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Abstract: Energy harvesting from energy sources is a rapidly developing cost-effective and sustainable
technique for powering low-energy consumption devices such as wireless sensor networks, RFID,
IoT devices, and wearable electronics. Although these devices consume very low average power,
they require peak power bursts during the collection and transmission of data. These requirements
are satisfied by the use of energy-storage devices such as batteries or supercapacitors (SCs). Batteries
offer significantly higher energy density but are subject to regular replacement, thermal runaway
risk, and environmental concerns. On the other hand, SCs provide over a million-fold increase in
capacitance compared to a traditional capacitor of the same volume. They are considered as the
energy-storing devices that bridge the gap between conventional capacitors and batteries. They also
offer fast charging times, a long lifecycle, and low equivalent series resistance (ESR). Most importantly,
they are capable of handling the high transient currents produced by energy harvesters and provide
a stable power source for external loads. This study encompasses a brief exploration of the three
fundamental SC types. Then, the discussion delves into the integration of SCs into energy harvesting
applications. The collective knowledge presented aims to guide future research endeavors fostering
the development of novel energy harvesting systems using SCs.

Keywords: energy harvesting; energy storage; power management; supercapacitors

1. Introduction

Over the past few years, there has been a growing focus on energy harvesting com-
prising a series of methodologies aimed at harnessing energy from various sources within
the local environment, including but not limited to motion, temperature differentials, lumi-
nosity, electromagnetic radiation, and chemical energy. The power generated from these
sources is typically very low, as depicted in Figure 1 [1,2]. Different techniques are used to
convert the harvested energy into electrical form such as turbines, photovoltaic (PV) cells,
thermoelectric generators (TEGs), antennas, solar panels, photodiodes, and piezoelectric
sensors applicable to self-sustaining devices considering costs, energy usage, and ecological
footprint [3]. As modern electronic functions have steadily diminishing power require-
ments (as shown in Figure 1) [4], the feasibility of energy harvesting becomes increasingly
apparent and is increasingly employed to energize small-scale devices such as IoT sensors
and portable electronics [5]. Also, the growing interest in harvesting biomechanical energy
from human movements to power wearable and portable electronic devices has been fueled
by the rapid development of wearable electronics [6].

The main stages of a conventional energy harvesting system are depicted in Figure 2 [7,8].
The energy from the source is converted to electricity by the energy harvester and then
the converter changes this voltage or current to appropriate levels for charging the storage
element which is, ideally, a rechargeable battery or an SC. The controller manages the
energy storage and load demand. The final stage is the load where the harvested energy is
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utilized [7]. In optimized systems, the extracted energy is maximized by using maximum
power point tracking (MPPT) along with maintaining high transduction efficiency [9].
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Figure 1. Power generation from energy sources and power demand from loads [1,2].

Controller

~ Energy Sources ~ @_ ——————
I

I

1

I

}

Sensors and

/~  Devices T\

: v RFID Sensors Humidity
Thermal W] = = — Sensors

©) e O
Harvester DC-DC [AC-DC Energy Storage

Vibration Converter Proximity wearables

Sensors
. ¢

Radio Waves

Figure 2. The main stages of an energy harvesting system. Adapted from [7,8].

2. Supercapacitors and Their Basic Types

By using electrodes with a greater surface area and thinner dielectric materials, SCs
can provide capacitances that are one million times greater than conventional capacitors.
Thus, SCs are considered energy storing devices that bridge the gap between conventional
capacitors and batteries and which suit the ever-increasing demand for reliable power in
industrial, energy, and computing applications. Table 1 compares the major differences
between capacitors, SCs, and batteries, and Figure 3 depicts the Ragone plot of various en-
ergy storage devices [10]. SCs are governed by the same fundamental equations applicable
to conventional capacitors [11].
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Table 1. Comparison of characteristics of supercapacitors versus batteries and conventional capacitors [11].

Power density (W/kg) >10° 60,000 <3000
Energy density (Wh/kg) <0.1 1to73 10 to 250
Equivalent series resistance Typically, in m() range Typically, in mQ) range Fractional ) to few ()

Charge time (s) 103 t0107° 0.3 to 60 3600 to 18,000
Discharge time (s) 103 to10°° 0.1 to 1800 600 to 10,800
Lifetime cycles 100 50,000 to 1,100,000 500 to 18,000

Typical lifetime (years) 30 30 5-20

Operating

temperature range (°C) — U —40to +70 —20 to +65
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Figure 3. Ragone plot of various energy-storing technologies [10].

Moreover, SCs have attractive features compared to batteries such as long lifetime
cycles and low ESR. Also, the ESR of SCs remains almost constant during the charging
and discharging processes and their charging and discharging limits are not critical, which
means they use less complex charging circuitry. Unlike batteries, they pose zero thermal
runaway risk over a wide range of temperatures. They are also environmentally friendly as
they do not contain heavy metals [11-13]. They are employed in various applications such
as regenerative braking in electric vehicles, portable electronic devices, uninterruptible
power supplies, smart grids, energy harvesting, backup power for data centers, telecom-
munications, and nonconventional DC-DC converters [11,14-19].

Figure 4 displays the structure of three basic SC families: symmetrical electric double-
layer capacitors (EDLCs), hybrid capacitors, and pseudocapacitors [11]. EDLCs are com-
posed of two carbon-based electrodes with a dielectric separating them, as shown in
Figure 4a. As the potential difference is applied across the electrodes, the charges in the
material move to electrodes of opposite potentials [20]. The electrical double layer formed
adjacent to a large-area electrode and an electrolyte is effectively used; hence the name
EDLC. Their larger area plates and shorter distances between plates can provide a higher
effective capacitance [15].
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Figure 4. Electro-chemistry of three commercial SC families: (a) Electric double-layer capacitor,
(b) hybrid capacitor, (c) pseudocapacitor [11].

Hybrid SCs merge the chemistry of a battery with the physics of an SC in a single
structure, as shown in Figure 4b. Due to their higher specific energy compared to EDLCs
and good power density, there has been an increasingly strong demand for these devices in
recent years [20]. In hybrid SCs, one electrode is activated carbon, and the other is like an
electrode in Li-ion batteries. These SCs can provide reliable ride-through or backup power
in applications, such as data storage systems, servers, utility meters, and controllers for
automated systems [20].

The third type (Figure 4c) is the battery capacitor, based on the concept of pseudoca-
pacitance. Although these SCs have an energy density comparable to lead—acid batteries,
they suffer from a relatively low power density and lack of cycling stability compared to
EDLCs [21].

3. Advantages of Supercapacitors in Energy Harvesting

Isolated sensors strategically deployed in remote or challenging terrains are amalga-
mated to establish low-power wireless sensor networks, forming the foundation for diverse
industrial, medical, and commercial applications [3]. With the aid of energy harvesting
sources, cost-effective power solutions can power these devices. Such autonomous systems
have a low power output, which is insufficient for wireless networks. To address this issue,
a small rechargeable battery or SC is used as an energy buffer and supplies the necessary
power bursts during the transmission of data. These energy storage devices charge at low
average power but are capable of releasing power bursts on demand [22]. They also act
as a backup energy storage for periods when the primary energy source is unavailable
such as at night with solar energy harvesting systems or when RF fields are absent with RF
harvesters [23].

Rechargeable batteries have drawbacks in energy harvesting systems such as limited
cycle life, cold intolerance, critical charging rates and environmental concerns. They need
periodic replacement, and it is an expensive and complex task to manage and maintain
batteries in a large-scale sensor network [24,25].

Because SCs serve as a link between traditional capacitors and rechargeable batteries,
they possess performance features that are ideal for energy harvesting applications. Because
wireless sensor networks often operate with a low-duty cycle and require high peak power
to intermittently collect and send data while consuming very little average power, they are
suitable for being powered by an SC. The energy harvester can either directly charge the
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SC or provide power to a power management IC that charges the SC at a minimal rate. The
SC then delivers the necessary peak power for the sensor to perform data collection and
transmission [16]. This approach reduces the overall cost of the system and eliminates the
need for costly battery replacements providing maintenance-free operation.

Moreover, SCs demonstrate excellent performance when paired with a dependable
and efficient energy harvesting method like wireless charging. Typically, AC power is
accessible to energize a wireless charger loop, ensuring the circuit remains operational
in close proximity. Acting as a rectifier filter, the SC delivers a charged output and can
temporarily take over when AC power is unavailable [4]. Moreover, energy efficiency and
superior energy predictability are other significant characteristics of SCs over batteries
which make them suitable for solar-based energy harvesting systems [26].

Furthermore, EDLCs store energy electrostatically across a broad working voltage
range, constrained solely by the electrochemical stability of the electrolyte, whereas batteries
store energy at specific cell voltages determined by the electrode Faradaic processes. This
flexible characteristic of EDLCs allows them to be applied in energy harvesters that function
at low voltages [27].

The battery charger usually functions as a DC-DC converter, operating as a load that
takes constant power from the energy source. Therefore, it is logical to extract this power at
the most optimal point by utilizing MPPT. On the other hand, unlike a battery, an SC does
not require charging at a constant voltage. Instead, it achieves the most efficient charging
by drawing the maximum current that the source can provide [22].

In addition, SCs serve as substitutes for batteries in certain applications and can
complement them in hybrid setups. In some applications where an SC’s energy storage is
insufficient, a battery can be utilized [22]. In cases where the ambient energy source (for
example, the sun), has intermittent availability, such as during the night or rainy days with
cloudy skies, the device needs to store energy not only for delivering power at peak levels
but also to sustain the application over an extended period. Also, in applications where the
required peak power surpasses the battery’s capacity (for example, during GSM calls), the
battery can charge the SC at a lower rate during the rest of the time, and the high-power
bursts are delivered by the SC during peak demands. This mechanism prevents the battery
from undergoing deep cycling, ultimately prolonging its lifespan [22].

4. Applications of Supercapacitors in Energy Harvesting

Ambient and external energy sources include a wide range of renewable energy
sources such as solar radiation, wind currents, vibrations, and thermal differences. As
depicted in Figure 5, several technologies are applied to harvest the ambient energy and
provide sustainable power for different applications from small-scale sensors to larger
infrastructure systems [28]. Each energy harvesting technique has its own set of advantages
and disadvantages, which are compared in Table 2 [29-32]. In these techniques, due to
their versatility and superior performance, SCs play a vital role in optimizing the efficiency
and effectiveness of energy harvesting technologies by effectively managing the variability
of energy sources. Table 3 lists the stored energy ranges of three fundamental SC types in
different energy harvesting applications [29-31].

There are mainly three challenges in energy harvesting: (a) efficiency and energy
density; (b) sustainability and materials; (c) integration and scalability. These technological
limitations and the need for continuous innovation in these areas as well present further
obstacles. Realization of proper and eco-friendly energy storage devices such as superca-
pacitors [12,13] and application-driven customizable designs are extremely desirable for
long-term stability; hence, interdisciplinary research and work is necessary to address these
gray areas [29-31].
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Figure 5. Supercapacitor-based energy harvesting methods.

Table 2. Comparison of advantages and disadvantages of different energy harvesting methods.

Energy Harvesting Technique Advantages Disadvantages
High energy aye?llablhty and good energy Ener e teorly
conversion efficiency
Photovoltaic Environmentally friendly Space requirement
Sealability Requ}rement for maintenance and
cleaning
High power potential Intermittent and fluctuating supply
Small-scale wind - ) .
Scalability Regular maintenance required
Ubiquitous sources Intermittent nature
Mechanical
Compact size Complexity of energy conversion
Continuous supply Low conversion efficiency
Thermal i i i
IS Al Material degradation at high
temperatures
. Minimal maintenance Interference issues
Radio frequency
Ubiquitous availability Distance limitation

Table 3. Supercapacitor types and their typical energy storage ranges in energy harvesting.

Typical Stored Energy Range (J)

Supercapacitor Type

Photovoltaic = Small-Scale Wind  Mechanical Thermal Radio Frequency
Electric Double-Layer Capacitors 200400 20-50 20-50 50-100 10-30
Hybrid Supercapacitors 500-1000 100-200 100-200 200-400 50-100
Pseudocapacitors 300-600 50-100 50-100 100-200 30-50

4.1. Supercapacitor-Based Mechanical Energy Harvesting

Mechanical energy harvesting, through the utilization of motion and vibrations,
presents a highly promising approach to generating electricity. Three primary convert-
ers facilitate the transformation of mechanical energy into electrical energy: piezoelectric
devices, electromagnetic devices, and electrostatic devices [33]. In addition, triboelectric en-
ergy harvesters have recently emerged as one of the most straightforward and economical
methods for capturing mechanical energy [34].

Piezoelectric energy harvesters (PENGs) utilize the piezoelectric effect, wherein strain
in a material results in structural deformation, leading to an imbalance in charge and the
generation of voltage [35]. They typically operate at high frequencies (>1 kHz) and offer
the benefits of self-sufficiency, a relatively high voltage output, small dimensions, and a
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strong electromechanical coupling factor, making them useful in many energy harvesting
applications including architecture, biomechanics, and human motion [36]. Because the
output power of PENGs entirely depends on the input vibrational energy, it becomes
intermittent if the mechanical energy is not constant and this poses a significant challenge
for electronic devices that require a continuous power supply [37]. To mitigate this effect,
SCs are applied as energy buffers in PENG-based energy harvesting systems.

Electromagnetic energy harvesters, EEHs, operate based on Faraday’s law of elec-
tromagnetic induction, where the movement of a magnet through a coil results in the
generation of electric current [36,38]. They are distinguished from other types of vibrational
harvesters by their capacity to harness kinetic energy within a relatively narrow bandwidth
around their resonant frequency [36]. They have the advantages of a simple structure, long
life, large output current, and low resonance frequency [39].

In electrostatic energy harvesters, the energy is harvested using an electrostatic trans-
ducer that works by a force creating a change in capacitance which induces a voltage [36].
They consist of two plates separated by air, vacuum, or other dielectric material. There are
two types of electrostatic generators: electret-free and electret-based. The former utilizes
conversion cycles involving charging and discharging of the capacitor, whereas the latter
employs electrets to directly convert mechanical power into electricity [40]. These genera-
tors facilitate the development of cost-effective devices as they do not require magnets or
potentially expensive piezoelectric materials [40]. Nevertheless, they are unable to supply
power directly to the IoT and wearable devices without using an energy storage device
because of their low average power [41]. SCs have garnered significant interest in recent
years in electrostatic energy harvesting due to their exceptional power density, extended
cycle life, and notably rapid charge/discharge rate.

The triboelectric nanogenerator (TENG) is another mechanical energy harvesting
method which has multiple advantages such as eco-friendliness, affordability, effectiveness,
and an extensive array of material options, rendering it appropriate for a multitude of
self-powered electronic devices. It operates by harnessing the combined effects of contact
electrification and electrostatic induction [42]. When two dissimilar materials with varying
electron affinities come into contact, they exchange electrons, resulting in opposite charges
on their surfaces. The repetitive contact-separation or sliding motion of these materials
generates an alternating current output. SCs emerge as ideal contenders for storing the
energy harnessed by TENGs. This is primarily due to the numerous advantages offered
by SCs, including higher peak current, minimal leakage currents, affordability, and com-
mendable reversibility [34]. Therefore, the increasing need for sustainable and effective
energy generation and storage solutions has increased interest in combining triboelectric
nanogenerators (TENGs) with SCs.

The typical SC-based mechanical energy harvesting system is depicted in Figure 6. It
consists of five major components: the mechanical energy harvester, SCs, a rectifier circuit,
a controller, and a load. The acquired mechanical energy is converted to AC followed by
rectification. The stored energy is utilized based on the load demand with the use of a
switching circuit and a controller. Table 4 summarizes several applications of mechanical
energy harvesting methods that utilize SC as energy storage.

Controller
Fi= =5 r
1 1
1 1
Mechanical : :
Energy Harvester Rectifier 1 SC 1 Load
1 1
- Yo Yo
A, : SWy 1 SW2 LI]
——— N

Figure 6. A typical application example of supercapacitors in mechanical energy harvesting.
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Table 4. Different applications of supercapacitors in mechanical energy harvesting.

Converter Type Study Hardware Applications f){fo :lpercapacitors
Energy harvesting and
storage with ceramic Integrated piezoelectric
piezoelectric transducers unit, ionic liquid-based Wearable electronics E(;f::l;rfs g;e;:lalll‘ge
coupled with an ionic micro-SC, and a svstem volume
liquid-based bridge rectifier Y
supercapacitor [27]
LTC3588-1 (from
Analog Devices,
Piezoelectric-driven Wilmington, NC, USA)
self-powered based circuit designs Energy storage element
supercapacitor for which combine a Wearable electronics with low
wearable device low-loss full-wave leakage current
Piezoelectric applications [43] bridge rectifier with a
high-efficiency
buck converter
Q220-A4-503YB (from
Analysis of batteries or https:/ /piezo.com/, More efficient energy
supercapacitor as energy Woburn, MA, USA) Low-power storage device due to
storage device for asound  piezoelectric energy electronic their better charging
energy harvester transducer, 0.22 F SC, devices, LEDs and discharging charac-
system [44] voltage multiplier, teristics
voltage regulator
Self-charein To harvest sporadic
iezo-su gercga acitor: S Do G
p percapactior: Fabricated piezoelectric =~ Portable convert it to electrical
one-step mechanical . . . .
. driven self-charging SC  electronic devices energy, and
energy conversion and simultanecously
o 7] store energy
A portable high-efficiency To permit the storage of
electromagnetic energy Safety enerey from rapidl
harvesting system using Mechanical facilities/standby chang}i/n transipe nty
supercapacitors for transmission system, power currei tsgan d actas a
renewable energy regulating circuit, SCs supplies for
applicati . 1sid . : steady power supply
pplications in rail-side equipmen for external loads
railroads [45]
. The low output power
LElee ey et Maximum power transfer . o and large storage
. Rectifier, boost rectifier, .
tracking for voltage regulators capacitance of SCs
ultralow-power contr%ller%vith ! Resistive loads enable the MPTT
electromagnetic energy MPTT. SCs control to rely solely on
harvesters [46] ! output current
measurement.
Ultralow power, fully - . Energy storage element
autonomous boost rectifier ~ Full-wave boost Wireless .97
. o which is fed by a
for electromagnetic energy  rectifier, SC sensor nodes .
boost rectifier
harvesters [47]
Afloie i sae il mio s
Electrostatic its application in rectifier, buck-boost Wearable electronics Flexible energy

electrostatic energy
management system [32]

converter, low-dropout
regulator, controller

storage element
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Table 4. Cont.

Converter Type Study Hardware Applications f){fo :lpercapacitors
Wearable self-charging
power textile based on Rectifier, SC, circuit to Lichtweicht ener
flexible yarn switch between the SC ~ Wearable electronics s t(%ra o eige ment &Y
supercapacitors and fabric  and the load 8

Triboelectric nanogenerators [48]

Triboelectric nanogenera-
tor /supercapacitor in-one
self-powered textile based
on PTFE yarn wrapped
PDMS/MnO,NW hybrid
elastomer [6]

Rectifier, SC, circuit to
switch between the SC
and the load

Wearable electronics
and

versatile

pressure sensing

Energy storage element
with high volumetric
energy density and
excellent cyclic stability

4.2. Supercapacitor-Based Photovoltaic Energy Harvesting

Solar energy is considered to be the most auspicious and inexhaustible source of
energy where the radiant light emitted by the sun can be harnessed and transformed into
usable energy. The typical power architecture of SC-based PV energy harvesters can be
divided into two basic methods: (1) direct charging when the SC voltage is higher than the
open-circuit voltage of the PV array, and (2) using a boost converter with MPPT when the
open-circuit voltage of the PV array is higher than the SC voltage.

Figure 7 depicts a straightforward charging system designed for method (1) [22] where
Ipy, DinT, Rp, and Rg represent the solar PV current, and diode array due to the recom-
bination, equivalent parasitic shunt resistance, and equivalent parasitic series resistance,
respectively. The diode (Dg) serves to block the SC from discharging in reverse through
the solar-cell array when it is dark [22]. In Figure 7’s circuit, the SC, starting at 0 V, initially
pulls a short-circuit current from the solar-cell array. As the supercapacitor charges, the
current diminishes, influenced by the solar-cell array’s voltage/current behavior. Despite
this, the SC consistently draws the maximum current available to charge at the fastest rate
possible. If the open-circuit voltage of the energy source exceeds the rated voltage of the
SC, it is necessary to employ overvoltage protection for the SC using a shunt regulator. A
shunt regulator is a cost-effective and straightforward strategy for safeguarding against
overvoltage. An example shunt regulator is provided in [22]. Once the SC is fully charged,
the dissipation of any excess energy becomes inconsequential. The output load (Ry) is
driven when the SC has a sufficient charge for the load demand by closing the switch (SW).

~

Solar PV Array Rs | Dy SW

al
W g °©

ICDii I ..... ijiRP sc Su

Figure 7. The simplified approach to direct charge the supercapacitor using solar cells. Adapted
from [22].

A similar study is performed by utilizing a small solar cell in which the SC is charged
using an energy harvester to meet the peak power requirements [49]. The energy harvester
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provides a modest amount of power to charge the SC, which, in turn, delivers intermittent
or irregular bursts of power to gather and transmit data in IoT applications. The major
drawback of method (1) is that it has low efficiency as it does not have an MPPT system.
In method (2), the efficiency is maximized by using a boost converter with MPPT. An
example schematic of a practical circuit designed using this approach is demonstrated
in [49]. An integrated circuit (BQ25504 from Texas Instruments, Dallas, TX, USA) is used
which adjusts the input current to keep the solar cell operating at its optimal power point,
while also ensuring that the SC is charged even when the light level decreases. This
approach is achieved by maintaining the solar cell voltage below the SC charge voltage.

4.3. Supercapacitor-Based Small-Scale Wind Energy Harvesting

Over the past few decades, wind energy has emerged as a rapidly growing source
of renewable energy [1]. Small-scale wind energy harvesting systems have become an
increasingly popular source of energy for homes, buildings, businesses, and communities.
These systems have numerous advantages over large-scale wind energy systems, such as
space efficiency and low cost [50]. These systems are designed based on wind turbines
and wind-induced vibration technologies [50]. Table 5 shows a few application examples
developed by several research teams using SCs in wind energy harvesting. These methods
relate to Figure 6 where the harvester can be either a small wind turbine or a vibrational
energy harvester.

Table 5. Examples of recent SC-based wind energy harvesting applications.

Study Hardware Applications Role of Supercapacitors
Alternative energy storage
device which eliminates the

Wind energy harve.stmg Wind turbine, rectifier, compl.lcatlon of rep}acmg the

system powered wireless Sensors, batteries at regular intervals

sensor networks for structural
health monitoring [51]

DC-DC boost converter, SCs

wireless modules
as energy storage

results in the developing a
sustainable power
management system for

wireless sensor nodes

Instantaneous charging and
discharging cycle analysis of a
novel supercapacitor-based
energy harvesting circuit [52]

Vertical axis turbine,
battery—SC combined energy
storage, rectifier,

DC-DC boost converter,
Arduino-based controller

Low-power electronic devices
with improved charging
efficiency in the energy
storage

Supportive energy storage
unit which increases the
longevity of the battery pack
in use.

Wind energy harvesting for
autonomous wireless sensor
networks [53]

Wind turbine, rectifier,
DC-DC converter, SCs as
energy storage

Wireless sensor networks Energy storage device

In order to cater to applications that must have an uninterrupted power supply
throughout their operational lifespan, it is advantageous to integrate solar power with an
alternative power source, such as wind, which offers complementary availability [53]. The
research in [53] introduces multiple solar/wind (hybrid) SC-based harvesters, utilizing
pre-existing open-source designs of solar-only harvesters. This work unveils the potential
of using hybrid harvesters to reduce downtime significantly, in contrast to systems relying
solely on solar or wind power [53].

4.4. Supercapacitor-Based Thermoelectric Energy Harvesting

TEGs have become a focal point in energy harvesting methods due to their ability to
transform temperature differences into electrical energy. They present a viable option for
powering devices without the need for batteries, as they can harness temperature variations
in the surroundings to create a consistent and sustainable power source. This characteristic
renders TEGs highly suitable for a range of applications, including industrial environments,
transportation systems, and even utilizing the heat generated by the human body [25].
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TEGs are comprised of multiple pairs of thermocouples placed between ceramic plates,
totaling in the tens or hundreds, which are interconnected in series electrically and in
parallel thermally [54]. They offer advantages such as no moving parts, a longer service life
and silent operation [54]. However, in many cases, the electrical output generated from
thermoelectricity typically remains at the millivolt level, making it unsuitable for direct use
and challenging to store [55]. Table 6 highlights a few applications of SCs in TEG-based
energy harvesting, whereas Figure 8 shows a typical application using commercial power
management ICs such as ADP5090 (from Analog Devices, Wilmington, NC, USA), LTC
3108 (from Analog Devices, Wilmington, NC, USA), and BQ25504 (Texas Instruments,
Dallas, TX, USA).

Table 6. Examples of recent SC-based thermoelectric harvesting applications.

Study

Hardware Applications Role of Supercapacitors

Powering a low-power
wireless sensor in a harsh
industrial environment:
energy recovery with a
thermoelectric generator and
storage on

supercapacitors [54]

Eureca TEG1-30-30-8.5/200
TEG

module, commercial energy
harvesting IC (The BQ25504

(Texas Instruments, Dallas, TX, Battery-free Battery-free energy storage
USA), SC storage, TPS610995  autonomous power supply, that operates at temperatures
(Texas Instruments, Dallas, TX, wireless sensor networks of up to 80 °C

USA) boost converter and
TPS71533 (Texas Instruments,
Dallas, TX, USA)
low-dropout regulator

High-efficient energy
harvesting architecture for
self-powered
thermal-monitoring wireless
sensor node based on a single
thermoelectric generator [3]

Thermoelectric generator,
DC-DC boost converter with
MPPT, 30 mF SC energy
storage, microcontroller

Wireless sensor nodes Energy storage module

Wearable thermoelectric
power generators combined
with flexible supercapacitor

Flexible energy storage
element to realize the
combination of renewable

Low-power human
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Figure 8. SC-based thermoelectric generator application example.

4.5. Supercapacitor-Based RF Energy Harvesting

Radiofrequency energy harvesting (RFEH) is a method used to convert energy from an
electromagnetic (EM) field into electrical energy [59]. There is a plentiful supply of RFEH
available from various sources in the surroundings, such as nearby mobile phones, Wi-Fi
networks, wireless local area networks, broadcast television signals, and FM/AM radio
signals. Contrary to other techniques for energy harvesting, RFEH possesses numerous
benefits, including the capability to regulate and guarantee consistent transmission of
energy over long distances, as well as providing stable and predictable energy outputs [60].
The concept of RFEH has undergone significant advancements over the past two decades,
particularly in terms of the signals utilized. Recently, there has been a shift towards
exploring the industrial, scientific, and medical (ISM) band at 2.45 GHz as well as GSM
frequencies at 900 MHz and 1800 MHz, due to the widespread proliferation of WiFi, 3G,
and 4G systems worldwide in recent years [61].

In order to transform an RF signal into DC voltage, the development of a Rectenna
circuit is essential, which is displayed in Figure 9 [61]. A matching network is used between
the antenna and the diode to achieve optimal power transfer. The diode is connected to
a low-pass filter, which consists of a capacitor and a resistor [61]. Several studies have
demonstrated the applicability of SCs in RF energy harvesting, as listed in Table 7.

Controller

[ Matching Network ]

D,
P 5 %
SWj SW3

Cr _— sCc =

11
o
2

Figure 9. The rectenna circuit. Adapted from [61].
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Table 7. Examples of recent SC-based RF energy harvesting applications.

Study

Frequency Range

Role

Hardware .
of Supercapacitors

Applications

Radiofrequency energy
harvesting and storing
in

Digital terrestrial
television frequency

Energy storage device

SCs, N-stage Dickson Low-power which can cope with

supercapacitors for (DTT) band: voltage multiplier PCBs  electronic devices the receiver
percap 750-758 MHz energy fluctuations
wearable sensors [62]
Ultralow power RF
energy harvesting RF-to-DC converter, a
system using a storage SC, and a .
supercapacitor as an 2.45 GHz DC_DC IoT sensor nodes Energy reservoir
energy reservoir for an boost converter.
IoT node [61]
Performance of Printed loop antenna
printable and half-wave organic Printable
. . . . ; Sensors and small .
supercapacitors in an 13.56 MHz diode rectifier, pair of indicator displa supercapacitors as
RF energy harvesting SCs (0.45 F and 0.21 F), pay energy storage devices
circuit [23] voltage regulator
. Battery-free energy
fjjrlo frequency GSM 900/1800 MHz CRjrftViﬁi Z‘écifnzcr’“t Weatable storage for low
harv%Ztin for wearable cellular and storage arlld Arduii}(l)— biomedical sensors maintenance and
& 700 MHz DTT & precise estimation of

sensors [63]

based controller e
remaining energy

5. Limitations of Supercapacitors in Energy Harvesting

SCs, despite their high potential for energy harvesting applications, do have certain

limitations that must be taken into account in the design process.

The low voltage of a single-cell supercapacitor (typically 2.7 V to 5.5 V) is one major
constraint in energy harvesting applications, particularly in scenarios involving sys-
tems demanding higher voltage levels. SCs generally come with a maximum voltage
rating; exceeding it will lead to damage or malfunction. This constraint may impede
their efficiency in energy harvesting setups that rely on higher voltages for optimal
functionality. A cascade of serial-connected SCs is a promising solution to expand
the voltage range [23]. Nevertheless, voltage balancing circuits are essential in cas-
caded SC systems due to the tolerance and changes in the capacitance caused by the
production or ageing [64].

Energy density constraint presents a hurdle in some energy harvesting scenarios
where optimizing energy storage capacity is essential. The use of hybrid SCs is one
solution to increase energy density. As discussed in Section 2, these SCs integrate the
benefits of both SCs and batteries, providing a greater energy density compared to
conventional SCs alone. Recent studies reveal that the unique blend of electrode materi-
als/composites and electrolytes, coupled with their manufacturing design significantly
boosts the energy density of the SCs and also their electrochemical efficiency [65,66].

Comparatively higher self-discharge rates were observed in SCs as opposed to batter-
ies. Overcoming this obstruction is crucial for maximizing the efficiency and reliability
of SCs in energy harvesting applications. Recently, numerous studies have been pub-
lished aiming to address this drawback using a range of innovative approaches such
as the use of enhanced electrolytes and applying a blocking layer with an insulating
material on the electrode surface [67].

The extent of temperature sensitivity further constrains the potential applicability
of SCs in certain energy-harvesting contexts. Elevated temperatures can hasten de-
terioration, whereas lower temperatures can impact capacitance and raise internal
resistance, both of which can have a negative effect on overall performance [68]. The
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use of thermal management systems such as active and passive cooling methods can
effectively control the temperature of SCs and mitigate the decline in performance
caused by high temperatures [69]. Encapsulating SCs in materials with high thermal
conductivity or with insulation properties can help protect them from temperature
fluctuations and maintain their performance [68].

e  5Cs can be a more expensive option than batteries for energy harvesting systems as the
cost per kWh of SCs is higher than for Li-ion batteries [70]. Even so, the advantage is
seen in long-term cost savings as the Li-ion batteries have close to 1000 lifetime cycles
compared to the SCs which have 15,000 to 1,000,000 lifetime cycles [71]. In addition,
research continues to enhance the materials and refine the manufacturing processes in
order to minimize the costs associated with manufacturing of SCs [72].

Despite the limitations of SCs in energy harvesting applications, continuous research
and development in materials science, device engineering, and system integration are
actively working towards overcoming these challenges. Through these innovations, SCs
have the potential to enhance their efficiency, reliability, and versatility as integral com-
ponents in energy harvesting systems, thereby contributing to the progress of sustainable
energy solutions.

6. Conclusions

The unique properties of SCs: high power density, rapid charge/discharge cycles, and
a long lifecycle make them ideal candidates for complementing and enhancing the efficiency
of energy harvesting systems. The collective insights provided in this review comparing
several SC-based energy harvesting approaches illustrate the potential of providing stable,
efficient, and scalable storage solutions as a substitute for traditional battery energy storage
approaches. Moreover, this review serves as a comprehensive guide to future research
endeavors in SC storage applications, highlighting key areas of SC characteristics that
contribute to a more energy-efficient and environmentally friendly future.
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