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Abstract: For wireless sensor networks (WSNs) to continue operating, energy harvesting plays a critical role.
This paper explores this topic. WSNs are essential to many applications, from industrial processes to home
automation. The difficulty is in giving sensors enough power, particularly in isolated or difficult-to-reach places.
A solution is found in energy harvesting, which uses vibration, heat, radio frequency, heat, and solar energy to
power sensors. The wide range of uses for energy harvesting in climate change modeling, noise pollution
mitigation, and environmental monitoring are examined in this paper. The emphasis now turns to real-world
applications of various energy sources to improve WSN performance, with a particular emphasis on the switch
from primary to rechargeable batteries. The study emphasizes how battery-free devices can lower maintenance
costs and increase application possibilities. The field of energy harvesting, which includes thermal,
radiofrequency, vibration, and solar energy, provides access to sustainable and priced WSNs. By elucidating the
benefits of battery-free devices, this study underscores the potential to enhance WSN sustainability while
simultaneously lowering operational costs. It underscores the transformative impact of energy harvesting,
offering a pathway to sustainable and economically viable WSN deployments.

Keywords: wireless sensor networks, energy harvesting, multiple energy sources, environmental monitoring,
battery-free devices, sustainable systems

1. Introduction
Devices that can transmit data collected from a monitored field via wireless networks or links depend

heavily on wireless sensor networks. The data is routed via numerous nodes and linked to various networks,
including Wireless Ethernet and numerous other data transmission methods, via a gateway. Numerous
applications, including home automation and control, smart energy, healthcare, industrial process and control,
telecommunication, military, agricultural, and electric grid maintenance, are presented in the field of wireless
sensor networks.

To gather data, wireless sensor networks are also widely used in locations that are inaccessible to humans.
Examples of these locations include radioactive or volcanic sites, chemical and nuclear power plants, numerous
locations inside of industries that are inaccessible to humans, pipelines, and flammable gas concentration
monitoring [1].

The types of networks that can be deployed underwater, underground, on land, and so forth are determined
by the specific environment. Wireless sensor networks (WSNs) come in a variety of forms, including mobile,
subterranean, underwater, multimedia, and terrestrial. Additionally, the concept of Energy Harvesting in
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Wireless Sensor Networks is introduced in this paper in the order that is most appropriate given that all the
sensors operating in the fields require sufficient power, or in some cases, no batteries at all [2]. Additionally,
these sensors face significant limitations when it comes to recharging their batteries when their batteries run low.
Finally, there are limitations specific to Wireless Sensor Networks, such as their small storage capacity (a few
hundred kilobytes), modest processing power (8MHz), short communication range, high power consumption,
minimal energy-constraint protocols, batteries that have a limited lifespan, and passive devices that provide
minimal energy [3,4].

It is widely known [5] that wireless sensor networks are made to use less power. However, this is
insufficient for sensors that are only sent once, and if the battery runs low, that will result in the sensor dying.
Fortunately, energy harvesting solves this issue by supplying power through all nearby energy sources,
including solar, heat, thermal, radio frequency, and vibration energy harvesting, depending on where the sensor
is located [6–8]. Furthermore, there is a vast array of uses for energy harvesting in wireless sensor networks that
take advantage of and support battery limitations and lifespan in areas like to simulate climate change,
environmental monitoring is done there [9], where WSNs are used to track carbon dioxide (CO2) absorption in
rain forests. Rain forests are essential to the ecosystem because they generate oxygen and absorb CO2.
monitoring the environment to lessen noise pollution in cities and for other purposes [10–12].

Therefore, to guarantee that energy harvesting will cause a shift in battery usage from primary to
rechargeable batteries for applications that require higher power over the device's lifetime, this paper, Towards
Multiple Sources for Energy Harvesting in Wireless Sensor Networks in Practical Applications, is provided. But
the real promise is in a new class of battery-free devices that open applications that would have been
unaffordable otherwise because of the ongoing maintenance costs associated with changing batteries on a
regular basis. The field of energy harvesting is creating technologies to harness a variety of micro power (mill
watt) sources, such as solar, vibration, thermal, and radiofrequency energy [8,13].

In real life, WSNs employ energy harvesting strategies to increase energy output, which serves as a backup
source for the networks. As a result, they are categorized as radio frequency energy harvesting, heat, solar, wind,
and vibration energy harvesting. And as previously mentioned, this paper goes into detail about how to get
energy from the outside world or from renewable sources. To start, it is important to comprehend how each
energy harvesting method operates and how it can be used to significant effect in wireless sensor networks.

To convert energy from external sources into electrical charge, electronics devices and an energy source
are primarily necessities. Additionally, those electronics devices need to be able to store the obtained charge for
as long as possible before converting it into a voltage that can be used to the sensing circuit or even the sensor
itself [13,14]. Consequently, having devices that are intended to rectify the circuit is essential. To achieve this, it
is first necessary to figure out how to store the energy that is obtained from outside sources for use in the sensors.
Nevertheless, several electronic devices, including transducers, capacitors, and other electronic components,
will enable the system to function flawlessly and with high efficiency. To stop the stored energy from being fed
back into the source, the circuit rectifier will, in turn, convert AC to DC [15–17].

Researchers have been asking many questions for a long time, like how we can get enough energy from
only one source of energy. Which of these energy sources, natural and renewable, is best suited for use in
wireless sensor networks? As a result, we look for answers to these and other questions if we investigate and
comprehend the fundamentals of each Energy Harvesting system that is covered in this paper.

Furthermore, this study focuses on investigating various energy harvesting sources to offer a thorough
comprehension of the principles of each energy harvesting system. The paper aims to add to the current body of
knowledge on energy harvesting in WSNs by addressing these aspects. This paves the way for more
investigation into the architecture, operation, strategies, and methods of energy harvesting systems in the
sections that follow.

Therefore, this paper is organized into six main sections. The design and workings of Energy Harvesting
Systems are explained in detail in Section 2. After that, Section 3 examines Energy Harvesting Techniques,
breaking down the benefits and guiding principles of various strategies. We examine the nuances of Energy
Harvesting from Multiple Energy Sources in Section 4, evaluating the opportunities and problems. Section 5
goes on to discuss Energy Harvesting and Storage and investigates ways to maximize energy use. The paper
concludes with a thorough analysis and approaches in Section 6.

2. Energy Harvesting System
The energy sources for this energy harvesting system are the sun, heat, radio frequency, and even

vibrations as it is stated at Figure 1. Following collection, the energy will either be used to stop the stored
energy from being fed back into the source or it will pass through a bridge rectifier, which oversees converting
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the AC voltage to DC voltage. The capacitor regulates both high and low current conditions and supplies the
voltage regulator with a balanced signal. The voltage regulator, in turn, supplies the DC-to-DC regulator and
transforms the energy from the input storage device into an output storage device by transferring the charge.
Nonetheless, aside from an energy source, all energy harvesting systems, in their most basic form, are
comprised of three primary parts [16–19]:

Figure 1. Energy Harvesting System.

Transducer/Harvester: This is the part of the system that converts the ambient energy from the source into
electrical energy.

Interface Circuit: The interface circuit extracts the maximum possible amount of energy from the
transducer and makes the energy suitable for use by conditioning it into a suitable form for the desired
application (through voltage rectification, voltage regulation, etc.).

Load: The load is the part of the system that could either include electronic devices that consume the
harvested energy (such as chips, circuits, actuators, sensors, etc.) or energy storage components such as
capacitors, super-capacitors, etc.

3. Energy Harvesting Techniques
Energy harvesting techniques are used by WSNs in practice to increase energy and support the networks as

second sources. However, a thorough understanding of each technique and its primary use in wireless sensor
networks is necessary. Since converted energy comes from the environment, it can be stored in a battery for
long-term use or a capacitor for short-term use. This eliminates the need for a battery or charger in certain
applications. The energy harvesting sector is creating technology to harness a variety of micro power (mill watt)
sources, such as solar, vibration, thermal, and radiofrequency energy. The best energy harvesting technology to
use for a given installation will, be obvious, but all of them can supply the micro power required for wireless
sensor applications, depending on the use case. As a result, the following energy harvesting methods are listed
in order of their sources [20–22].

Table 1 listing all energy harvesting sources and their primary wireless sensor network characteristics is
shown below. The methods and applications of energy harvesting from the source to the sensor's load are also
covered.
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3.1 Energy Harvesting with Vibration
Vibrations can be used to produce energy in three diverse ways: piezoelectric, electrostatic, and

electromagnetic. Energy harvesting via vibration can be categorized as electromagnetic induction, electrostatic,
or piezoelectric phenomena. In this process, mechanical energy from a vibrating source in the environment is
converted into electric energy using a transducer and a thin piezoceramic material. This vibrating source could
be a beam under mechanical stress, which can produce specific vibrations in buildings such as cars passing over
a bridge, a train, or even people walking around [23,24].

These vibrations can be felt anywhere, such as when people are walking, but they are more noticeable in
cities due to vehicle traffic on overpasses and bridges as well as factory machinery.

3.2 Piezoelectric Energy Harvesting
The piezo-electric effect, which transforms mechanical strain from a vibrating mass into electrical current

see Figure 2 and Figure 3, is used to extract energy from mechanical vibration. Numerous factors, such as low-
frequency seismic vibrations, acoustic noise, and, most frequently, vibration from rotating machinery, can cause
this strain. Several electro-mechanical coupling mechanisms have been developed for energy harvesting devices,
with a focus on models that use a piezoelectric element to convert mechanical vibrations into electrical current.
As a result, internal resonances between the structure's vertical and horizontal vibrating modes may exist in
every object that passes through it. the surroundings and are readily triggered by outside stimuli [25,26].

Figure 2. Piezoelectric system.

Figure 3. Basic block diagram of piezoelectric energy harvesting.

3.3 Electrostatic Energy Harvesting

The alteration of a vibration dependent variable capacitor's capacitance is the foundation of the electrostatic
energy harvesting principle. Two plates, Figure 4 and 5, one fixed and one moving, are placed against each
other to create a variable capacitor, which is charged to harvest the mechanical energy. The capacitance changes
cause mechanical energy to be converted into electrical energy when the plates vibrate apart. Because these
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harvesters are compatible with integrated circuits, they can be integrated into microelectronic devices [27]. To
charge the capacitor initially, though, you will need an extra voltage source [28]. There have been recent
attempts to prototype sensor-sized electrostatic energy harvesters [29,30].

Figure 4. Electrostatic system.

Figure 5. Electrostatic system.

The mechanical model a and b, the electrical model of the electrostatic energy harvesting device and the
parameters along with their descriptions are presented in Table 2.

Table 2. Parameters of the entire system.

Parameters Description
x1, x2 and y Are the displacement of the external vibration source and the relative displacement of the mass;
k1, k2 Spring constant,
Felec The electrostatic transduction force,
c1, c2 The coefficient of viscous damping force,
h0 Initial gap between two stainless steels,
d Stainless steel thickness,
Q1 Induced charge on the upper electrode,
C1(t) The capacitance of the air gap,
C2 The capacitance of electret dielectric material,
V The surface potential of the pre-charged electret,
R The external load resistance,
m1, m2 Bottom and top masses,
Fc Is the colliding force between the two proof masses.
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Equation 1 [31], for Figure 5a, is the motion of masses in the dual resonant cantilever system.
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Equation 2 [32], is the complementary to the equation 1, when we want to find the Fc, that is the colliding
force between the two proof masses.
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Equation 3 is according to Kirchhoff’s laws, the differential equation governing the electrostatic system.

3.4 Electromagnetic Induction
In AC inductive motors, Figure 6, energy is extracted from the metal windings in the stator and rotor. The

actual transducer is a few grams of magnetized mass that is attached to a precisely engineered and adjusted
spring. This spring has been calibrated to extract energy from the resonate frequency generated by an alternating
current [33].

Figure 6. Electromagnetic induction system.

Nonetheless, a significant obstacle in vibration-based energy harvesting is [34] determining how to link the
frequency of the device we plan to power and the selected source, which could be radio frequency, solar, or
another. As per the researchers, it is imperative to depend on methods that can enable frequency stability.
Among these methods, magnetic force resonance frequency tuning is considered an ideal option as it involves
modifying magnetic stiffness by applying magnetic force in a way that modifies the cantilever beam's effective
stiffness [35].

The network operates in two modes: beacon and non-beacon enables modes, which are characterized by the
way the medium is accessed [36]. In beaconing mode, the routers send out beacon frames, or signals, on a
regular basis to verify their presence on the network. Non-Beaconing Mode: Depending on the application,
synchronizing the beacon frames to remove them and keep all devices active always may be more expensive.
Direct power to devices or frequent battery changes are the price for this [37–39].

Because the batteries can self-recharge as soon as the sensors are put into sleep mode, these two aspects
must be thoroughly examined to maximize the efficiency of energy harvesting. It is crucial to emphasize that
this procedure will be more effective and successful if the sensor is operating in beaconing mode. This will give
the capacitor time to build up and recharge enough power so that, should it need to operate, it will do so without
any issues [40].

3.5 Energy Harvesting with Heat

When a device is used for harvesting energy from heat, it can gather and use thermal energy from a
temperature gradient. Later, it can be converted to electric energy by means of transducers and capacitors. This
temperature gradient can come from a variety of sources, including human skin, home water heating systems,
chimneys installed in homes, large production industries that process products that require elevated temperatures,
or even places with significant temperature gradients. In a wireless sensor network, heat energy harvesting may
be highly effective and provide power output of less than 10 mW/cm2 [22].

There are various techniques for harvesting heat energy, including the Seebeck effect, also referred to as
the Peltier effect. The Peltier effect is thought of as the Seebeck effect's opposite, and the thermoelectric and
pyroelectric methods are the result of these two effects.
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These two methods are commonly referred to as transducers, which are apparatuses that change physical
quantities like pressure and brightness into electronic signals or the other way around. The direct conversion of a
temperature differential into electrical voltage and vice versa is known as the thermoelectric effect. When there
is a temperature differential between the sides of a thermoelectric device, an electrical voltage is produced [41].

The thermocouple in Figure 7 and Figure 8, the core component of a thermo-electric generator (TEG), is a
junction of two distinct semiconductors, one doped with donors (n-type) and the other with acceptors (p-type),
that are exposed to two distinct temperatures (TH and TC, for hot and cold temperatures, respectively). TEGs
are constructed by electrically connecting multiple thermocouples in series and thermally connecting them in
parallel because a single thermocouple can only produce small voltages [15].

Figure 7. Thermocouple schematic.

Figure 8. Equivalent electrical circuit of thermocouple schematic.

As a first approximation, the TEG equivalent circuit can be modeled in Figure 7 by connecting the TEG
internal resistance RG in series with an ideal voltage generator (VTEG). The current in the circuit can be
expressed as follows when the TEG is connected to a resistive load, or RLOAD:

Equation 4:

TEG
TEG

LOAD G

V
I

R R
(4)

Equation 5:
2

Load Load TEGP R I  (5)

Equation 6:

2Load
Load TEG

Load G

R
P V

R R
 


(6)

This final one illustrates how, when the load resistance R equals the TEG internal resistance RG, the power
transferred to the load reaches its maximum.

3.6 Thermoelectric Energy Harvesting
Temperature differences across the material are converted into equivalent electric voltage or electric

current using ambient solar energy. A device with a crystal faces two different temperatures, which results in
voltage across the crystal. When there is no change in the temperature differential, steady voltage is available.
This method uses thermoelectric power generators (TEGs) to produce electric energy from temperature
differences, or thermal gradients. The central component of a thermoelectric generator (TEG) is a thermopile,
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which is made up of arrays of two dissimilar conductors, such as thermocouples (p-type and n-type
semiconductors), connected in series between two plates, one hot and one cold [41,42].

3.7 Pyroelectric Energy Harvesting
Transform a temperature change into a corresponding electric charge. Crystal material generates electric

charge when its temperature varies. At constant temperature, no charge is produced. Certain sensors employ this
technique [41,43].

Regarding the permanence or durability of the power generated, thermoelectric and pyroelectric techniques
differ from one another. In the case of the pyroelectric technique, the thermal profile is not fixed, and the current
is not uniform. However, a thermoelectric device directly converts a temperature differential to electrical tension.
As a result, when heated or cooled, pyroelectricity briefly produces electrical potential.

Furthermore, the polarization of the material is changed because of this temperature change, which also
slightly modifies the atoms' locations within the crystalline structure. A transient electrical potential results from
this shift in polarization, and it vanishes after the dielectric relaxation time [44–46].

3.8 Solar Energy Harvesting

Solar panels are the most developed technology and have a developed market as an energy source for
WSNs. Solar radiation or insulation of the installed location: usually expressed in terms of zones that match a
region's average solar intensity. Near the equator are the zones with the highest solar intensity [47,48].

It is entirely new to use solar energy harvesting as a backup power source for an energy-constrained
wireless sensor network (WSN) node. Most mechanical systems are found in environments where solar energy
is a green, renewable, and efficient source of energy. High levels of solar radiation can be captured and stored.
Nonetheless, the area, climate, and duration of the day all have a significant impact on sunlight. While artificial
light has a lower illumination level than sunlight by several orders of magnitude, there is little correlation
between artificial light and these factors [48,49].

The WSN nodes can become fully self-sufficient with an endless network lifetime thanks to the tiny solar
panels that are appropriately connected to low-power energy harvester circuits and rechargeable batteries. The
sole disadvantage of solar energy is that, depending on the environment, it is only available during business
hours or during the entire day. Weather that is cloudy or foggy is another big obstacle to solar energy harvesting,
but a battery must be guaranteed to power sensors continuously. In general, solar energy harvesting devices are
suitable for outdoor use [50].

An SEH-WSN node's internal block diagram is presented in Figure 9. The WSN node receives a DC power
supply (3.6 volts) from the solar energy harvesting system. The solar panels are used to capture this voltage
from the surrounding sunshine. Direct conversion of light energy into DC electrical energy occurs within the
solar panel. To charge the battery, this DC voltage is regulated by the DC-DC converter. The WSN node is
powered by a rechargeable battery. The sensor measurement unit is used by the WSN node to measure the
desired physical quantity (such as temperature, light, humidity, and pressure). This sensed data is processed by a
microcontroller in the computation unit [47,51].

Figure 9. Block diagram of Solar Energy Harvesting Wireless Sensor Network Node.

https://orcid.org/0000-0001-6276-9171


Computer Networks and Communications 120 | Alberto Coboi, et al.

3.9 Energy Harvesting with Wind
The movement of air brought on by variations in air pressure is known as wind; although humans cannot

see it, they can feel it. Despite appearing to be a basic aspect of the natural world, wind is made up of complex
mechanisms. One of the conventional methods of harvesting wind energy to transfer kinetic energy is through
the use of wind turbines, which operate on the electromagnetic induction principle [34,52]. Large wind turbine
generators (WTGs) are used in wind energy harvesting to supply electricity to remote loads and grid-connected
applications. In essence, a wind turbine is a very big inverse fan, where wind generates electricity rather than the
other way around. However, wind turbines are much more complicated than most fans because they operate
"backwards" and weigh between 85 and 400 tons, which is several thousand times more than most fans. This is
especially true because it is important to get the best quality and efficiency for the least amount of money.
Current wind turbine dimensions are between 40 and 80 meters high, 50 and 85 meters wide, and 850 kW to 4.5
MW in power [53].

Large air masses in motion are the source of wind energy, which is a form of kinetic energy. The kinetic
energy of the atmosphere was created when two percent of the solar radiation that fell on Earth's surface reacted
with wind motion, just like it did with temperature, density, and pressure. Energy is produced by the wind, and
one of the fastest ways to produce electricity is through wind energy [54].

A power management unit, a wind turbine generator, and an energy harvester that integrates with an
electrical generator with the aid of a wind turbine are the three primary components of the wind-powered sensor
node. To use the linear motion produced by the wind to produce electricity, a wind turbine of the right size is
needed. It is possible to find miniature wind turbines that can generate enough energy to run WSN nodes [55].

The vertical axis turbine in this subsystem is used to harvest wind energy, but in weak wind conditions, its
efficiency is not high. Thus, in situations where wind strength is low, the power generation capacity can be
increased by employing a wind collection technique to accelerate the wind as it passes through the wind wheel
and its system is presented in Figure 10.

Figure 10.Wind Energy Based Harvesting system.

3.10 Energy harvesting with Radio Frequency
Electrical energy (DC voltage) is produced from the RF signals that the antenna harvests. The wavelength

of the signals varies from 0.1 cm to 1000 km, and their frequency ranges from 30 Hz to 300 GHz [26]. Figure
illustrates how this is done: radio waves are received using an antenna, the signal is converted, and the output
power is conditioned as we see in Figure 11.

Figure 11. Radio Frequency Energy Based Harvesting System.
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An RF signal can be converted to DC power using a variety of methods, including single-stage and
multistage techniques, depending on the desired operating parameter, such as voltage, power, or efficiency. The
source power, the distance from the source, the antenna gain, and the conversion efficiency all affects how much
power is available for the final device. The components of Power Cast have an average conversion efficiency of
50% to 75% for received RF power over a range of 100X for input power or load resistance, and even higher for
specialized applications. There is currently about 100 µW of harvesting activation power, and the output power
can reach 250 mW [56].

3.11 Implementation Options
Similar to other energy harvesting techniques, RF energy harvesting can be applied in a variety of ways to

the implementation of a power system, such as:
 Direct power (no energy storage);
 Battery-free energy storage (super capacitor);
 Battery-recharging;
 Remote power with battery backup;
 Passive wireless switch (battery activation).

There is a great deal of flexibility in designing power systems for wireless sensors with these
implementation options. By using radio frequency energy harvesting, a device can be made to receive power,
replenish energy when needed, or activate completely dormant remote sensors [57].

4. Energy Harvesting from Multiple Energy Sources
Because natural energy sources are not always available, this frequently leads to subpar performance. As a

result, the energy storage buffer (Figure 12) needs to be oversized to store enough energy to keep the system
operating even without the energy source. Combining energy from several sources into one design is a more
effective strategy. This makes it possible to use the available energy more effectively, but it also presents
challenges for the power management circuit's design, which must consider the specific energy source and
storage element to optimize the scavenged energy [15,58].

Figure 12. Hybrid Energy Harvesting System.

The overall design of a power management unit intended for energy harvesting, Figure 13. When minimum
input power is available, the start-up circuit enables the unit to cold start from zero stored charge. This block can
be used with a low-power secondary converter, such as a Dickson charge pump, or it can be implemented as a
passive circuit. When the minimum operating value is reached, the under-voltage lockout (UVLO) block, which
is monitoring the voltage level at the storage element (VST) during the start-up process, sends a control signal to
the main converter to initiate its operation. There are two implementations for the primary converter in the PMU:
switched capacitor (SC) or switched inductor [59].
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Figure 13. Power Management System.

4.1 Operation Time
The relaying protocol known as time switching based relaying (TSR) allows the receiver to alternate

between information processing and energy harvesting.
Transmission ranges and priority balancing can also have an impact on the routing process. A node will not

engage in routing if its remaining energy level prevents it from sending a packet with a particular priority.
There are several ways that data that is judged not important enough (given the status of the network) can be
removed as shown in Figure 14.

Figure 14. Priority Balancing with transmission range.

4.2 Event Generation
(if a change in the data does not trigger a rule, an event will not be generated), local priority balancing (if

the PP<MP, the packet will not be created from the generated event),
And routing (if no route exists across the network where PP≥MP due to loops, the packet will not reach its

destination).

5. Energy Harvesting Storage

5.1 Energy harvesting storage (batteries/supercapacitors)
The converted electrical energy from energy harvesters is unstable and challenging to use as a direct power

source for electronic devices due to the inherently unpredictable and unstable characteristics of environmental
mechanical, thermal, and solar energy sources. Typically, to stabilize and regulate the power output for direct
applications, storage components like capacitors or batteries are required [60].

A power management system that uses energy harvesting must be able to collect, transform, store, and
distribute energy in a way that allows the system it supports to use it to generate power. Because of their
extended lifespan, high energy and power density, environmental friendliness, and exceptional stability,
supercapacitors are the efficient energy storage devices that are widely used in the various energy storage
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applications. The integration of flexible and microscale super capacitors with other electronic devices, like
energy harvesting nano-generators, has been further facilitated by recent advancements in this field [61,62].

The current wave of wearable electronics and implants of sensors in the human body is typified by a
persistent trend toward smaller mobile sensor systems and wireless sensor network nodes. A key component of
the system size reduction is the storage device, which can be either a battery or a supercapacitor. In this context,
miniaturized energy storage devices with a volume of 1–10 mm^^ and an electrode size in the micrometer range
are being thoroughly studied [63].

Microbatteries, microsupercapacitors, and microhybrid metal ion capacitors are the three different
categories into which miniature energy storage devices fall. Microbatteries, which share characteristics with
conventional batteries such as a high energy density, consistent voltage, and long operational life, are thought to
be the most promising option for reduced energy sources in microsystem applications. Conversely,
microsupercapacitors have a long cycling life, a high-power density, and a high frequency response.
Microhybrid metal ion capacitors have a small footprint, high energy density, and high-power density. They are
designed to combine the benefits of supercapacitors and batteries [64].

Because of their DC behavior, solar cells and TEGs can be directly connected to energy storage devices
without requiring an electrical circuit. However, because of their AC behavior, pyroelectric and piezoelectric
nanogenerators should be connected to energy storage devices that have rectification diodes. Energy harvesters
produce erratic and unpredictable electricity, but an energy storage device requires a constant charging voltage
and current of the proper value to function. Thus, to economically charge the energy storage device using energy
harvesters, an optimized circuit comprising a capacitor filter, AC–DC, and DC–DC converter is required [65,66].

In Energy Harvesting-Wireless Sensor Networks, batteries and supercapacitors are the two primary energy
storage scheme types. Because they are inexpensive and have a high energy density, supercapacitors are now
used as the primary energy storage device for wireless sensor nodes, while batteries are used as the secondary
storage device.

A safe and secure energy system based on renewable resources may be possible with the help of battery
energy storage. In a wireless sensor network, batteries have the capacity to store renewable energy produced
during peak hours and release it when needed. Additionally, batteries can provide more support functions like
frequency regulation and voltage control, which helps to keep the Wireless Sensor Network flexible and stable
[67].

Supercapacitors are a new type of energy storage technology that can be used in conjunction with energy
transfer or harvesting technologies because they have higher power densities and can store excess energy.
Unlike batteries, supercapacitors store energy through fast surface redox reactions or electrostatically via ion
adsorption (electrochemical double-layer capacitors) see Figure 15.

Figure 15. Power model using both rechargeable battery and capacitor.

5.2 Charging Techniques
The methods for harvesting and transferring energy, as well as the antennas employed, determine how

sensor nodes are charged. Several techniques for charging radiofrequency (RF) include distributed beamforming
of multiple antennas, cooperative relays, protocol-based optimizations, and multiple antenna transmissions [68].

Based on WiTricity, three charging strategies are put forth that explore the potential for effectively
transferring energy over many hops through long-term hybrid energy harvesting. These strategies are as follows:
 The store and forward method rely on nodes having rechargeable batteries installed. Neighboring nodes are

charged by the main power source, which is assumed to be stationary, until their batteries run completely
empty, or the source reaches a 50% energy threshold. After that, the energy might be moved to the
neighbors' next hop's nodes, stored in batteries, and moved to the next hop.
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 The direct flow technique operates based on the idea that one node can couple with several nodes at once.
Nodes receive energy without storing it in batteries and transmit it straight to the next node by coupling
with the nodes before and after them on their path from the source to the destination nodes.

 The store and forward technique and the virtual circuit technique are combined in the hybrid technique. It
takes a two-step procedure. The benefit is that the difficulties of charge and discharge losses can be
overcome while transferring to multiple hops.

5.3 Analysis and Potential Approaches
Products with EH technology are already used in certain applications, and new ones are coming up quickly.

Large markets like mobile devices, automobiles and trucks, entertainment, UAV networks, health care,
infrastructure components, and smart buildings are full of opportunities. Advancements in energy harvesting can
have a significant positive impact on Wireless Sensor Networks for numerous applications [69].

5.4 Energy Harvesting in UAV Networks
For small unmanned aerial vehicles (UAVs), energy harvesting technology is appealing as it can extend

their operating range without requiring a larger fuel system or adding a lot of mass. The idea of vibration and
solar energy harvesting using smart materials is taken into consideration to increase the endurance of small
UAVs (Figure 16) without significantly increasing their weight. It is suggested that to actively harvest solar
energy and vibration, piezoelectric vibration harvesters and photovoltaic solar harvesters be integrated into the
aircraft design.

Figure 16. Schematic of a UAV with hybrid energy harvester.

5.5 Energy Harvesting in UAV Networks
Piezoelectric materials, which harvest mechanical energy, and thermoelectric or pyroelectric materials,

which harvest thermal energy, are the most promising technologies for energy harvesting for wireless networks,
Figure 17 is hybrid energy harvesting for wireless sensor networks.

Applications of energy harvesting in the aerospace and non-aerospace sectors are shown in Figure 18: (a) A
piezoelectric tree concept that uses wind turbulence to capture energy. (b) Airbus's proposed thermoelectric seat
that harvests energy from passenger body heat. (c) A solar-powered aircraft that captures solar energy. (d) A
piezoelectric walkway that uses motions made by people to generate energy. A piezoelectric device equipped
with knees and uses the motion of the knee to capture energy. (f) Vehicle equipped with multipurpose structural
panels that have the ability to store energy [70].
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Figure 17. Hybrid Energy Harvesting for Wireless Sensor Networks.

Figure 18. Applications of energy harvesting in the aerospace and non-aerospace sectors.

5.6 Energy Harvesting As the Future of Mobile Power
This is a functional diagram, Figure 19, that explains how hybrid energy harvesting works. It takes energy

from the environment and turns it into direct current power for use in another application. The diagram is based
on a patented idea that reuses electromagnetic (EM) energy by using the radio frequency energy from the same
mobile phone as an energy-harvesting antenna on its surface [71].

Figure 19. Diagram showing the energy harvesting block of a cell phone.
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5.7 Socio-economic applications
Energy harvesting technology offers diverse socio-economic applications, Figure 20, that significantly

impact both social and economic development. In rural and off-grid areas, the implementation of energy
harvesting provides sustainable power sources, elevating living standards and fostering economic activities.
Also, the healthcare sector benefits from energy harvesting through power for remote medical devices,
improving healthcare delivery and contributing to enhanced health outcomes, boosting economic productivity.

In agriculture, smart farming solutions powered by energy harvesting optimize resource usage, leading to
increased crop yield and improved economic returns. The integration of energy harvesting into infrastructure
monitoring enhances the maintenance of critical structures, ensuring public safety and preventing economic
losses. Wearable technology, fueled by energy harvesting, promotes personal health monitoring, encourages
healthier lifestyles, and reduces healthcare costs. Furthermore, energy harvesting plays a pivotal role in
education by powering tools in remote areas, bridging educational gaps, and fostering economic opportunities.

Figure 20. Socio-economic applications of energy harvesting.

5.8 Energy harvesting standards

The successful adoption of energy harvesting techniques in various applications hinges on the crucial
criterion of interoperability among different end systems. Ensuring seamless communication and compatibility
between diverse systems is essential for the effective integration and functionality of energy harvesting
technologies across a range of applications. This interoperability facilitates a cohesive and interconnected
network, allowing different end systems to work together harmoniously as we see in Figure 21.

Figure 21. Adaption of energy harvesting techniques in different applications.

6. Conclusions and Future Work
In conclusion, the market for battery power is highly competitive, which emphasizes the necessity of

looking into alternate energy sources. This study has shed important light on the harvesting of energy from
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diverse sources. In the future, we want to concentrate on hybrid energy harvesting, making use of the devices'
capacity to simultaneously extract energy from several sources. By using a hybrid approach, we can reduce the
possibility of battery or capacitor depletion and guarantee a constant power supply to devices. Furthermore, the
system can optimize energy utilization based on individual battery levels thanks to the integration of priorities
balancing, as shown in Figure 14. This flexible approach guarantees effective energy management under a range
of environmental circumstances.

Moreover, the ability to choose the charging sources according to the current circumstances improves the
hybrid energy harvesting system's resilience and autonomy. For example, solar energy can be used in the
daytime, and in windy conditions, energy generation can be supplemented by wind or piezoelectric energy
harvesting. The shortcomings of conventional battery-powered systems may be addressed by this all-
encompassing approach to energy harvesting, which may also open new avenues for producing sustainable
electricity.
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