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1 Łukasiewicz Research Network—Poznań Institute of Technology, 6 Ewarysta Estkowskiego St.,
61755 Poznan, Poland; krystian.wozniak@doctorate.put.poznan.pl

2 Faculty of Civil and Transport Engineering, Doctoral School, Poznan University of Technology, Piotrowo 3,
60965 Poznan, Poland; piotr.pielecha@doctorate.put.poznan.pl

3 Faculty of Chemical Technology, Institute of Chemistry and Electrochemistry, Poznan University of
Technology, Berdychowo 4, 60965 Poznan, Poland; beata.kurc@put.poznan.pl

4 Faculty of Civil Engineering and Transport, Institute of Powertrains and Aviation, Poznan University of
Technology, Piotrowo 3, 60965 Poznan, Poland; natalia.szymlet@put.poznan.pl (N.S.);
jakub.sobczak@student.put.poznan.pl (J.S.)

* Correspondence: lukasz.rymaniak@put.poznan.pl

Abstract: This paper investigates the application of high-capacity supercapacitors in railway sys-
tems, with a particular focus on their role in energy recovery during braking processes. The study
highlights the potential for significant energy savings by capturing and storing energy generated
through electrodynamic braking. Experimental measurements conducted on a diesel–electric mul-
tiple unit revealed that approximately 28.3% to 30.5% of the energy could be recovered from the
traction network, regardless of the type of drive used—whether electric or diesel. This research also
explores the integration of starch-based carbon as an electrode material in supercapacitors, offering an
innovative, sustainable alternative to traditional graphite or graphene electrodes. The carbon material
was obtained through a simple carbonization process, with experimental results demonstrating a
material capacity of approximately 130 F/g. To quantify the energy recovery, calculations were
made regarding the mass and power requirements of the supercapacitors. For the tested vehicle,
it was estimated that around 28.7% of the energy could be recovered during the braking process.
To store 15 kWh of energy, the total mass of the capacitors required is approximately 245.1 kg. The
study emphasizes the importance of increasing voltage levels in railway systems, which can enhance
energy transmission and utilization efficiency. Additionally, the paper discusses the necessity of con-
trolled energy discharge, allowing for the flexible management of energy release to meet the varying
power demands of trains. By integrating high-voltage supercapacitors and advanced materials like
starch-based carbon, this research paves the way for more sustainable and efficient railway systems,
contributing to the industry’s goals of reducing emissions and improving operational performance.
The findings underscore the crucial role of these capacitors in modernizing railway infrastructure
and promoting environmentally responsible transportation solutions.

Keywords: supercapacitor; energy; rail vehicle; recovery braking; starch

1. Introduction
1.1. Possibility of Energy Saving in Transport

The environment when it comes to vehicles is a major challenge in the development of
transport. Manufacturers of machines and vehicles are constantly taking steps to minimize
adverse effects on the environment. A helpful tool in this type of work are tests involving
real operation conditions, which concern various groups of vehicles [1–3]. Determining
energy consumption in real test conditions provides reliable results regarding the energy
flow and operation of individual elements of the drive system [4,5]. One of the most
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promising solutions is regenerative braking. The use of braking energy can relieve the
load on the electric motors in the drive or the combustion engine. The combustion engine
produces emissions that affect and pollute the environment [6–8]. These capacitors also
support power quality by stabilizing voltage levels, reducing voltage sags and surges, and
minimizing harmonic distortion. This ensures a stable power supply for train systems,
improving both operational reliability and safety [9–12].

As railway electrification expands, the integration of high-voltage supercapacitors is
crucial for optimizing energy use, promoting environmental sustainability, and driving
innovation in the rail industry. Their role in energy storage and power management
will continue to support the development of efficient and eco-friendly rail transportation
systems [13–17].

1.2. Materials Used in Supercapacitors

Supercapacitors, also known as ultracapacitors or electric double-layer capacitors
(EDLCs), store energy through electrostatic charge accumulation rather than electrochemi-
cal reactions. The efficiency and performance of a supercapacitor are largely determined
by the materials used for the electrodes, as well as the electrolyte that separates them. The
basic characteristics of an ideal electrode material include high surface area, good electrical
conductivity, and stability under cyclic conditions. Activated carbon is one of the most
commonly used electrode materials for supercapacitors due to its high surface area and
porosity. Its porous structure allows for maximum charge accumulation on the electrode
surface. However, its relatively low conductivity and moderate energy density limit its
performance compared to other materials.

Carbon nanotubes (CNTs) are another common electrode material due to their excep-
tional electrical conductivity, high surface area, and mechanical strength. CNTs enable
faster charging and discharging, which is crucial for some high-power applications. How-
ever, their high production costs and challenges in scaling up the synthesis are significant
drawbacks [18–20].

Graphene is a promising material for supercapacitors due to its excellent electrical
conductivity, large surface area, and mechanical strength. It allows for both high energy
and power densities. Despite these advantages, graphene synthesis can be expensive, and
large-scale production remains a challenge [21–25].

Recently, starch-based carbon materials have gained attention as a potential alternative
to conventional carbon materials. These materials are synthesized via starch carbonization,
offering an environmentally friendly, low-cost option for electrode production. They can
offer good electrochemical performance, although their energy and power densities are
still being optimized for practical applications [26].

The pressing issue of increases in worldwide use of fossil fuels, in spite of environ-
mental pollution has led to a growing need for solutions. For this reason, rapid growth
concerning renewable energy sources and efficient energy storages has started. These
include highly effective energy storage devices such as supercapacitors. These are used
in everyday electronics as well as in military devices. Evaluating the performance of
supercapacitors involves examining their electrochemical properties, which depend on
the materials used for the electrodes and electrolytes [27]. The recent advancements in
supercapacitor technology focus on charge storage mechanisms and materials for electrodes
and electrolytes. The main takeaway is the inclusion of biomaterials in energy storing
technologies due to their sustainability, eco-friendliness, degradability, cost-effectiveness,
and promising potential (Figure 1).

Biomaterials have emerged as a promising and environmentally friendly option when
it comes to developing supercapacitors, providing a contribution to the energy storage
technology. These natural or synthetic materials, often derived from living organisms or
inspired by biological systems, offer unique structural and chemical properties that make
them attractive for use in supercapacitors [28].
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One key advantage of biomaterials in supercapacitors is their sustainability. As
renewable resources, they can be sourced in an eco-friendly manner, reducing ecological
impact in comparison with traditional materials. Additionally, the implementation of
biomaterials fits the global trends highlighting green and sustainable energy solutions.

Biomaterials also exhibit remarkable properties that can enhance the performance of
supercapacitors. Their high surface area and porosity allow for efficient ion adsorption
and charge storage, leading to improved energy storage capabilities. Moreover, some
biomaterials possess excellent electrical conductivity and stability, further enhancing the
overall efficiency and lifespan of supercapacitor devices. Their ability to break down
naturally after their useful life reduces the burden of electronic waste.

The motivation for using starch as a material for supercapacitor electrodes lies not
primarily in energy density, but rather in its sustainability, cost-effectiveness, and avail-
ability. Although starch does have a lower energy density compared to some conventional
electrode materials, it offers several advantages:

➢ Eco-friendliness and renewability—starch is a biodegradable, renewable material,
making it an environmentally friendly choice. This is particularly valuable in reducing
the ecological impact of energy storage devices, which is a growing concern in material
science and engineering.

➢ High power density—starch-derived materials can deliver high power density, which
is advantageous in applications where rapid charging and discharging are more critical
than overall energy storage capacity.

➢ Cost-effectiveness—starch is an abundant and low-cost material. This can reduce
the overall production cost of supercapacitors, making them more accessible for
broader applications.

In summary, while starch may have limitations in terms of energy density, it brings
unique benefits that align with the goals of sustainability, affordability, and high power
output. These qualities make starch a promising candidate for specific supercapacitor
applications where these factors outweigh the need for higher energy density.

Metal oxides (e.g., manganese dioxide, nickel oxide) and conductive polymers (e.g.,
polyaniline, polypyrrole) are also used in hybrid supercapacitors to enhance capacitance
and energy density. While these materials provide improved energy storage, they often
suffer from limited cycle life and lower power densities than carbon-based electrodes.

1.3. Challenges of Using Supercapacitors in Transport, Particularly Rail

While supercapacitors offer great potential for energy storage in transportation sys-
tems, especially in applications such as regenerative braking, there are several challenges
that arise when implementing them in rail transportation.

➢ Energy density limitations

Supercapacitors typically have a lower energy density compared to batteries. This
means that while they can charge and discharge quickly, they cannot store as much energy
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in a given volume or weight. For rail applications where large amounts of energy need
to be stored and delivered (especially in long trains or heavy operations), this limitation
may require the use of additional energy storage systems, such as batteries, in addition to
supercapacitors [29].

➢ Cost

While supercapacitors are efficient and have a long cycle life, their cost can be pro-
hibitive, especially for large-scale transportation systems. The use of advanced materials
such as graphene or carbon nanotubes can further increase the cost of production. In
addition, the need for a large number of capacitors to store sufficient energy for transporta-
tion applications increases the initial investment, which can be a barrier to widespread
adoption [30–32].

➢ Voltage balancing

Supercapacitors often need to be connected in series to achieve higher voltage lev-
els. However, when connected in series, individual capacitors can become unbalanced,
reducing the overall system efficiency and lifespan. To address this problem, effective
voltage equalization systems are required, which increases the complexity and cost of the
system [33].

➢ Temperature sensitivity

Supercapacitors, like all electronic components, are sensitive to extreme tempera-
tures. High temperatures can increase the rate of degradation and shorten the life cycle of
supercapacitors, while very low temperatures can affect their performance. Rail transporta-
tion systems often operate under variable environmental conditions, making temperature
stability a critical issue for the reliability and longevity of supercapacitors [34].

➢ Energy recovery efficiency

While supercapacitors are very efficient at recovering energy, the overall system effi-
ciency is affected by the regenerative braking technology and the type of power conversion
systems used. In rail systems, this can be complicated by the need to adapt supercapacitors
to both electric and diesel–electric drives with different energy characteristics [35].

➢ Space and weight considerations

In rail transport, space and weight are often at a premium. The use of supercapacitors
requires significant installation space, and the weight of the capacitors can also become
a factor, especially in heavy trains where large amounts of energy need to be stored. In
addition, large capacitors can affect the design of trains, especially in urban transit systems
where space is limited [36].

➢ Integration with existing infrastructure

Rail networks are often built on older infrastructure, which may not be optimized for
the integration of modern energy storage systems. Integrating supercapacitors into existing
rail systems can require significant upgrades to both the electrical systems and control
software, which can increase costs and require additional planning and testing.

➢ Controlled energy discharge

Supercapacitors discharge energy very quickly, which makes them ideal for short
bursts of power, such as during braking. However, controlled and efficient energy dis-
charge is crucial, particularly in rail systems, where trains have varying energy demands
depending on acceleration, speed, and braking conditions. Without sophisticated energy
management systems, ensuring that stored energy is effectively used or released back into
the grid can be challenging.

While supercapacitors have significant potential for energy recovery and storage in
rail transport, they pose a number of challenges that need to be addressed to optimize
their performance. Selecting the right electrode materials, such as activated carbon, carbon
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nanotubes, or starch-based carbon, plays a key role in determining their performance.
However, issues such as limited energy density, cost, temperature sensitivity, and integra-
tion with existing infrastructure need to be carefully managed. With ongoing advances
in materials science and systems engineering, supercapacitors could play an increasingly
important role in the future of sustainable rail transport.

2. Methods and Materials
2.1. Synthesis of Carbon Material from Starch

Starch-derived carbonaceous materials are obtained by the carbonisation process.
The synthesis takes place in an environment of inert gas such as nitrogen by using a
Nabertherm pipe furnace. The obtaining procedure starts with heating the furnace and
then carbonisation takes 4 h. Every hour the temperature is increased by 300 ◦C. The
whole process takes just over 6 h. During carbonization, usage of nitrogen gas reaches
50 L/h. In addition, the air in the chamber is replaced by an inert gas before the process
begins. A measuring system indicated that technical gas stood for 99.998% of atmosphere
during the process. The illustration (Figure 2) depicts the actual structure of the carbon
material produced post-starch carbonization, as well as the appearance of the tube after the
completion of the process.
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2.2. Research Object

The estimation of the volume of electric energy recoverable by electrodynamic braking
was taken on actual runs on the test track. A diesel–electric multiple unit, shown in
Figure 3, was chosen for testing. The general characteristics and selected parameters of the
test vehicle are shown in Table 1.
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Table 1. Technical characteristics selected for testing.

Technical Data Value

Track width [mm] 1435
Overall length with bumpers [mm] 78,600
Top speed—electric drive [km/h] 160
Top speed—diesel drive [km/h] 120
Axle arrangement 2’Bo’ + Bo’2’+ Bo’2’
Traction motor power [kW] 6 × 300
Total power of combustion engine power [kW] 900
Braking resistors maximum power (RH1, RH2, RH3) [kW] 3 × 1000
Number of seats for passengers 156
Mass of vehicle [kg] 171,332

The test was performed in real operating conditions on the test track. Based on the tests
performed, the necessary data for the selection of supercapacitors were defined. The tests
were carried out on the experimental track of the Railway Institute in Zmigrod. Tests were
carried out for electric traction up to 160 km/h and diesel traction up to 120 km/h. During
each test, the vehicle accelerated at maximum power and then decelerated with maximum
braking force to a stop. This provided information on the volume of electrical energy drawn
from the overhead line and the energy that could be recovered during electrodynamic
braking. The energy recovered in the braking process was transferred to the braking
resistors and converted to heat. The recuperation of electrical energy into the overhead
line was blocked. The measuring system consisted of current and voltage transducers
connected to digital recorders prod. DEWESoft DewesoftX 2024.4. The measuring system
included the following:

• Current and voltage at the pantograph before the main switch;
• Current and voltage at braking resistors;
• Current and voltage at the output of traction rectifier;
• Speed from the GPS device and from sensors installed on the axles.

2.3. Electrochemical Properties

The following components were used to form carbon electrodes: carbon material,
binder: polyvinylidene fluoride (PVdF—Sigma Aldrich—St. Louis, MO, USA), acetylene
black (Sigma Aldrich—USA). To obtain equal electrode masses, the mixture is formed in
an agate mortar. The next step is to transfer the mass to copper interceptors with a unit
weight of 4 mg. The electrodes are subjected to a temperature of 105 ◦C and paired together
according to the criterion of the nearest mass value.

To prepare the supercapacitor, the samples were placed in a Swagelok® (Solon, OH,
USA) measuring cell. In order to ease electrolyte (2 M Na2SO4—Sigma Aldrich) distribution
by gravity flow, a working electrode with lower mass was placed in the position of the
lower collector. To avoid unwanted contact between the electrodes a glass fibre isolator
is used. After topping up with electrolyte, the system is sealed by adding and using the
current collector of the counter electrode [37]. The components of the cell were connected
using a dedicated Swagelok® connector.

Using a multi-channel Potentiostat/Galvanostat ZRA 6750 from Gamry Industries
(Warminster, PA, USA), the electrochemical properties were assessed. In addition to the
conventional method of assessing electrochemical properties by cyclic voltammetry, the
equipment also offers other methods such as: linear voltammetry, stripping voltammetry,
pulsed voltammetry, chronoamperometry, and more. A two-electrode symmetric system
using processed starch was used to determine the results [37].

Cyclic voltammetry serves as a valuable tool to assess the reversibility of a redox
reaction, categorizing it as either fully reversible, partially reversible, or irreversible. A
fully reversible system is typically indicated when each successive measurement’s current-
versus-voltage graph aligns with the previous one. Conversely, when this alignment is
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absent, it suggests a partially reversible or irreversible reaction. Cyclic voltammetry finds
extensive utility in various applications, including the following:

1. Identifying surface contaminants.
2. Estimating the relative specific surface area and surface roughness.
3. Determining the potential at which oxidation–reduction reactions take place.
4. Qualitatively analyzing specific substances.
5. Assessing the capacitance of the electrode.
6. Evaluating the kinetics of electron transfer.

Scanning electron microscopy is used to determine the morphological microstructure
of grains. The studies were performed using an EVO40 (scanning electron microscope)
(Zeiss, Jena, Germany). The microscope accelerates electrons in the range of 0.2 to 30 kV,
allowing for a satisfactory distribution of the substance being scanned.

2.4. Supercapacitor Energy and Power

Supercapacitor energy refers to the stored energy in an electrical supercapacitor, a
fundamental component in electronic circuits capable of storing and releasing electrical
charge. The energy deposited in a condenser is a function of the electric charge it can
hold and the voltage applied across its terminals. This energy storage capability makes
capacitors essential in various electronic applications, including power supply filtering,
energy storage, and signal coupling.

The energy required to charge a supercapacitor can be quantified as the work done
in transferring the charge. Since the charge is transferred incrementally (from zero to the
final charge, q), the differential component of the supercapacitor charging energy, dG, can
be expressed as follows:

dG =
αq
C

·dq (1)

where αq is the portion of charge accumulated in a given stage of charging the supercapaci-
tor cell (0 < α < 1), and C—the capacitance of the supercapacitor.

Taking into account that
dq = q·dα (2)

the charging energy G (Gibbs energy) is equal to the following:

∆G =

q∫
0

dG =

αq∫
C

qdα (3)

∆G =
q2

C

1∫
0

α · dα (4)

where the energy is equal to (∆G = EMAX).

E =
1
2

q2

C
(5)

The capacitance of the supercapacitor (C) is as follows:

C =
dQ
dU

or
q
U

(6)

where U—voltage between the electrodes [V].
Transforming Equation (6) and substituting it into Equation (5), we obtain the following:

E =
1
2

CU (7)
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The power (P) in an electrical circuit containing a supercapacitor can be described as
the rate of change of energy stored in the supercapacitor with respect to time.

P = U ·I (8)

The studied system was composed of two electrodes with an electrolyte between
them; therefore, the supercapacitor cell can be considered a system of two series-connected
supercapacitors, the capacity of which is expressed by the following formula:

1
C

=
1

C1
+

1
C2

(9)

where C1 and C2 are the capacities of individual electrodes.
Assuming that C1 = C2 = Celectrode and after substituting into Formula (9), the following

relationship is obtained:
Celectrode = 2C (10)

The specific capacity per unit mass of activated carbon can be calculated from the
following formula:

Csp =
Celectrode

m
(11)

where m—mass of a single electrode (mass of activated carbon) [g].
The capacity of a condenser cell is given by the following equation:

C =
I

dU/dt
(12)

where C—capacitance of the supercapacitor [F], I—current [mA], and dU/dt—voltage
change over time [mV/s].

This formula indicates that the power in a capacitor circuit is directly proportional
to the rate of change of charge with respect to time. Capacitors store energy in an electric
field and this is associated with the flow of energy into or out of the capacitor over time.
However, it is important to note that while capacitors store energy in an electric field, they
cannot retain electrical energy for extended periods. Supercapacitors, on the other hand,
operate on a different principle, generating charge through the formation of a double-
electric layer. This distinction highlights the different mechanisms of charge accumulation
and storage between capacitors and supercapacitors.

The data obtained from voltametric measurements were analyzed using Equations (10)–(12).
In the capacitance calculations, consideration was given to the current value in the circuit being
tested once the potential reached the midpoint of the predetermined level.

In a parallel supercapacitor setup, all supercapacitors share the same voltage across
them, denoted as follows:

V1 = V2 = . . . = Vn (13)

where V1 to Vn—the voltage at each respective condenser.
This voltage equals the input voltage that is applied to the parallel supercapacitor

arrangement via the input wiring. Nevertheless, the charge stored in every supercapac-
itor varies and is contingent upon the capacitance of each supercapacitor, following the
following formula:

Qn = Cn + Vn (14)

where Qn—accumulated load in a condenser, Cn—the capacity of the condenser, and Vn
stands for the voltage applied to the supercapacitor, equivalent to the voltage applied to
the entire parallel supercapacitor block.
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The total stored charge in the supercapacitor block, represented by Q, is distributed
among all supercapacitors within the circuit:

Q = Q1 + Q2 + · · ·+ Qn (15)

The equation used to ascertain the equivalent capacity for a parallel arrangement of
several supercapacitors is as follows:

Ceq =
Q
V

= C1 + C2 + · · ·+ Cn (16)

where Ceq—equivalent capacitance of the parallel supercapacitor arrangement, V—voltage
applied to the supercapacitors via the input wires, and Q1 to Qn—the charges kept at each
respective supercapacitor.

This leads to a pivotal point, which is the following:

Ceq = C1 + C2 + · · ·+ Cn (17)

This implies that the equivalent capacitance of a parallel supercapacitor connection
is equal the total of the respective capacitances. This outcome makes intuitive sense, as
supercapacitors in parallel can be conceptualized as a singular supercapacitor with a plate
area equivalent to the sum of individual plate areas.

3. Results and Discussion
3.1. Measurement Results of Railway Vehicle Electricity Consumption Estimation

The test results are presented in Table 2 and Figure 4. The purpose of the measurements
is to estimate the energy consumption that can be recovered during electrodynamic braking
for a single cycle, consisting in accelerating a stopped vehicle to the maximum speed and
stopping it using electrodynamic braking.
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Figure 4. Measurement results for sample.

The total electrical energy ET was the energy consumed by the vehicle from the traction
network ET and ER released during the recuperation process. Based on experimental
measurements, the volume of energy that could be recovered in the electrodynamic braking
process was estimated. In the case of the tested vehicle, regardless of the type of electric or
diesel drive used, it was possible to recover approximately 15 kWh of the energy taken from
the traction network in the electrodynamic braking process. Measurements carried out for
a two-unit diesel–electric multiple unit according to the described methodology produced
similar results. The energy recoverable through electrodynamic braking was 28.5%.
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Table 2. Traction parameters for load condition.

No.

Specific Parameters
Time (t) and Distance (s) Total

Distance

Energy Consumed by the Vehicle ET and Returned to
the Braking Resistors
ER1 + ER3 + ER3 = ER

Brake Setting “P”—Passanger60 km/h 120 km/h

ITu
(1) PTmax

(2) PTu
(3) FNmax

(4) amax
(5) av

(6) av
(7) t1 s1 t2 s2 s ET ER1 ER2 ER3 ER ET – ER ER/ET

A kW kW kN m/s2 m/s2 m/s2 s m s m m kWh kWh kWh kWh kWh kWh %

1 208 636 612 96 0.56 0.30 0.11 54 513 306 7 518 8 522 50.72 5.83 4.89 4.63 15.35 35.37 30.27

2 207 636 611 95 0.55 0.28 0.10 55 513 318 7 839 8 776 52.29 5.74 4.83 4.64 15.21 37.07 29.09

3 208 646 616 96 0.56 0.30 0.10 56 528 324 8 120 8 938 53.95 5.70 4.80 4.53 15.02 38.93 27.84

4 208 640 615 94 0.55 0.29 0.11 56 521 313 7 869 8 669 51.91 5.81 4.87 4.59 15.27 36.64 29.41

5 208 642 613 92 0.53 0.30 0.10 57 563 319 7 790 8 731 53.66 5.66 4.90 4.64 15.20 38.47 28.32

6 208 637 614 94 0.55 0.30 0.10 57 550 318 7 742 8 758 53.12 4.69 4.57 4.57 13.82 39.31 26.01

7 208 640 613 95 0.55 0.30 0.11 56 533 317 7 743 8 747 52.79 5.65 4.82 4.57 15.03 37.75 28.48

Av.
values 208 640 613 95 0.55 0.30 0.10 56 532 316 7 803 8 734 52.63 5.58 4.81 4.60 14.98 37.65 28.49

(1) Average current during start-up (for speed 50 ÷ 120 km/h); (2) the maximum value of the power consumed by the vehicle during starting (for speed 0 ÷ 120 km/h); (3) average
power value during start-up (for speed 50 ÷ 120 km/h); (4) maximum value of the driving force during the start-up (for speed 0 ÷ 120 km/h); (5) maximum acceleration value during
start-up (for speed 0 ÷ 120 km/h); (6) average acceleration value during start-up (for speed 0 ÷ 15 km/h); (7) average acceleration value during start-up (for speed 0 ÷ 120 km/h).
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3.2. Development of Electrode Material from Starch

Devices featuring starch-based electrodes, much like their carbon–graphite coun-
terparts, exhibit operational capabilities up to a maximum voltage of 2 V [38–41]. No-
tably, a distinct alteration in the cyclic voltammetry (CV) curves of supercapacitors em-
ploying starch-based electrodes becomes evident, clearly signifying an enhancement in
charge propagation within each device following the introduction of acetonitrile into the
electrolyte (Figure 5).
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This observable change in the CV curves is indicative of an improved charge transfer
process within these devices. Furthermore, the incorporation of ionic liquid leads to an
augmentation in the capacity of these devices and a noticeable enhancement in their charge
retention capabilities at higher potential cycling rates.

The obtained material has a capacity of up to 130 F/g. Activated carbons, especially
commercial ones, are attractive electrode materials for EDLC supercapacitors due to eco-
nomic reasons and the possibility of obtaining a highly developed internal surface with a
controlled pore size distribution. Depending on the porous texture and chemical nature of
the surface—factors influenced by the type of raw material and preparation conditions—the
relative capacity of the electrical double layer of activated carbons varies widely, within the
range of 15–50 µF/cm2. Assuming a theoretical mean level of 25 µF/cm2 and an internal
surface area of 1000 m2/g, it should be possible to achieve a capacity of 250 F/g. In practice,
however, much lower values are obtained because of the limited availability of the largely
microporous carbon surface for the electrolyte.

The internal area determined by the gas sorption method is very different compared to
the electrochemically reactive surface accessible to electrolyte ions. For aqueous electrolytes,
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it can be assumed that pores are greater than 0.5 nm, determined by the nitrogen sorption
method, and should be electrochemically accessible. This is due to the similar average
(thermodynamic) size of the nitrogen molecule at 77 K and the hydrated ions (e.g., H+, OH−,
and K+). For aprotic media, such as propylene carbonate, the dimensions of the solvated
ions are much larger, e.g., ~2 nm for BF4

− or ~5 nm for (C2H5)4N+, and the micropores
do not contribute to the capacity of the bi-layer. Therefore, the type of electrolyte must be
matched to the pore characteristics of the material (or vice versa).

In practice, the situation is more complicated. The porous texture of the material,
in addition to the “molecular sieve” effect described above, affects the overall ionic con-
ductivity of the system. The movement capacity of ions in the pores (electrochemically
accessible) varies from their mobility in the electrolyte volume. The mobility of ions in
narrow pores is problematic. The most significant improvements are observed in devices
utilizing electrolytes derived from ionic liquids, which inherently possess the higher specific
conductivity in their pure form.

Supercapacitors can be connected with other components in series or in parallel. At
times, it proves beneficial to join multiple supercapacitors in parallel to create a func-
tional unit, as illustrated in the diagram. In such scenarios, it is crucial to understand the
equivalent capacity of the parallel arrangement. This discussion is going to delve into
the analysis of parallel supercapacitor connections and explore potential applications for
such configurations.

Electrical energy is stored in supercapacitors in the form of electrical charge. By
paralleling multiple supercapacitors, the resultant circuit can store greater amount of en-
ergy [42–45], given that the equivalent capacitance is the sum of the individual capacitances
of all involved capacitors. This principle finds application in various scenarios:

• DC supplies may incorporate multiple parallel supercapacitors to enhance signal filtra-
tion and eliminate AC ripple. This method enables the utilization of smaller superca-
pacitors with superior ripple characteristics while achieving higher capacitance values.

• Certain applications demand capacity rates surpassing those offered by commer-
cially available supercapacitors. Supercapacitor banks address this need, such as
those employed for power factor correction with inductive loads or energy stor-
age in automotive applications like KERS (Kinetic Energy Recovery System) for
regenerative braking.

When connecting supercapacitors in parallel, it must be taken into account that the
maximum rated voltage of the parallel connection of supercapacitors is equal to the lowest
rated voltage of all supercapacitors involved. Therefore, care must be taken to ensure
system compatibility and security. To determine how many supercapacitors are needed to
store a total energy of 15 kWh, we can follow these steps:

• 1 kWh = 3600 kJ
• Therefore, 15 kWh = 15 × 360,015 × 3600 kJ = 54,000 kJ = 54,000,000 J.
• The energy stored in a supercapacitor is given by Equation (7), where E is the energy,

C is the capacitance, and U is the voltage.
• Given that the capacitance C is 130 F/g, we need to know the voltage U at which the

supercapacitors operate.
• The energy stored in one supercapacitor E = 1/2 × 130 F × U2; U = 1.8 V
• Simplifying, E = 65 × 1.82 = 220.32 J/g.
• To determine the number of supercapacitors needed, we carry out the following:

1. Total energy required = 54,000,000 J
2. Energy per supercapacitor = 65 × U2 J (assuming 1 g per capacitor)
3. Number of supercapacitors N:

N =
54, 000, 000

65 U2 =
54, 000, 000

65 1.82 = 256, 041 (18)
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Thus, approximately 256,410 supercapacitors, each with a capacity of 130 F/g at 1.8 V,
are needed to store 15 kWh of energy.

• To determine the total mass of supercapacitors, we consider the following:

1. Total energy = 54,000,000 J
2. Energy stored per gram = 220.32 J/g
3. Total mass M:

M =
54, 000, 000 J

220.32 J
g

M = 245, 098.04 g = 245.1 kg

(19)

The total mass of the supercapacitors required to store 15 kWh of energy is approxi-
mately 245.1 kg.

4. Conclusions

This study presents a comprehensive exploration of energy storage using starch-
derived carbon materials for supercapacitors, along with an analysis of energy recovery
systems in railway vehicles and their potential applications. Starch carbonization provides
an economical and efficient route to the production of carbon materials with favourable
properties for energy storage applications.

The resulting materials exhibit capacitances of up to 130 F/g, making them competitive
for use in supercapacitors. Starch-derived carbon materials show significant improvements
in charge transfer and retention when combined with ionic liquids and optimized elec-
trolytes. This indicates the importance of tailoring the electrolytes to the porous structure
of the material. The internal surface area and pore size distribution play a key role in
determining the specific capacitance, with changes in material processing and electrolyte
selection required to maximize performance.

Measurements from electrodynamic braking tests in diesel–electric trains reveal that
about 28.8% of the consumed energy can be recovered during braking. This highlights
the potential of regenerative systems to improve energy efficiency. Supercapacitors are a
viable solution for storing this recovered energy due to their rapid charge and discharge
capabilities and long lifetime. This study found that approximately 256,041 supercapacitors
(each with a capacitance of 130 F/g at 1.8 V) would be required to store 15 kWh of energy.
This would correspond to a total mass of 245.1 kg. Parallel connections of supercapacitors
enable capacitance aggregation, enabling practical applications such as DC signal filtering,
power factor correction, and kinetic energy recovery systems.

While starch-derived materials are promising, the discrepancy between theoretical
and practical capacitance values highlights the need for further research into optimizing
pore accessibility and electrolyte compatibility. Further research should focus on increasing
the energy density of supercapacitors to reduce the total mass and volume required for
large-scale energy storage applications.

This study highlights the feasibility of integrating supercapacitor technologies into
renewable energy systems and regenerative braking applications. Future work should
investigate the scaling of these technologies and the development of hybrid systems
combining supercapacitors with other energy storage technologies to address diverse
application needs.
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