simulations confirm that the power and energy of the HESS is reduced when
EMS is con-sidered in the sizing stage. The number of SC cells and the rate power of the
undersea energy storage calculated with the proposed RL-based sizing allows to reduce the
required capacity (power and energy) of the HESS to regulate power oscillations. Real-time
simulation results are also presented that validate the viability of the proposed method
(sizing and EMS) for applications in grid-connected renewable generation systems.

Rajapakse, G. [70] applies a predictive control model to smooth the power delivered
to the network of an oscillating water column (OWC) wave energy conversion (WEC). Due
to the nature of the resource, as well as the duration of the high-power pulses generated
by the air turbine plus permanent magnet synchronous generator (PMSG) on which the
study is based, SCs technology is considered the most suitable for this purpose. SCESS is
connected to the intermediate DC stage of a back-to-back converter through a bidirectional
DC/DC converter. Simulation results are shown in which the model predictive control
(MPC) strategy is used, taking as one of the criteria that the SoC of the ESS remains within
the limits established to extend the useful life. The THD of the output current obtained in
simulations is lower than 5%, below the grid code requirement.

4. Power Grid Connection Applications

In this Section, the applications related to electrical systems, especially in electric
grids and microgrids, are collected. Within them, the most published topics have been
listed, describing in detail the use of SCs as well as the most relevant bibliography. Those
studies are related to the limitations of the renewable energies sources, especially with
their oscillatory nature, and the requirement of introducing flexibility in the electrical
systems. This entails the integration of an ESS in order to increase the stability of the grid,
absorbing or delivering energy, improving the voltage and frequency regulation of the
electrical systems.

4.1. Grid Regulation: Voltage and Frequency Compensation

The increasing trend of integrating RES into the electric grids induces in the uncertainty
in their operation and control. Their massive penetration into the power systems forces
to increase the flexibility of the electric grid, due to the vulnerability of RES towards
the unforeseeable variation of meteorological conditions. Related to this issue, ESS are
a potential solution to support RES penetration, especially the hybridization of multiple
ESS forming a hybrid energy storage system (HESS). This system has ability to fulfil
all the requirements of a certain application. However, the limitation of the solution is
its complex control strategy, since it plays a key role in optimizing the capabilities of
each technology. Related to this scenario, the uses of SCs in the literature are focused on
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improving the performance of the RES and the electric grids, collecting those studies in the
following topics:

• Smoothing the power generated by renewable energy plants in order to mitigate the
harmonics of the power injected to the grid.

• HESS control strategy improvement, especially controlling the power and energy flow
between the renewable generation sources and the storage systems, with the aim of
improving their capabilities against the frequency and voltage fluctuations.

• Introduce the flexibility required by the electric system to improve the voltage and
frequency stability.

• Increasing the lifetime of batteries, using the SCs to suppress the high-frequency
oscillations and the batteries to smooth the low-frequency power fluctuations.

Babu, T.S. [71] presents a review of the control strategies proposed in the literature
for HESS. The paper classifies the control techniques into interconnection topologies,
classical control strategies, advanced control techniques and real cases studies, being briefly
discussed with their limitations, see Figure 17. The study collects the challenges faced
when an implementation of HESS for standalone microgrid or a grid connected is made.
This paper shows a guide to several control techniques implemented for HESS on grid
connection applications.

 
(a) 

(b) 

 
(c) 

 
(d) 

Figure 17. Main interconnection topologies for a HESS, formed by a high power storage (HPS) and a high energy
storage (HES): (a) passive, (b) semi-active and (c) active adapted from [71]; (d) Classification of HESS control techniques
adapted from [71].
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The study [72] proposes a strategy to manage a HESS in renewable generation systems
which currently require controlling bidirectional power flow. The device is composed
by a direct connection of a battery and a SCs unit linked through a dc-dc converter. The
proposed strategy includes a power control loop which distributes the power flow through
each device, achieving an optimized performance, providing grid-frequency regulation
and maximizing the lifespan of the batteries, reducing their number of cycles. As in other
researches, the SCs perform the fast response, absorbing the high-frequency term and
the batteries provide the long-term power fluctuations. The HESS are controlled using a
droop control strategy that considers the converter characteristics, SC voltage levels, and
power demand.

Manandhar, U. [73] presents a new energy management scheme proposed for a grid
connected HESS, composed of the battery and the SC, under different operating scenarios.
The objective of the proposed energy management scheme is to reduce the stress in the
battery system, controlling the dynamic power sharing between the battery and grid. The
study presents a faster DC link voltage regulation to a generation and load disturbances, a
reduced rate cycle on the BESS based on its state of charge. Finally, the SCs are in charge
of absorbing the high-frequency power fluctuations, reducing the stress on the BESS, and
maintaining the SOC limits of energy storage within the safe operating region.

Akram, U. [74] presents an innovative design and operation framework for a BESS and
a HESS used for frequency regulation in the electric grid. The proposed design considers
the total system cost, the investment, replacement and maintenance cost, as well as the
penalty imposed due to not supplying the required regulation service. Moreover, this study
shows a comparison based on cost per unit between two scenarios: a HESS and a BESS
used both for frequency regulation. The results show that the HESS is more economical.

Nguyen-Huu, T. [75] proposes a coordinated operating control of a HESS (SCs unit
and a battery bank) that provides frequency regulation service. The control, based on a
droop control with the state-of-charge (SoC) feedback, includes the power flow scheme
between the ESSs considering the coverage of the frequency band for each device, as
well as the SoC of the SCs and batteries. Moreover, this study provides a guideline for
dimensioning the HESS based on based on the smoothing time constant, droop rate, and
renewable energy source power rating. The benefits of this method are improving the
lifespan of the battery, estimated using a real-time state-of-health (SOH) method based on
the temperature, SOH, and throughput degradation.

Pham, V.L. [76] proposes a triple active bridge converter for what will be DC grid in
the future. This system is an isolated bidirectional DC-DC converter, used in DC grids
and integrated energy systems, composed by different types of renewable energies and
storages, such as the photovoltaic and battery systems in grid connection applications
or fuel cells and battery/SC in EVs. The advantages of the triple active bridge converter
include multiple interfacing ports with isolation, achievable implementation of centralized
controls, and improved flexibility of electric systems.

Georgious, R. [77] presents a control strategy for a buck-boost bidirectional converter
used in a HESS for DC microgrids. The HESS connected to the DC bus is formed by a Li-ion
battery bank and a SCs unit, combined to achieve the energy and power requirements.
The control strategy shows a DC bus short-circuit fault-tolerant scheme which provides a
protection to HESS and the converter during a short-circuit fault.

Arkhangelski, J. [78] presents a study of a hybrid renewable energy system (HRES),
which includes a HESS formed by SCs and batteries, as a reliable source to connect to
the grid. This grid connection imposes restrictions relating to the power delivered and
its harmonic content. The aim of SCs is to absorb the high-frequency fluctuations of the
power along with smoothing the power of the batteries. This study proposes the use of
a low-pass second order filter, which splits the high-frequency component for the SCs
and the low-frequency component for the battery system. This solution greatly increases
the reliability and durability of the HRES. The results show that the proposed strategy
improves the lifetime of the batteries (see Figure 18).
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Figure 18. Scheme of model studied adapted from [78].

Malkawi, A.M.A. [79] shows the benefits of using a SCs-based ESS along with batteries
in a HESS to mitigate the impact of high and fast current variations on the losses and lifes-
pan of the batteries. The system is used in DC nanogrids and microgrids with distributed
renewable sources, see Figure 19. This paper presents a HESS controlled as a single unit
or each ESS module independently, since if the SC interface is controlled independently
from the battery interface, the SCs are able to produce both high and short current pulses,
reducing the voltage variations, improving the voltage regulation.

Figure 19. Scheme of the SC nanogrid adapted from [79].

Fang, J. [80] proposed a HESS comprising a battery system and SCs to manage the
coordinated control of the ESSs as virtual synchronous generators (VSGs). The study uses
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a control where the SCs attendant the fast-changes power modeled as an inertia and the
batteries provide the remaining parts of the VSGs, compensating with slow dynamics and
a droop control, the long-term power fluctuations.

4.2. Microgrids

The use of SCs in a microgrid is linked to a HESS, i.e., the use together with batteries.
Within this approach, researchers are focused on improving the performance of a microgrid,
analyzing the following topics:

• Lifespan improvement of the batteries, using the batteries to smooth the low-frequency
power fluctuations in the long-term, while the SCs suppress the high-frequency oscil-
lations.

• Capacity and dimensioning optimization of the HESS required to fulfill with the
Microgrid restrictions.

• Consumption reduction by diesel groups or fuel cells.
• Control strategy improvement of the microgrid, especially in controlling the power

and energy flow between the renewable generation sources and storage systems, with
the aim of improving their behavior in transients and faults.

• Voltage and frequency regulation.

Khalid, M. [81] presents a comprehensive review of the research development of the
hybrid storage topic over the last two decades. In this paper, each application-focused
is thoroughly and independently investigated. The HESS-focused application comprises
battery and SC modules, which have complementary characteristics improving their scope
in various fields. The review collects research works about regulation of renewable energy
sources; grid regulation, especially voltage and frequency compensation; energy storage
enhancements, including lifespan improvement, and capacity reduction; and regenerative
braking in electric vehicles.

Torkashvand, M. [82] compared a battery ESS and a hybrid energy storage system
combining SCs with Li-ion batteries and lead-acid batteries for islanded microgrid ap-
plications. This study presents the economical effective of the hybridization, as well as
the dimensioning calculation of the ESS to use in the energy management and frequency
control of microgrids operating in islanded mode. The results show that the HESS with SC
has considerable cost reduction.

Zhu, Y. [83] proposed a strategy based on droop control method for a HESS, comprised
of a battery and a SC module, under unbalanced load and nonlinear load conditions. The
battery system works in droop mode, providing energy and fundamental active power,
i.e., the static performance. Meanwhile, the SC module works in compensation mode,
providing the reactive power required, as well as transient changes in the power conditions.
This strategy provides better system performance, especially in unbalanced and nonlinear
load conditions. Moreover, microgrid stability and the battery lifespan are increased, as
well as the power quality.

Oriti, G. [84] presents a novel power flow control system for a remote military micro-
grid with a HESS, combining batteries and SCs to increase the battery life redirecting the
higher frequency current over the SCs. Moreover, this analysis considers several configura-
tions for SCs and filter parameters to achieve the highest cash flow for the overall system,
reducing the fuel consumption for the diesel generator. Finally, these results are linked
with the sensitivity analysis of the economics of the military microgrid.

Oriti, G. [85] describes an economic analysis combined with a novel power flow
control strategy for an energy management system (EMS) involving a HESS. This device is
formed by a battery and a SCs module. The aim of the study is increasing the lifetime of the
batteries, introducing a SCs module on the EMS to absorb the higher frequency currents,
leaving the slow current changes for the batteries. Moreover, the lifetime effect over the
economics of the system is analysed.

Akram, U. [86] describes a methodology for the joint capacity optimization of two
renewable energy generation system (wind and solar PV) and a HESS, comprised of
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batteries and SCs. The optimization problem of the sizing the HESS, solar and wind systems
of the microgrid comprises the objective of minimising the cost, improving the reliability
and reducing the greenhouse gases emissions. The results show that a microgrid with a
HESS is more reliable and has lower greenhouse gases emissions and an economical benefit.

Ghosh, S.K. [87] proposes an energy management system (EMS)-based control scheme
for DC microgrids with solar photovoltaic systems as the primary generation and energy
storage systems, comprised by a battery ESS and SCs. The main feature of the study is to
improve the dynamic performance of the microgrid during severe transients, especially
in changes of the load demands and power oscillations of the PV units. Moreover, the
EMS aims to increase the lifespan of the battery ESS and improve the voltage stability. The
control strategy uses proportional-integral (PI) controllers to regulate the switching control
actions based on the decision of the EMS achieving the desired objectives.

Kamel, A. [88] presented in the above studies, a control strategy based on a classic PI
controller for an EMS and an isolated microgrid is described. It combines PV panels, FC
as power sources and batteries and SCs as ESS. The system includes a maximum power
point tracking (MPPT) to maximize the harvested energy from PV units. The aim is to
optimize the energy management in the microgrid and the cost savings, using different
control strategies, and reduce the hydrogen consumption. The PV array supplies the main
power and the FC compensates the transient fluctuation of the solar source. Meanwhile,
the battery and SC are used to solve the problems of slow response of the FC during the
fast change of the load power and to remove the peak power from the system.

Wu, T. [89] introduces an improved hierarchical control strategy which considers
the energy storage status of a distributed hybrid energy storage system, leading to the
inconsistency of the remaining capacity of the energy storage system in the process of
system operation, improving the stability of the microgrid.

Yu, M. [90] proposes a new control method for a HESS to improve the power quality
and the fault ride-through capability of islanded forest microgrids. The system is composed
by a wind turbine as source and batteries and SCs as energy storage. The method includes
a basic control scheme represented by a mode-based sectional coordinated control, and an
improved strategy for the HESS, using the batteries to smooth the low-frequency power
fluctuations in the long-term, meanwhile the SCs suppress the high-frequency oscillations.
A predictive control of the converters is adopted to reduce control delay and ensure the
effectiveness of the energy storage power converters. Moreover, as an additional energy
storage unit, a wind turbine is used, analysing its capacity of suppressing the huge power
disturbance thanks to its large rotating kinetic energy, improving the fault-ride through
capacity of the microgrid.

5. Conclusions

The present manuscript describes the most relevant papers that propose the integration
of SCs in electric traction drives, renewable energy sources, and grid connection applications.

Regarding the publications related to electric traction drives, the largest number of
them are related to the use of SCs in EVs. Regarding heavy-rail catenary supplied vehicles,
most publications focus on the analysis of a DC catenary voltage (1.5–3 kV) against AC
(25 kV), because DC voltage levels facilitate the integration of SCs without additional power
electronics. SCs in heavy-rail vehicles are used to regenerative braking energy recovery
and to stabilize the supply voltage. Energy savings with an ESS is around 12–20% and
economic viability will depend on the incentives of each country for the energy returned to
the grid. In relation to heavy-rail diesel-electric vehicles, there are hardly any publications
because there are few vehicles of this type, due to thatsupply energy is based on fossil fuel
sources. In light-rail rapid transit vehicles, SCs are proposed as one of the most appropriate
technologies to function as a supplementary power source to the main one, absorbing high
power peaks and recovering part of the braking energy. In this application there are also
papers that highlight, in terms of cost, Li-ion capacitors (higher energy density) technology
compared to EDLC technology.
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Regarding electric drive for road vehicles, most of the papers suggest the use of SCs
to work in a coordinated manner with batteries as an on-board hybrid storage system
(HESS). In the case of public transportation catenary-supplied vehicles, the ultimate goal is
to replace the catenary with a HESS with charging points in different sections of the road.
Different battery technologies are compared, and strategies are proposed in order to split
the required power between SCs and batteries. SCs/lithium-ion batteries combination is
the one that offers the best results from a technical point of view. It is also contemplated to
replace EDLC technology with Li-ion capacitors due to the latter having a higher energy
density (reduction in weight and volume of the ESS), which is an important aspect in on-
board systems. The papers related to HEVs study the feasibility of alternative powertrain
architectures to the parallel configuration (generally considered the one that offers the
best overall efficiency) to reduce fuel consumption when SCs are used as the only ESS. On
the other hand, the papers related to EVs study the inclusion of SCs as part of the power
system to extend the useful life of the batteries. In both cases (HEVs and EVs), an EMS is
necessary to maximize the efficiency of the entire system. Controllers based on fuzzy logic
and adaptive algorithm are considered essential tools to optimize the power distribution
between SCs and batteries in the case of EVs.

Regarding the papers related to the inclusion of SCs in renewable energy systems
(wind and PV solar), most of them consider a HESS (SCs/batteries). In the particular case
of wave energy systems, SCs are considered as single and sufficient ESS due to the nature
of the resource (high power and low energy peaks) and due to that main requirement is
reduction of power oscillations. Solar PV and wind power systems need higher energy
density ESS (e.g., batteries) in addition to SCs. The papers related to the inclusion of SCs
in solar and wind applications are based on studying the optimal configuration for the
connection of the HESS. Multi-objective optimization algorithms are also proposed for
dimensioning of energy storage system and control strategies (e.g., low pass filter) to split
the required power between both ESS. On the other hand, in wave energy applications the
use of reinforcement learning-based energy management system is proposed in the SCESS
sizing methodology to reduce and optimize the power and energy required. On the other
hand, it is necessary to take into account the SoC of the ESS in the control strategy for the
operation of the system.

Regarding the power grids applications, SCs are focused on improve their perfor-
mance. The results of the studies show that the use of SCs together with batteries as a HESS
improves the voltage and frequency stability of the electric grids, as well as the flexibility of
the system allowing to introduce a higher number of renewable energy plants. Moreover,
the SCs allow to use an advanced control strategy for the HESS, improving their efficiency
and their capabilities against frequency and voltage fluctuations. Finally, the use of a HESS,
composed by a high energy system and a SC based ESS, allows to dimension the system
with high accuracy in order to fulfill the grid codes requirements and minimize its cost
and maintenance.

In a nutshell, some generic conclusions of the use of SCs in the mentioned applica-
tions are:

• SCs can act as a buffer against large magnitudes and rapid fluctuations in power and
for recycling the regenerative braking energy in electric traction vehicles.

• In order to ensure the suitability of SCs in certain applications, it is necessary to
define the operating modes of the system, considering the load conditions and taking
into account in the control strategy the SoC of ESS. It is also a very important a
good dimensioning methodology of energy storage system taking into account the
proposed EMS.

• In some cases, HESS can be the best option, but it is necessary to define a control
strategy (optimization algorithm) to split the required power between both ESS. This
optimization has to take into consideration the cost analysis, the aging of ESS, and
weight and volume in the case of on-board systems.
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• Remuneration policies for energy returned to the grid and grid code compliance will
play a key role in integrating ESS into industrial applications.
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Abstract: The most relevant electrolytes used in commercial electrical double layer capacitors (EDLCs)
are based on non-aqueous solvents as acetonitrile (ACN) and propylene carbonate (PC). However,
these solvents are synthesized from non-renewable fossil feedstocks, making it desirable to de-
velop more sustainable alternatives. To address this issue, in this work lactic acid was used to
synthesize a panel of substances with small structural variation. The investigated products be-
long to the chemical family of ketals, and among them the 5-methyl-1,3-dioxolan-4-one (LA-H,H)
was found to be the most suitable to prepare electrolytic solutions. Therefore, LA-H,H was com-
bined with triethylmethylammonium tetrafluoroborate (TEMABF4), and analyzed in symmetrical
EDLC. This electrolyte was thoroughly characterized by cyclic voltammetry, galvanostatic cycles and
electrochemical impedance spectroscopy (EIS), disclosing competitive performances compared to
PC-based electrolyte. The EDLC with LA-H,H/TEMABF4 displayed a specific energy and power
of 13.4 Whkg−1 and 22.5 kWkg−1 respectively, with an optimal cycling stability over 5000 cycles at
different current densities.

Keywords: EDLCs; sustainable solvents; non-aqueous electrolytes; 5-methyl-1,3-dioxolan-4-one

1. Introduction

The production of sustainable energy is one of the most relevant issues of current
times. The increase in polluting emissions and global warming have emphasized the
impropriety of fossil fuels, favoring the development of methods to produce clean energy
from renewable sources. However, as most of them have a discontinuous nature, storage
and management systems are required to secure the generated energy. In this context, the
design of efficient and sustainable energy storage devices and systems is therefore a key
point to adequately support the energy transition from fossil to renewable sources.

In the field of energy storage, supercapacitors (SCs), and in particular the electro-
chemical double layer capacitors (EDLCs), have become of great interest thanks to their
complementary performance compared to batteries, such as lithium-ion batteries (LIBs).
Indeed, EDLCs generally have moderate energy density (generally < 10 Whkg−1) but
provide high power (up to 10 kWkg−1) thanks to a fast charge/discharge mechanism, and
they also have a significantly high number of life cycles (>>100,000 cycles).

The properties of an EDLC are defined by its electrostatic energy storage mechanism
and by its components. These devices consist of two electrodes with a high surface
area electrically isolated by a porous dielectric separator. The electrodes include a metal
collector (usually aluminum), on which a layer of high porosity active material (usually
activated carbon and carbon black) is cast. The electrodes and the dielectric separator are
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soaked with a conductive medium, typically an electrolyte consisting of a solvent and a
conducting salt [1].

In EDLC devices, the electrolyte is a key component, as the charges are accumulated
at the electrode/electrolyte interface (EEI) and the specific energy (Esp) and the specific
power (Psp) can be expressed as [2]:

Esp =
CspV2

2
(1)

Psp =
V2

4mcellRcell
(2)

In the equations, Csp is the specific capacitance, V is the applied potential, mcell is the
mass of electrode active materials, and Rcell is the internal resistance of the device [3].

The capacitance is mostly determined by the properties of the electrode (available
surface, pore distribution, accessibility of the pores) and by the EEI, while the applicable
potential and the internal resistance of the device strongly depend on the nature and
characteristics of the electrolyte. Hence, aprotic polar organic solvents are often favored
over water, as this is subject to redox activity for potentials between 1.0 V and 1.2 V.

A class of water-containing electrolytes capable of overcoming this limit is that of
water-in-salt electrolytes (WiS) [4]. In this type of electrolyte, the water molecules strongly
interact with the ions present at very high concentrations, thus increasing the electro-
chemical stability compared to the classic salt in-water (SiW) solutions [5]. However, WiS
with lithium bis(trifluoromethane)sulfonimide (LiTFSI) presents problems related to the
internal resistance of the device due to modest conductivity (21 m LiTFSI 8.2 mScm−1) and
high viscosity (21 m LiTFSI 30.2 mm2s−1) [6]. Furthermore, a rational design of the active
material porosity is essential to achieve high performance [7]. In addition, the development
of new technologies should be oriented towards lithium-free devices, given the progressive
saturation of its production sites [8], and with cheap and user-friendly electrolytes [9]. To
extend the applicable potential window using water as an electrolytic component, Hughson
et al. recently reported in a communication the use of water–oil microemulsions in the
presence of surfactants at a potential of 2.7 V [10]. However, the high internal resistance
recorded (26 Ohm) compromises its concrete application.

Cell voltages of 2.7–3.0 V can be regularly achieved with non-aqueous electrolyte.
Moreover, organic solvents can be used in wider temperature ranges than aqueous elec-
trolytes. On the other hand, the electrical conductivity of non-aqueous electrolytes is often
significantly lower than that of water, and this contributes to increasing their internal resis-
tance. For these reasons, commercial EDLCs supercapacitors contain acetonitrile (ACN)
or propylene carbonate (PC) based electrolytes, but these solvents have limitations for
high-voltage applications and risks related to their handling, and are both obtained from
fossil feedstock. The need to address these issues represents the driving-force that pushes
the scientific community towards the search for new electrolytes.

For a long time, huge efforts have been made to increase the EDLCs performances [11–13],
and only more recently to also improve safety and ecotoxicological profiles of the used
electrolytes. Previous results and new perspectives towards new electrolytes have been
described in recent reviews [14–17].

Among the non-aqueous electrolytes, a category of wide interest consists in aprotic
ionic liquids (AILs) [18], and more recently also protic liquids (PILs) [19]. These electrolytes
are highly attractive for electrochemical applications due to their stability and safety as
non-flammable substances [20,21]. However, their efficiency as electrolytes is strongly
affected by the electrodes porosity, resulting in a low energy efficiency in combination
with electrodes with a high content of micropores [22]. Furthermore, the high cost of these
electrolytes hampered their commercial applications in solvent-free conditions.

A similar approach to that of WiS electrolytes was reported by Stettner et al. [23],
using electrolytes based on protic ionic liquids (PILs) with additions of water (1–3.8%).
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Despite a considerable improvement of transport properties, the operating voltage of EDLC
containing these electrolytes is lower than that of AIL-based EDLCs (from 1.8 V to 2.2 V).

Recent advances regarding electrolytes based on organic solvents concern the study of
nitriles, in linear aliphatic chains (glutaronitrile GTN, adiponitrile ADN), branched chains
(2-methylglutaronitrile 2MGN) and as functional groups present in methyl esters (3-cyano-
propionic acid methyl ester CPAME) [24]. These solvents reach very high operational
potentials (3.5 V), making high-voltage applications possibly able to address the need to
increase the EDLC’s specific energy. However, these substances have high acute toxicity
(some even fatal in case of inhalation) and health hazards, and therefore they do not seem
suitable for common commercial applications.

To increase the performance of the classic ACN-based electrolytic solutions, binary
mixtures with other organic solvents have recently been studied. When mixed with dibutyl
carbonate (10%−33% v), a net increase in performance at low temperatures (up to −60 ◦C)
was reported [25], while in combination with ethylisopropylsulfone (75–50%) operational
potentials of 3.0 V were reached [26].

Recently investigated nitrile-free organic solvents are 1,2-butylene carbonate (BC) [27],
tetramethoxyglyoxal (TMG) and tetraethoxyglyoxal (TEG) [28]. A combination of BC with
Pyr14BF4 provided a potential window of 3.1 V, while modest results were achieved with
TMG and TEG due to their relatively high viscosity.

From the point of view of the sustainability of EDLCs, many efforts have been made
to obtain active carbonaceous materials and binders from biomass [29], but this approach
is still lacking for the development of non-aqueous electrolytes. In fact, recent papers do
not highlight the origin of the investigated electrolytes despite the design of innovative
aprotic polar solvents from renewable sources is a topic of great and current interest [30].

Our research group has long been involved in the study of the catalytic conver-
sion of biomass [31–34] and in the valorizations of bio-based molecules derived from
renewable feedstock [35–37] to produce innovative materials that beneficially replace the
traditional ones.

This approach has recently been oriented towards the design of innovative solvents,
and, in this manuscript, we report the synthesis of different lactic acid ketals and the
investigation on their properties as solvents for electrolytes in symmetrical EDLCs. Lactic
acid is a bio-based chemical platform industrially prepared through bacterial fermentation
of carbohydrates [38] and is widely used to produce biodegradable polymers or as starting
feedstock for green routes to bulk chemicals productions [39].

The synthesized solvents have the common structure of 2,2-R,R’-5-methyl-1,3-dioxolan-
4-one (DOLOs), which is a chemical platform that allows to selectively evaluate the effect
of small structural variations on the electrolyte properties (Figure 1).

Figure 1. Lewis structure of 2,2-R,R′-5-methyl-1,3-dioxolan-4-one.
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These compounds are already used as precursors of sustainable polymers [40,41],
but to the best of our knowledge lactic acid derived DOLOs have never been used as
solvents in the field of energy storage. The solvent 5-methyl-1,3-dioxolan-4-one displayed
performances competitive (Csp 14.2 Fg−1, Esp 13.4 Whkg−1 and Psp 22.5 kWkg−1) with
commercial solvents, such as propylene carbonate, and therefore it represents an example
of what can be defined as a “Non-Aqueous Sustainable Electrolyte” (NASE).

2. Materials and Methods

2.1. Materials

All synthesized compounds have been characterized through Nuclear Magnetic Res-
onance (NMR) with a Bruker Avance Ultrashield 400, operating at proton frequency of
400 MHz (Figures S1–S4). The following abbreviations were used for describing NMR
multiplicities: s, singlet; d, doublet; t, triplet; q, quartet; hept, heptet; m, multiplet; dd,
doublet of doublets; dt, doublet of triplets; td, triplet of doublets; tt, triplet of triplets.

All electrolytes were prepared and handled in a dry atmosphere using Schlenk line and
the appropriate Schlenk line glassware. Lithium tetrafluoroborate (LiBF4) was purchased
from Merck KGaA (Darmstadt, Germany). All coin cells were assembled in a dry room.
The residual water content in the electrolytes was evaluated through Karl–Fischer titration
with a Metrohm 831KF Coulometer.

All electrochemical measurements were recorded using a Gamry Instruments Refer-
ence 3000™ potentiostat/galvanostat/FRA, controlled via Gamry Instrument Framework™
software. Data analyses were performed using Gamry Echem Analyst™ software.

The EDLCs electrodes used in this investigation are AC-based, coated on Al-foil, and
have been provided as a courtesy by Captop s.r.l. The average mass loading of the electrode
was 6 mgcm−2, and the thickness of the active material was 55 μm.

2.2. DOLOs and TEMABF4 Synthesis

DL-lactic acid (purity 90%), paraformaldehyde (reagent grade), paraldehyde (purity
98%), acetone (reagent grade), petroleum ether bp 40–60 ◦C, p-toluensulfonic acid monohy-
drated (pTsOH, purity 98%), Amberlite® IR-120 (H+ form) and other solvents and chemicals
used for the synthesis of DOLOs were purchased from Merck KGaA (Darmstadt, Germany).

Triethylmethylammonium chloride (purity ≤ 99%), ammonium tetrafluoroborate
(purity ≤ 97%) and dry acetonitrile to prepare triethylmethylammonium tetrafluoroborate
(TEMABF4) were purchased from Merck KGaA (Darmstadt, Germany).

2.2.1. Synthesis of 2,2,5-trimethyl-1,3-dioxolan-4-one (LA-Me,Me)

For the synthesis of LA-Me,Me, we followed the procedure reported by Miyagawa et al. [42]
with the following modifications.

We used 45.0 g of DL-lactic acid (0.500 mol), 300 mL of a solution 1:1 v/v acetone
(2.00 mol) and petroleum ether (bp: 60–80 ◦C), and 1.42 g of pTsOH (7.50 mmol) as a
Brønsted acid catalyst were added in a 500 mL round-bottom flask equipped with a 25 mL
Dean–Stark trap and Allihn condenser.

The reaction mixture was refluxed for 24 h under magnetic stirring. After reaction time,
the crude mixture was placed in an ice bath and treated with 3.0 g of Na2CO3 (35 mmol)
for 30 min. The reaction crude was filtered, and volatile solvent evaporated under reduced
pressure. The product was isolated by vacuum distillation (15 mbar) at 50–52 ◦C. 1H NMR
(400 MHz, CDCl3) δ 4.46 (q, J = 6.8 Hz, 1H), 1.59 (s, 3H), 1.52 (s, 3H), 1.46 (d, J = 6.8 Hz, 3H).

2.2.2. Synthesis of 2,5-dimetil-1,3-dioxolan-4-one (LA-Me,H)

For the synthesis of LA-Me,H, we followed the procedure reported by Okada et al. [43]
with the following modifications.

Here, 45.0 g of DL-lactic acid (0.500 mol), 32.0 mL of paraldehyde (0.250 mol), 650 mL of
petroleum ether (bp: 60–80 ◦C) and 3.65 g of Amberlite® IR-120 (H+ form) as heterogeneous
Brønsted acid catalyst were added in a 1000 mL round-bottom flask equipped with a 25 mL
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Dean–Stark trap and Allihn condenser. The reaction was refluxed under magnetic stirring
for 5 h. Crude mixture was cooled at room temperature and filtered to remove the catalyst.
The volatile solvent was removed, and the product was isolated by vacuum distillation
(15 mbar) at 47–49 ◦C. The product resulted as a mixture of cis-trans stereoisomers in a
70:30 ratio. Major stereoisomer: 1H NMR (400 MHz, CDCl3) δ 5.64 (q, 1H, J = 5.0 Hz), 4.35
(q, 1H, J = 7.0 Hz).1.59 (d, 3H, J = 5.0 Hz), 1.52 (d, 3H, J = 7.0 Hz). Minor stereoisomer:
1H NMR (400 MHz, CDCl3) δ 5.84 (q, 1H, J = 5.0 Hz), 4.50 (q, 1H, J = 7.0 Hz), 1.55 (d, 3H,
J = 5.0 Hz), 1.48 (d, 3H, J = 7.0 Hz).

2.2.3. Synthesis of 5-methyl-1,3-dioxolan-4-one (LA-H,H)

For the synthesis of LA-H,H we followed the procedure reported by Cairns et al. [40]
with the following modifications.

Here, 45.0 g of DL-lactic acid (0.500 mol), 22.5 g of paraformaldehyde (0.750 mol),
300 mL of petroleum ether (bp: 60–80 ◦C) and 1.5 g of pTsOH (0.0080 mol) as a Brønsted acid
catalyst were added in a 500 mL round-bottom flask equipped with a 25 mL Dean-Stark
trap and Allihn condenser. The reaction was refluxed under vigorous magnetic stirring
for 24 h. After reaction time, the crude mixture was cooled in an ice bath and treated
with 3.0 g of Na2CO3 (0.035 mol) for 30 min. The reaction crude was then filtered, and
volatile solvent evaporated under reduced pressure. The product was isolated by vacuum
distillation (15 mbar) at 45–47 ◦C. 1H NMR (400 MHz, CDCl3) δ 5.51 (s, 1H), 5.38 (s, 1H),
4.27 (q, J = 6.8, 1H), 1.47 (d, J = 6.8, 3H).

2.2.4. Preparation of Triethylmethylammonium Tetrafluoroborate (TEMABF4)

For the synthesis of TEMABF4, a conventional procedure was followed, exploiting the
different solubilities of the desired product and the ammonium chloride.

Here, 22.7 g (0.150 mol) of triethylmethylammonium chloride (TEMACl) were added
in a 250 mL round-bottom flask and dissolved in 150 mL of dry acetonitrile. After complete
solubilization, 18.9 g (0.180 mol) of NH4BF4 was added. The resulting suspension was
stirred overnight at room temperature. The suspension was filtered to remove the solid,
and the mother liquor was concentrated at a reduced pressure and then crystallized with
diethyl ether. Purified product was filtered and dried under vacuum at 50 ◦C overnight,
obtaining an almost quantitative yield. 1H NMR (400 MHz, CD3CN) δ 3.23 (q, J = 7.3 Hz,
6H), 2.84 (s, 3H), 1.47 (d, J = 6.8, 3H), 1.24 (tt, J = 7.3 Hz, J14N = 2.0 Hz, 9H). 13C NMR
(101 MHz, CDCl3) δ 56.91 (t, J14N = 3 Hz), 47.48 (t, J14N = 4 Hz) 8.19. 19F NMR (376 MHz,
CD3CN) δ −151.29 (11B), −151.34 (10B).

2.3. Electrolyte Characterization

Before preparing the electrolytes, the solvents were stored on molecular sieves (3A)
until the water content was reduced to 30–40 ppm, as measured by Karl–Fischer titration.
The electrolyte conductivity was measured at 20 ◦C using platinized Pt electrodes (Cri-
son 254). The conductivity meter was previously calibrated with a 0.1 M KCl standard
solution (conductivity 12.89 mScm−1 at 25 ◦C, Hanna Instrument).

The electrochemical stability window (ESW) was evaluated using a Bob’s Cell™
electrochemical cell equipped with three electrodes: Au disc electrode (ø 3 mm, embedded
in PEEK) as working electrode, Pt wire as counter electrode and an Ag/Ag+ quasi-reference
electrode in a solution of PC (TEMABF4 0.1 M and AgNO3 3 mM). The reference electrode
was equipped with a bridge tube filled with supporting electrolyte (PC TEMABF4 1M) and
connected to the cell with glass frits (Vycor®). Before each measurement, 5 mL of electrolyte
was introduced into the cell and purged with nitrogen under magnetic stirring for 10 min.
The magnetic stirring was stopped, and the bubbler was moved from purging to vent
position to avoid moisture contamination. Linear Sweep Voltammetry (LSV) measurements
were then performed from open circuit potential (OCP) towards both positive and negative
potentials with a scan rate of 10 mVs−1.(Figure S5), to evaluate respectively the anodic
(Eox) and cathodic limits (Ered). The potential limits were explored separately, and each
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measurement was made with fresh electrodes and electrolytes. These limits represent
the maximum applicable potential in a classic 3-electrode set-up experiment, for which
a faradic current density is not negligible due to the electrochemical decomposition of
the electrolyte.

2.4. Symmetrical EDLC Assembly

Each coin cell (CR2016) was prepared cutting two circular AC-based electrodes (ø
12 mm). A cellulosic separator (ø 18 mm Celgard® battery separator) was used as the
dielectric separator. Before being cut, the activated carbon electrodes were placed in a
vacuum oven at 80 ◦C for 10 h, cooled, and stored in a nitrogen atmosphere.

Before being used, all of the coin cell’s components (case, gasket, cap, plate, and
spring) were washed and sonicated with detergents, rinsed with ultra-pure water, and
dried in a vacuum oven at 80 ◦C. The cells were assembled in a dry room by placing into
the case the first electrode, the dielectric separator, the appropriate electrolytic solution, the
second electrode, the plate, the spring and finally the cap. The cells thus prepared were
sealed with MSK110 manual hydraulic crimping machine (MTI KJ group™) and tested as
symmetrical EDLCs.

2.5. EDLC Characterizations

EDLCs were characterized by cyclic voltammetry (CV), galvanostatic charge-discharge
cycles (GCs) and potentiostatic electrochemical impedance spectroscopy (EIS).

The operative voltage (OV) of the investigated electrolytes was defined as the maxi-
mum applicable voltage with a Coulombic Efficiency (CE) threshold of 94–95%. CV were
recorded with a scan rate of 5 mVs−1, starting from 0 V and gradually increasing to the final
voltage (Figure S6). The CE was calculated from the ratio between integration of negative
(Q−) and positive (Q+) voltammogram areas [44] that represent, respectively, discharge
and charge capacitance:

CE = |Q−|/|Q+| × 100 (3)

The Capacitance Retention (CR) was defined with CV by the ratio of the specific
capacitance (SCcv) at different scan rates to that recorded with the scan rate of 5 mVs−1 (4).
The CV scan rate was increased from 5 to 200 mVs−1 in a potential window from 0 V to OV.
In the following characterization, i1/2 Vmax is the current density (Acm−2) referred to half of
the OV, s is the applied scan rate (Vs−1) and d is the active materials loading (gcm−2) [45]:

CR = SCcv(x mVs
−1

)/SCcv (5 mVs
−1

) × 100 (4)

SCcv = i1/2 Vmax/(s × d) (5)

The GC profiles recorded were elaborated to calculate the specific Capacitance (Csp,
Fg−1) and maximum specific Energy (Esp, Whkg−1) and Power (Psp, kWkg−1) according
to the following equations [46]:

Csp = (dt/dV) × (i/mtot) (6)

Esp = (C × OV2)/(2 × 3600 × mtot) (7)

Psp = OV2/(4 × mtot × ESRGC) (8)

where dt/dV is the slope of the discharging profile, i the applied current, mtot the total mass
(in g for Csp and kg for Esp and Psp) of the active materials for the two electrodes, C the
capacitance (F), OV the operative voltage (V), 3600 is expressed in second. The ESRGC was
calculated according to the following Equation (9), where ΔVohmic is the ohmic voltage
drop at the beginning of discharge and i was the applied current:

ESRGC = ΔVohmic/(2 × i) (9)
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EIS profiles were recorded in the frequency range between 500 kHz and 10 mHz
with 5 mVAC perturbation and 10 points per decade. According to analysis reported by
Mei et al. [47], from EIS profile we determined the ESR, the Equivalent Diffusive Resistance
(EDR), relative to the ions penetration into the electrode pores, and the bulk resistance
(Rbulk), relative to the bulk resistance of the electrolyte in the cell. The different parameters
were defined by the segments obtained from the intersection of the Nyquist plot with the
x-axis, also exploiting linear fittings in the diffusive-regime (slope ≈ 1) and capacitive-refine
(quasi-vertical line). A clarification of the Nyquist plot analysis is shown in Figure S7.
The time constant of the investigated materials was evaluated calculating the imaginary
part C”(ω) of the complex capacitance according to the work of Taberna et al. [48] and the
following equation:

C”(ω) = −Z
′
(ω)/(ω × |Z(ω)|2) (10)

where ω is the applied frequency, Z
′
(ω) is the real part of complex impedance related to

the Nyquist plot and |Z (ω)|is the impedance modulus related to the Bode plot.

3. Results

3.1. Solvent and Electrolyte Characterization

Three dioxolanes with different substituents in position 2 were synthesized performing
ketalization reactions between lactic acid (LA) and two different aldehydes (formaldehyde
R,R’ = H, acetaldehyde R,R’ = H,Me) or acetone (R,R’ = Me). This panel of substances
was chosen to correlate any performance differences to small structural variations. To
indicate the different solvents and simplify the discussion, the abbreviation LA-R,R’ will
be adopted, where LA indicates the lactic acid fragment and R,R’ explicit the substituents
in position 2 (Figure 2).

Figure 2. DOLOs synthesis and investigated solvent. 5-methyl-1,3-dioxolan-4-one LA-H,H; 2,5-
dimethyl-1,3-dioxolan-4-one LA-H,Me; 2,2,5-trimethyl-1,3-dioxolan-4-one LA-Me,Me.

The ketals synthesis is an equilibrium reaction, and therefore it was necessary to
use a Dean-Stark trap to remove water from the reaction mixture and favor the products
formation. A synthesis that implies formation of water as a by-product, such as the
ketalization reaction, is preferable to other synthetic pathways as water does not contribute
to the E-factor of the reaction. Nevertheless, in order to increase the sustainability of the
whole process, water-removal technologies that do not involve the use of solvents, such as
pervaporation, will be explored in the future [49].

The investigated compounds are potentially obtainable from renewable sources, as
there are green industrial routes to lactic acid and the other reactants starting from bio-based
feedstocks [50,51].

However, to consider these compounds as sustainable solvents, it is essential to evalu-
ate their intrinsic safety (flammability, toxicological profile), and the environmental impact
in case of accidental release (ecological profile). To assess their flammability, the flashpoint
was estimated using the method reported by R.W. Prugh [52]. Table 1 reports the calculated
flash point of the produced DOLOs, their boiling temperature at atmospheric pressure, and
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the stoichiometric concentration in air (CST) expressed as a volume percentage used to
estimate the flash points.

Table 1. DOLOs and commercial EDLC solvents flashpoints.

Solvent
Boiling Point

(◦C)
CST

(% v/v)
Estimated Flashpoint

(◦C)

LA-H,H 162 4.97 38
LA-H,Me 164 3.67 38

LA-Me,Me 168 2.90 49
ACN 82 - 2 *

PC 242 - 132 *
* Experimental literature data.

DOLOs have an intermediate flash point between those of the two traditional EDLCs
solvents (fpACN = 2 ◦C; fpPC = 132 ◦C) and are hence suitable for applications in energy
storage devices. The complete evaluation of their ecotoxicological profile is beyond the
aim of this study, but it is possible to make some considerations based on their chemical
nature. Ketals are a class of substances stable in an alkaline environment but labile in
an aqueous and acidic media. Therefore, it is possible to assume that in an atmospheric
and physiological environment, these functional groups rapidly hydrolyze, returning the
parent reagents [53]. Lactic acid, acetone, acetaldehyde, and formaldehyde are regularly
included in the cellular metabolic pathways at physiological concentrations, and have a
low persistence in the natural environment. As an example, the human body produces
about 50 g of formaldehyde per day [54]; the half-life of blood plasma formaldehyde is
1.5 min [55] and that of atmospheric formaldehyde in daylight is 50 min [56]. Therefore,
the investigated solvents are sustainable alternatives also from the point of view of their
ecotoxicological profile.

A preliminary evaluation of their electric performance was carried out by measuring
the ionic conductivity and the electrochemical stability window of 1M TEMABF4 solutions.
The results are reported in Table 2.

Table 2. Electrolyte characterization.

Solvent Electrolyte
Conductivity

(mScm−1)
ERed

(V vs Ag/Ag+)
EOx

(V vs Ag/Ag+)
ΔV

PC TEMABF4 11.4 −1.75 2.80 4.55
LA-H,H TEMABF4 8.5 −1.95 2.55 4.50
LA-H,H LiBF4 2.1 - - -

LA-H, Me TEMABF4 1.5 - - -
LA-Me, Me TEMABF4 0.2 - - -

Large variations of ionic conductivity were recorded according to the nature of the
substituents in position 2. Indeed, LA-H,H showed a conductivity of 8.5 mScm−1, while in
presence of additional methyl groups, the conductivity gradually dropped to 1.5 mScm−1

(LA-H,Me) and 200 μScm−1 (LA-Me,Me). Furthermore, LA-Me,Me and LA-H,Me demon-
strated a lower solvent capacity because saturated solutions were obtained at concentrations
below 1 M, which are therefore unsuitable for applications in SC. A possible application of
LA-H,H in Li-ion based devices was also assessed, as 1M solutions of LiBF4 displayed a
conductivity of 2.1 mScm−1.

In addition to an adequate conductivity, EDLC applications require that the electrolyte
has a wide electrochemical stability window (ESW), that can be preliminary estimated by
Linear Sweep Voltammetry (LSW). A large ESW (Figure S5 and Table S1) was obtained
for the electrolyte based on LA-H,H (ΔV 4.50 V, cut-off current densities 1 mAcm−2),
comparable to that recorded for the PC-based electrolyte (ΔV 4.55 V, cut-off current densities
1 mAcm−2).
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Therefore, LA-H,H was selected to evaluate the performance in a symmetrical EDLC
with activated carbon based electrodes using TEMABF4 as conventional conducting salt.

3.2. EDLCs Characterization

Cyclic voltammetries (CVs) at different scan rates were performed to evaluate, re-
spectively, the impact of the investigated electrolytes on the maximum operating voltage
(OV) and capacitance retention (CR) of EDLCs. For a homogenous comparative analysis,
Figure 3 shows the data with the LA-H,H-based electrolyte, and those of an EDLC prepared
with TEMABF4 1 M in PC.

Figure 3. Cyclic voltammetry of LA-H,H and PC based electrolytes EDLC. (a) CV of LA-H,H TEMABF4 1M at different scan
rate: 5, 25, 50, 100, 200 mVs−1. (b) CV of PC TEMABF4 1M at different scan rate: 5, 25, 50, 100, 200 mVs−1. (c) Capacitance
retention at different scan rate of EDLCs containing investigated electrolytes. (d) Coulombic efficiency at different cell
voltage of EDLCs containing investigated electrolytes.

Initially CVs were recorded at 5 mVs−1 from 0 to 1 V, and the final potential was
gradually increased by 0.2 V in different cycles and described by a rectangular-like shape
typical of SCs devices, which deviates from a perfect rectangle (typical of an ideal capacitor)
due to the resistance parameters [46] (Figure S6). The screening was stopped at 2.6 V when
a Coulombic Efficiency (CE) close to 95% was achieved, which was chosen as the minimum
efficiency threshold. Figure 3d shows the CEs as a function of the applied potentials, and
the trend is the same for the electrolytes. The decrease of the EC with the increase of the
operating potential is due to a gradual contribution of parasitic and irreversible faradic
reactions that interfere in the charging capacitance and are absent in discharge capacitance.
At 2.6 V the LA-H,H-based EDLCs provided a CE of almost 94.4%, which was slightly
lower than that recorded with the PC-electrolyte (95.4%).

After establishing the OV of 2.6 V for both electrolytes, CVs were performed from 0 to
2.6 V, ranging the scan rate from 5 to 200 mVs−1 (Figure 3a,b) to evaluate their capacitance
retention (CR). The increase of the scan rate strongly influences the response of the EDLCs
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during CVs; in fact, a marked distortion of the rectangular shape was recorded due to
the increase of the ESR, while the decrease of the specific capacity is caused by a lower
availability of the electrodes surface. Indeed, at high scan rates the formation of the
electric double layer is limited by a lower accessibility of the electrolyte ions in the porous
structure of the electrode [57]. As reported in Figure 3c, LA-H,H/TEMABF4 resulted in
a greater performance than PC/TEMABF4. At 200 mVs−1 a CR of 71% was achieved
for LA-H,H/TEMABF4, while a CR of 62% were obtained with PC/TEMABF4. Based
on these results, the increased performance of LA-H,H/TEMABF4 cannot be justified
by its conductivity, as it was slightly lower than the PC-electrolyte. To understand this
behavior, the solvent–salt and electrolyte-electrode interactions should be investigated in
depth, however this aspect is beyond the scope of this paper and will be the subject of
future investigations.

The storage properties and the internal resistance parameters of the investigated
EDLCs were assessed through GC and EIS analysis (Figure 4).

Figure 4. Charge/discharge GC and EIS of LA-H,H and PC based electrolytes EDLCs. (a) GC of LA-H,H TEMABF4

1M at different current densities: 0.5, 1, 2, 5 Ag−1. (b) GC of PC TEMABF4 1M at different current densities: 0.5, 1, 2,
5 Ag−1. (c) EIS Nyquist plot of EDLCs containing investigated electrolytes for a frequency range from 500 kHz to 10 mHz.
(d) Evolution of the imaginary part of the complex capacitance vs frequency of the same EDLCs.

The GCs were performed ranging the current density from 0.5 Ag−1 up to 5 Ag−1

to test the electrolytes in different conditions (Figure 4a,b). In all applied conditions the
GC profile resulted in a symmetrical triangular shape, indicative of a good reversible
and capacitive behavior. From the ohmic drop and discharge profile, the ESRGC and
specific capacitance of each analysis was estimated, respectively. These results were used
to calculate specific maximum power and energy.

The results obtained at low current density are summarized in Table 3.
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Table 3. GC results at 0.5 Ag−1 normalized with total mass of electrodes active materials.

Solvent Electrolyte
ESRGC

(Ω)
Csp

(Fg−1)
Esp

(Whkg−1)
Psp

(kWkg−1)
CEGC

(%)

Entry 1 PC TEMABF4 4.3 18 17 29 91.0
Entry 2 LA-H,H TEMABF4 5.5 14 13 23 90.0

An analysis of the overall performance discloses that LA-H,H is competitive with PC.
A modest decrease of capacitance and specific energy was obtained with LA-H,H/TEMABF4
(entries 1 and 2), although the specific power dropped from 29.1 kWkg−1 of PC (entry 1) to
22.5 kWkg−1 of LA-H,H (entry 2) due to a higher ESRGC of the latter. Moreover, a slight
decrease of CEGC was obtained from discharge/charge time ratio. At a high current density
(5 Ag−1), the specific energy and power for LA-H,H/TEMABF4 reached 6 Whkg−1 and
23 kWkg−1, while for PC/TEMABF4 the values were 14 Whkg−1 and 29 kWkg−1. It is
therefore evident that the solvent-salt interaction can significantly affect the performance
of the electrolyte, especially the resistance parameters.

To investigate possible variations in resistance parameters, EIS measurements were
performed by applying small perturbations (5 mVAC) and spanning the frequency range
from 500 kHz to 10 mHz (Figure 4c). The Nyquist plot can be divided into high, medium,
and low frequency parts in which the EDLC behavior transits from a completely resistive
behavior to a completely capacitive one. This change is highlighted by the time constant
τ0 = 1/ν0, where ν0 is the frequency with the highest imaginary part of the complex
capacitance. From the analysis of these profiles, it was possible to separately determine the
Equivalent Series Resistance ESREIS, the Equivalent Distributed Resistance (EDR) relative to
the penetration of the ions into the electrode pores, and the bulk resistance of the electrolyte
(Rbulk) related to electrolyte conductivity.

The resulting profiles of EISs experiments are typical of an EDLC device; in fact, at
high frequencies there is a purely resistive behavior, and from the first intersection with
the x-axis this can be defined as the ESR. Immediately afterwards, with slightly lower
frequencies, a hemicycle shape of a mixed resistive/capacitive behavior begins to be visible
due to the accumulation of charge at external electrodes surface and the relative resistance
due to the charges transfer from bulk to the electrodes. The segment under the hemicycle
has been defined as Rbulk due to the preponderant contribution of the electrolyte solution
on this parameter. At intermediate frequencies the impedance profile tends to linearize
with an almost 45◦ slope; this property is typical of a diffusive process, and considering
the EDLC device is interpreted by the penetration of the ions in the porous structure
of the electrodes. At low frequencies the electric double layer is able to structure itself
completely, occupying the entire available electrode surface and saturating its internal
volume. In this condition, an almost complete capacitive behavior is recorded, highlighted
by a quasi-vertical profile. EDR was therefore defined as a segment of resistance between
the intercepts with the x-axis by the linear fittings of the diffusive (medium frequencies)
and capacitive (low frequencies) behavior.

The parameters obtained were normalized for the surface of the electrodes, and are
summarized in Table 4.

Table 4. EIS results normalized for the electrode surface.

Solvent Electrolyte
ESREIS

(Ωcm2)
EDR

(Ωcm2)
Rbulk

(Ωcm2)
τ0

(s)

Entry 1 PC TEMABF4 1.1 4.6 0.9 5
Entry 2 LA-H,H TEMABF4 1.4 6.6 2.2 10

According to the previous data obtained from the GC analysis and conductivity
evaluations, the resistance parameters obtained with the PC-based electrolyte (entry 1)
were lower than those achieved with LA-H,H-based electrolytes (entry 2). Among the
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investigated parameters, Rbulk and EDR were greater affected by the solvent nature of the
electrolytes, while ESREIS was not particularly sensitive, resulting therefore more highly
influenced by the electrode.

The EIS analysis was also used to determine the time constants of the EDLCs. Figure 4d
shows the profile of the imaginary part of the complex capacitances as a function of the
applied frequency used to determine the time constants. As expected, PC/TEMAB4 dis-
played a smaller time constant compared to that of LA-H,H/ TEMAB4, respectively 5 s
and 10 s.

Finally, the stability over long-cycling of the electrolyte LA-H,H was evaluated by
performing 5000 charge/discharge cycles at different current densities (1000 cycles for
each current density). The evolution of capacitance, coulombic efficiency and capacitance
retention over each cycle are reported in Figure 5.

Figure 5. (a) Evolution of specific capacitance, (b) coulombic efficiency and (c) capacitance retention
of EDLCs containing LA-H,H/TEMABF4 at different current densities.

As shown in Figure 5a, initial loss of capacitance was observed for the first two groups
of cycles, which then stabilized in subsequent cycles. Figure 5c shows the capacitance
retention evaluated by the ratio between the specific capacitance of each cycle and the
specific capacitance of the first cycle of each group of cycles. A minimum CR of 94% was
obtained in the first thousand cycles at 0.5 Ag−1. At 1 Ag−1 the efficiency range dropped
to a minimum of 90%, while for the further cycles at 2, 5 and again at 0.5 Ag−1 the final
efficiencies were respectively 96.4%, 98.7% and 95.4%.

Furthermore, Figure 5b shows the coulombic efficiency over all cycling-groups, which
was highly stable and close to 100% for all applied current densities, validating the stability
of the electrolytes based on LA-H,H. To ensure a prompt comparison between the achieved
results with other electrolyte categories, some EDLCs-electrolytes performances reported
in literature are collected in Table S2.
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4. Discussion

The investigation and individuation of new solvents is a relevant issue that has wide
implications in different industrial sectors, and, among them, energy storage represents
a driving force for their development. In the field of supercapacitors, the most common
solvents used for the electrolytes are acetonitrile (ACN) and propylene carbonate (PC).

The use of ACN has several contraindications due to its high vapor pressure (9.71 kPa
at 20 ◦C) and low flash and boiling points. Indeed, according to Regulation (EC) No.
1272/2008 (Classification, Labeling and Packaging (CLP)) it is classified as a “highly
flammable liquid and vapor”, and as a volatile organic compound (VOC). Moreover, ACN
exhibits acute toxicity for organs and tissues through different types of exposure (skin
contact, ingestion, inhalation).

PC is a more user-friendly solvent compared to ACN: it has low vapor pressure
(0.006 kPa at 25 ◦C), high flash and boiling points, and it is classified without hazard
statements relative to inhalation or skin exposures. However, the toxicity of organic
cyclic carbonates is still under investigation. In recent studies, Strehlau et al. [58]
reported that these compounds can penetrate in vitro the simulated blood-cerebrospinal
fluid barrier, and it is therefore assumed that they can reach areas of cerebral interest
also in physiological conditions.

Concerning their production, ACN is obtained as a by-product from the synthesis of
acrylonitrile (SOHIO process, catalytic ammonium oxidation of propylene), which is per-
formed in gas-phase with metal oxide catalysts using ethylene and/or propylene, ammonia
and oxygen [59]. The PC is mainly prepared by propylene oxide ring-opening in a CO2
atmosphere under harsh conditions of pressure and temperature [60,61]. Therefore, both
most used solvents to prepare electrolyte are synthesized from non-renewable feedstock.

In this work we have synthesized a panel of substances (LA-H,H; LA-H,Me; LA-
Me,Me) obtainable from renewable sources and with a potentially benign ecotoxicological
profile, and we used them for the first time as solvent for non-aqueous EDLCs.

Based on preliminary results, the solvent LA-H,H displayed the highest conductivity
(8.5 mScm−1) and was therefore chosen as the best candidate for subsequent characteriza-
tions. Two electrolyte-based LA-H,Hs and PCs were prepared with the same conducting
salt (TEMABF4) to investigate any differences related to solvent effect. The prepared elec-
trolytes were used to assemble symmetrical EDLC, which were thoroughly characterized
by evaluating:

• the coulombic efficiency and capacitance retentions by cyclic voltammetry;
• the storage performances by charge/discharge GC;
• the resistance parameters by potentiostatic impedance spectroscopy;
• and the cycling stability over 5000 cycles at different current densities.

The ensemble of results provided by the assembled devices highlights the relevance
of the solvent-salt interactions to determine the overall performances. Compared to PC
based electrolytes, at 2.6 V LA-H,H/TEMABF4 showed approximately the same coulombic
efficiency in the range of 94%–95% and a modest increase of capacitance retention with
a high scan rate. The overall storage performances achieved with LA-H,H solvent were
adequate for EDLC application (Esp > 10 Whkg−1 and Psp > 20 kWkg−1), and comparable
with those achieved with PC/TEMABF4. EIS analysis confirmed small variations among
each resistance parameters, and a more prominent difference between the time. Interpreting
this behavior with the storage parameters recorded at a high specific current, it is possible to
assume that the decrease in specific energy and specific capacity for LA-H,H/TEMABF4 is
due to an incomplete formation of the electric double layer, since at high current density the
charge time was below the relative time constant. Final stability investigations performed
with LA-H,H/TEMABF4 revealed high performance, as capacitance retention (never less
than 90% even at high current density) and coulombic efficiency were close to 100% for all
the cycles. However, this new electrolyte should be cycled over a longer cycling period (at
least 10,000 cycle) to definitively validate its stability in EDLC devices and will be the aim
of future developments.
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In this work, it was therefore demonstrated that compounds based on the 5-methyl-
1,3-dioxolan-4-one scaffold (Figure 6) are sustainable non-aqueous solvents for applications
in energy storage devices. In the future, this class of electrolytes will be extended to other
modulable and still unexplored solvents by using other common α-hydroxy acids, such as
glycolic, mandelic and 2-hydroxyisobutyric acid, as starting material.

Figure 6. Generic structure of 2,2-R,R′-5,5-X,X′-1,3-dioxolan-4-one compounds.

5. Conclusions

Most of the literature articles on non-aqueous electrolytes aims to uniquely increase
the EDLC’s performance, often neglecting issues of great importance such as sustainability
and safety, and relegating the relevance of these issues only to aqueous electrolytes. In
this work we have subverted this concept designing aprotic polar solvents from renewable
sources, such as green lactic acid, and investigating their performances.

Within this framework, three dioxolanes with small structural variations in posi-
tion 2 were synthesized: 2,2,5-trimethyl-1,3-dioxolan-4-one (LA-Me,Me), 2,5-dimethyl-1,3-
dioxolan-4-one (LA-H-Me), and 5-methyl-1,3-dioxolan-4-one (LA-H,H). As expected, small
structural variations significantly influence their performances, such as conductivity and
solvent ability vs TEMABF4, which allowed us to select 5-methyl-1,3-dixolan-4-one for a
thorough characterization of the EDLC device. The results demonstrate that the LA-H,H-
based electrolyte is suitable for the application, and competitive with the one based on
commercial PC. In fact, an operational potential typical of non-aqueous electrolytes (2.6 V,
CE ≈ 95%) and adequate storage parameters have been reached (Esp > 10 Whkg−1 and
Psp > 20 kWkg−1). This result paves the way for the use of a wide class of solvents based
on α-hydroxyacid ketals as sustainable alternatives to those obtained from non-renewable
fossil sources. Moreover, thanks to their structural versatility, the room for improvement is
still large and further studies will be aimed at increasing performances by finely tuning the
solvent-salt combination.
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