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Abstract: Humanity faces important challenges concerning the optimal use, security, and availability
of energy systems, particularly electrical power systems and transmission lines. In this context,
data-driven predictive maintenance plans make it possible to increase the safety, stability, reliability,
and availability of electrical power systems. In contrast, strategies such as dynamic line rating (DLR)
make it possible to optimize the use of power lines. However, these approaches require developing
monitoring plans based on acquiring electrical data in real-time using different types of wireless
sensors placed in strategic locations. Due to the specific conditions of the transmission lines, e.g.,
high electric and magnetic fields, this a challenging problem, aggravated by the harsh outdoor
environments where power lines are built. Such sensors must also incorporate an energy harvesting
(EH) unit that supplies the necessary electronics. Therefore, the EH unit plays a key role, so when
designing such electronic systems, care must be taken to select the most suitable EH technology,
which is currently evolving rapidly. This work reviews and analyzes the state-of-the-art technology
for EH focused on transmission lines, as it is an area with enormous potential for expansion. In
addition to recent advances, it also discusses the research needs and challenges that need to be
addressed. Despite the importance of this topic, there is still much to investigate, as this area is still
in its infancy. Although EH systems for transmission lines are reviewed, many other applications
could potentially benefit from introducing wireless sensors with EH capabilities, such as power
transformers, distribution switches, or low- and medium-voltage power lines, among others.

Keywords: batteryless; distributed sensors; electric power systems; energy harvesting; predictive
maintenance; transmission lines; ultra-low power

1. Introduction

Energy Harvesting (EH) refers to the process by which energy from ambient or other
sources is converted into electrical energy to supply autonomous devices [1] as wireless
sensors and to improve their effective lifetime and capability [2]. Although many of the
existing EH systems generate limited power, on the order of µW/cm2 to mW/cm2 [3,4],
EH is gaining popularity due to the development of very low-power sensors and wireless
communication systems. Self and ubiquitous energy generation capability characterize EH,
so it avoids battery replacement in many applications, allowing electronic sensors to be
deployed in hostile or inaccessible places. EH also contributes to reducing carbon footprints,
as in many cases, electrochemical batteries can be replaced by EH units in autonomous
systems [5]. Although EH technologies often do not completely eliminate the use of storage
batteries, they can maximize the duration of their use [6]. Ambient energy harvesting, e.g.,
wind, thermal, solar, vibration, or radio frequency (RF) [2] promises low-cost, small form
factor, and an endless lifetime of low-power electronic wireless sensor nodes (WSNs) by
minimizing or eliminating battery use, replacement, and related maintenance costs [7].
The finite lifetime of WNSs severely limits their ability to collect data because they are
energy-constrained, as WSNs require energy to supply the sensors and transmit their
data to external data collectors or gateways [2,8]. Energy Harvesting Strategies Address
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WSN’s limited lifetime challenge. However, different challenges related to the stochastic
nature of the incoming energy [9] and the influence of environmental conditions have to
be addressed to ensure the optimal performance of WSNs [10]. WSNs can be connected,
forming a wireless sensor network comprising a network of numerous WSNs using a
multi-hop communication arrangement that allows the expansion of the coverage area
compared to a single WS while requiring very low power for operation [11].

After the digital revolutions due to the introduction of the computer and the Internet,
the Internet of Things (IoT) is considered to be the third revolution, offering many potential
advantages to smart grids, such as fault detection and prediction or disaster prevention
and prediction, which are complex problems that transmission system operators have to
deal with. Therefore, IoT technology can potentially improve power transmission stability,
availability, and reliability [12]. Electric power lines are the arteries of today’s power
systems; therefore, their efficiency, reliability, and stability profoundly impact daily life and
the national economy. Transmission lines may operate in remote areas, making routine
inspections complex and expensive. Environmental factors such as wind, rain, ice, or
extreme temperatures affect the operation of transmission lines. Although the rate of
failures in transmission systems is lower than in distribution systems, the first tends to
affect more customers and generate higher outage costs. Therefore, the use of self-powered
IoT sensors for real-time monitoring of transmission lines, as shown in Figure 1 [13], has
great potential to solve the problems mentioned above [12].
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Figure 1. Schematic of wireless monitoring of transmission lines.

Electrical grid reliability is a major challenge for utility companies, so solutions based
on grid monitoring, diagnosis, and control are receiving special attention [14]. In countries
with an important growth of renewable energy sources, grid balancing and congestion
is an issue [15,16]. The safe and reliable operation of transmission lines must take into
account the thermal rating to ensure that conductors do not exceed the maximum allowable
temperature [17]. Today, dynamic line rating (DLR) approaches are gaining popularity
because they offer a solution to the congestion problem since they are based on utilizing
the maximum capacity of transmission lines. To this end, DLR approaches are based on
measuring weather and line variables in order to dynamically determine the maximum
allowable line current to ensure that the line operates within safe operation limits [18].
These solutions also warrant an increased return on investment due to more efficient asset
utilization [11]. However, due to the geographical spread of power systems, monitoring
power lines and assets outside the substation is challenging due to the harsh outdoor
weather conditions, the vast distances to be covered, and the power requirements of the
required electronic sensing devices [11].



Appl. Sci. 2022, 12, 10699 3 of 21

In general, in indoor applications, there is no urgent need for EH devices due to easy
access to a power supply and accessibility of sensor nodes, which reduces maintenance
costs, so the need for EH systems is more typical of harsh outdoor applications [19].
Developing EH systems for high-voltage applications remains a big challenge, so most
sensor nodes are still battery-powered, being inconvenient due to periodic replacements
and unfavorable maintenance-free operations. As a result, many studies are focusing on
self-powered wireless sensors [20].

The basic architecture of a WSN includes the sensor or sensors that convert the mea-
sured variables (temperature, current, voltage, . . . ) into electric signals, the power manage-
ment module, the energy storage unit [21], the energy harvesting, and the communications
module, which are represented in Figure 2.
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This work reviews and analyzes the state-of-the-art and recent progress in EH systems
for WSNs intended for transmission lines while identifying challenges and research needs.
This topic has a huge impact and expansion potential, but this area is still in its infancy due
to the specificities and complexities of transmission lines. The information condensed in
this review paper can also be applied to other applications, such as power transformers,
distribution switches, or medium- and low-voltage power lines. The knowledge presented
in this work has been compiled from the latest technical and scientific literature, including
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journal papers, review articles, conference works, doctoral theses, technical reports, and
white papers.

The rest of the article is organized as follows. Section 2 reviews ultra-low-power energy
harvesting technology for wireless sensor networks. Section 3 reviews the state-of-the art
batteryless energy harvesting systems. Section 4 reviews the state-of-the-art of energy
harvesting methods for transmission lines. Section 5 discusses the main characteristics of
the analyzed energy harvesting methods. Section 6 identifies the challenges and research
needs related to this topic, and finally, Section 7 concludes this review paper.

2. Ultra-Low-Power Technology for Energy Harvesting Wireless Sensor Networks

Although there is no exact definition of ultra-low-power (ULP) in the field of wireless
sensors, it usually refers to designs that consume, on average, in the order of fractions of
µW to fractions of mW. Most EH sources fall within the ULP category because they can
generate as few as tens of µW [23]. Batteryless WSNs require the harvesting of energy
from ambient sources in their application volume. However, due to the small volume of
EH systems, very little ambient energy is available, requiring ULP circuits. In [24], it is
stated that micro-power EH from indoor small-size solar cells, piezoelectric, thermoelectric
(gradient temperature 1–10 ◦C), or RF Wi-Fi harvesters can scavenge power at ULP levels
(some µW). However, power at µW level is not enough to supply IoT using commercial
integrated circuits, so in addition to increasing the amount of energy harvested, reducing
system power consumption to ULP levels is also required [24]. For example, according
to [25], WSNs typically require 1–5 µW in standby mode, 0.5–1 mW in active mode, and
50 mW while transmitting. Similar values are provided in [21].

ULP technology aims to extend the lifetime of WSNs through significant energy sav-
ings [26]. The basic diagram of a ULP WSN is the same as shown in Figure 2a. Since WSNs
are constrained in terms of processing capacity, memory and energy, and power usage,
energy management is one of the challenges that must be addressed for successful WSN
deployment [27]. In particular, energy-efficient wireless communication modules play a
critical role in developing battery-powered and batteryless WSNs. Different approaches
can be applied to address these issues at both the physical and network levels without
sacrificing important metrics, such as transmission range, latency, or immunity to interfer-
ence [28]. By combining energy-efficient wireless protocols with low-power communication
architectures, operation below 10−4 W can be achieved [28]. Communication modules
typically operate discontinuously at low duty cycles, hibernating between consecutive
active states to save energy [19]. This strategy, based on periodically alternating between
sleep and active modes, allows a large reduction in the average power of the power-hungry
radio [29]. In [23], it is reported that by combining different techniques, such as short
frame sizes, optional and synchronous receptions, asynchronous transmissions, and a light
architecture, it is possible to reduce power consumption by 1 to 2 orders of magnitude
compared to Bluetooth Low Energy (BLE).

3. Batteryless Energy Harvesting Systems

Although many EH systems use supplementary batteries, they have a finite lifetime,
require regular charging or replacement, and produce electronic waste [30]. Due to IoT
devices’ fast deployment, millions of batteries probably need to be replaced daily [28], so
battery replacement is impractical and has significant environmental impacts [3]. By reduc-
ing power consumption and voltage supply, WSNs could be self-powered, i.e., supplied
directly from the EH source without using batteries [28,31]. The use of batteryless WSNs is
directly related to the application of ULP devices and approaches [31].

Due to recent advances in low-power sensors, when combined with communication
modules that operate in a discontinuous mode at low duty cycles hibernating between
consecutive active states, they can, in some cases, be supplied directly from an independent
source without using any battery [19]. Batteryless systems can use a variety of power
sources, including vibration, solar power, temperature gradient, or wireless power transfer,
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among others, making them very attractive for applications where any intervention is chal-
lenging. In many cases, the energy collected by the EH unit is stored in small capacitors [3].
Due to the often stochastic nature of harvested energy and the restricted energy storage,
associated WSNs typically operate in an intermittent on-off pattern [32]. However, in the
case of power lines, this problem can be partially overcome due to the “predictability” of
the energy flow, which allows better planning of the energy harvesting.

Instead of batteries, capacitors can be used to store energy, being smaller than batteries
and offering lifetimes of more than a decade since they withstand a larger number of charge-
discharge cycles [3,33]. However, the use of storage capacitors presents some disadvantages
and challenges related to the stochastic nature of the energy transferred from the source
to the energy harvester [34] and energy storage capacity, especially when using small
capacitors. The WSN lacks a constant power supply so that power failure can last any
duration, from seconds to hours. Further, depending on the WSN’s mode of operation, the
amount of power consumed can vary considerably, for example, when switching from sleep
to transmission modes or during the sensing period, causing voltage changes that affect the
energy stored in the capacitor. Therefore, for effective use of batteryless WSNs, applications
based on such devices must have the ability to handle this intermittent behavior [32].

Another possibility is to use supercapacitors, which deliver and accept charge much
faster than batteries while tolerating many more charge-discharge cycles than rechargeable
batteries [35], but having much lower energy densities and exhibiting higher self-discharge
currents, so once fully charged, compared to batteries they discharge at a much faster
rate. Therefore, supercapacitors are used in applications that require many rapid charge-
discharge cycles rather than compact, long-term energy storage. Small supercapacitors are
used in WSNs because they can boot and charge batteryless WSNs in a matter of seconds
when the energy is available. However, the use of small supercapacitors does not allow the
WSN to perform energy-intensive operations. On the other hand, using large capacitors
implies long charging times, so for start-up, the node must wait for the capacitor to reach
a minimum voltage level. Moreover, the energy stored in the supercapacitor is quickly
dissipated as the energy scavenged is not enough to maintain a minimum voltage across the
supercapacitor, so a design trade-off is required for irregularly powered batteryless systems.
However, according to [36], this topic is not well-studied in the technical literature.

Communication technologies play a critical role in deploying reliable batteryless
WSNs, as they have relatively high power requirements compared to the accompanying
sensors. Different low-energy communication technologies have been applied in batteryless
WSNs, such as Bluetooth Low Energy (BLE) [3] or LoRaWAN, probably the most popular
technology within low-power wide-area networks (LPWAN) [32].

4. State-of-the-Art Energy Harvesting Methods for Transmission Lines

EH circuits are designed to collect energy from ambient sources to provide a stable
supply to the other modules [37]. Continuous energy supply is an important research topic
for IoT and WSNs applications [7] because the power supply is a bottleneck for developing
autonomous transmission line monitoring systems [38]. Monitoring and maintenance of
transmission lines can be performed by line robots or by using line-mounted distributed
wireless sensors, which typically use batteries as the main power source, but as explained
at the expense of environmental impacts and maintenance costs [38], and presenting
significant maintenance difficulties in remote areas [39].

This section reviews the EH methods that can be effectively applied to transmission
lines. However, some EH technologies are not included in this section, such as wind
collectors that rely on moving parts due to insulation issues and sensor costs [38], because
they cannot be effectively applied in power transmission lines.

4.1. Solar Energy Harvesting

Solar EH is a mature technology that is being applied in many areas. Solar energy
is harnessed using a photovoltaic (PV) system that converts sunlight into useful electric



Appl. Sci. 2022, 12, 10699 6 of 21

power. For example, in [40], a temperature monitoring system for overhead transmission
lines using two solar panels fixed at the top of the tower was analyzed.

The main disadvantage of solar panels is that, due to the stochastic nature of weather
conditions, a stable energy supply cannot be guaranteed [41] because, in many places, it
is possible to reliably generate solar power for less than 8 h a day [42]. Further, weather
conditions, dust, sand, dirt, ice, or snow can significantly impact the availability of solar
energy, increasing maintenance costs [43]. Since a constant electrical supply is not feasi-
ble [44], combining solar EH with an ultracapacitor or a rechargeable battery is necessary
to provide a stable supply to the sensor system [11,45]. Due to the drawbacks mentioned
above, recent developments point toward using hybrid solutions that combine solar EH
with other sources, such as electromagnetic or RF. For example, in [41,46], a harvester
combining solar and magnetic field EH is proposed for WSNs intended for smart grid
applications, where the magnetic field harvester is based on a multi-turn coil surrounding
a magnetic core. In [47], a hybrid solar-RF energy harvesting system combining a solar
panel and an antenna is proposed.

4.2. Vibration Energy Harvesting

Vibration energy harvesting transforms mechanical vibrational energy into useful
electric energy [21]. Therefore, mechanical vibrations in power lines or induced by them can
be converted into electrical energy. Different energy extraction methods from vibrations
are possible, such as piezoelectric [1,5,48,49], inductive [26], or electrostatic [25,50,51]
approaches.

Piezoelectric EH is based on the use of piezoelectric materials, which generate electric
charges, and thus voltage, when the material is subjected to mechanical stress [25]. Piezo-
electric harvesters can be designed and manufactured at the scale of microelectromechanical
systems (MEMS) to take advantage of ambient vibrations with a frequency usually less than
200 Hz [52]. In [53], a piezoelectric energy harvester was presented using a magnetic metal
as the tip mass that vibrates due to the action of the AC magnetic field generated by a power
conductor. The piezoelectric ceramic element is composed of Ba0.85Ca0.15Ti0.90Zr0.10O3 +
CuO 0.3 wt%, which can produce an instantaneous maximum power of 8.2 mW in a weak
magnetic field of 250 µT, and exhibits an energy density of 107.9 mW/cm3. In [54], a device
for harvesting the energy of a galloping conductor was proposed, using a swinging piezo-
electric cantilever beam collision structure and a pendulum with a swinging ball, whose
motion was caused by the low-frequency vibration of the galloping conductor. Similarly,
in [55], a linear Halbach array mounted on the free end of a piezoelectric cantilever beam
is used to harvest the energy from the AC magnetic field generated by a power line. The
presented results show that this harvester can generate 897 µW across a 212 kOhm resistor
when mounted on a two-wire cable carrying opposite currents of 10 A. In [56], a cantilever
(piezoelectric) beam was used together with a miniaturized permanent magnet attached
to the tip, which vibrates due to the interaction with the magnetic field of the AC line,
as shown in Figure 3a. In [57], a nickel–zinc ferrite ring-type core, with a piezoelectric
ceramic toroidal solenoid wound around it, was presented. The nickel-zinc ferrite ring was
required to convert the 50 Hz circumferential magnetic field into a 50 Hz circumferential
strain, transmitted to the piezoelectric layer, generating a voltage.

Inductive EH from vibrations is based on the voltage generated due to the relative
motion of a permanent magnet and a harvesting coil [26,58], as shown in Figure 3b. The
amplitude of the induced voltage in the coil depends on the amplitude of the beam vibration,
the number of turns, the line frequency, and the flux gradient. To increase the magnitude of
the flux gradient and the flux density, [59] proposes the use of an array of tiny and powerful
permanent magnets with opposite polarities attached to the vibrating beam.

The electrostatic method (see Figure 3c) is based on the capacitance change of a variable
capacitor or electret due to relative motion between the two plates [11,25,50,60], although
different methods can be combined to improve performance [61]. The main drawback of
electrostatic EH is related to the need for an external voltage source during operation [25].
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The energy produced by these harvesters increases with their volume [50]. In [51], an
electrostatic energy harvester that produces 45 µW for an acceleration of 0.6 m/s2 at 50 Hz
with a volume of 150 mm3 is presented.
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Figure 3. Hybrid magnetic–vibration EH using a permanent vibrating magnet due to the action
of the AC magnetic field of the power line. (a) Piezoelectric energy harvesting adapted from [62].
(b) Inductive energy harvesting adapted from [63]. (c) Electrostatic energy harvesting.

Other methods, such as airflow energy harvesting, are not considered in this section
due to the incompatibility of using rotating elements in power lines.

4.3. Thermoelectric Energy Harvesting

The action of an electric current heats any conductor due to the ohmic resistance,
which produces a temperature gradient between the conductor and the environment [4]
so that objects at different temperatures allow energy to be harvested through heat trans-
fer [11]. Thermoelectric energy harvesting techniques are typically based on thermoelectric
generators (TEGs); that is, devices that convert the temperature difference between their
two sides into electrical energy [5,64], according to the Seebeck, Peltier, and Thomson
effects. Thermoelectric energy harvesting converts the temperature difference between the
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environment and the power line into electric energy [2]. However, the efficiency of thermal
EH is governed by the Carnot cycle, so for small temperature gradients, low efficiencies are
expected [11]. In addition, similar to solar and wind, thermoelectric EH often cannot gener-
ate stable electric power since it depends on environmental variables [14], and in the case
of power lines, it depends on the intensity of the line current, which largely determines the
temperature of the conductor. When applied to transmission lines, the wide temperature
swings of both ambient and line conductors make it necessary to take special care and
apply specific energy management approaches to ensure reliable and stable thermoelectric
generation [38]. In the case of low temperature gradients, thermoelectric energy harvesting
is increasingly applied to supply wearable devices [65]. According to [65], a 900 mm2

TEG allows the extraction of between 5 and 50 µW with a few ◦C temperature difference,
whereas in [66], it is shown that a 4-layer TEG with 5000 thermocouples can generate up to
200 µW with a temperature gradient of approximately 8 ◦C.

It is possible to harvest the energy of the heat flux between the conductor and the
environment by wrapping a thermoelectric generator around it. A heat-transmitting paste
is usually placed between the conductor and the thermoelectric generator to maximize the
heat flux. A heat exchanger is often attached to the cold outer surface of the thermoelectric
generator to maximize the temperature difference between the cold and hot surfaces of the
thermoelectric generator [4].

In DC systems, due to the lack of a time-varying variable such as the electric or
magnetic field, the development of EH systems becomes more difficult. Thermoelectric
EH is especially appealing for DC systems since Joule losses are characteristic of both
AC and DC systems [4]. Since AC transmission lines are much more common than DC
transmission lines, few works apply thermoelectric generators for EH in DC transmission
systems. In [67], thermoelectric EH was applied to supply a WSN that includes several
sensors (temperature, current, and voltage drop) mounted on a cylindrical busbar for a
substation connector. It was shown that the temperature gradient is a key parameter to
determine the output power of the thermoelectric generator, which generated 155 µW for a
temperature difference between the busbar and the ambient of 19 ◦C.

4.4. Magnetic Field Energy Harvesting

Magnetic field EH harvesting has been extensively discussed in the literature. The
magnetic field generated by a line conductor is directly proportional to the intensity of the
current and decreases with distance from the conductor as,

B =
µ0 I
2πr

(1)

I being the intensity of the current, µ0 the magnetic permittivity of free air, and r the
distance from the measuring point and the center of the conductor.

From (1), it is evident that the magnetic field strength of power lines is substantial only
in their close proximity, which limits the possible locations of EHs close to AC conductors.
Another limitation is that energy harvesters are based on transformer action, so usually,
they have wound coils, with their internal resistance limiting the extraction of energy, so a
highly efficient circuit is required [68]. For efficient use, they need to be clamped around
the conductor, thus limiting their application because, in some cases, it is not practical [11].

Current transformers are typically used for this purpose (see Figure 4), although power
availability is highly dependent on the current level of the transmission line, so a minimum
current flow is required [14].

Figure 4 shows the basic principle for energy harvesting from the magnetic field gen-
erated by power lines. Similar designs are found in numerous scientific works [59,69–74].
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In [39], it was shown that using a multi-winding up-conversion current transformer
configuration is able to scavenge energy with a current as low as 1 A, thus providing
enough power to supply wireless sensors. In [68], two inductors were placed between two
parallel wires in opposite directions, carrying 8.4 A each, showing that depending on the
configuration, up to 850 µW can be generated. In [76], it was shown that by using nano
circular cut crystalline cores, high power densities could be achieved, around 100 mW/cm3,
50 times higher than using conventional cores. In [77], the material role of magnetic toroidal
cores was evaluated, showing that nanocrystalline alloy cores increase the power density
about four times compared to ferrite cores. In [78], the role of core size was analyzed,
showing that it is essential to optimize the power output of the harvester.

A miniature wound multicore structure made of mu-metal was proposed in [79],
showing that it is able to deliver 10 mW to a 50 Ohm load. A magnetic field EH device
based on a double-ring core was proposed in [80], showing that 32.8 mW can be harvested
when the line current is as low as 10 A. In [11], a wound flux concentrator core made of
silicon steel stuck to the conductor was proposed, which allows the concentration of the
nearby flux very efficiently. The proposed design was shown to generate up to 257 mW
when 1000 A flowed through the conductor. The design proposed in [11] does not have to
be clamped around the conductor, which limits practical applications. In [81], an annular
cored current transformer with high power density was presented, showing that it can
generate 350 mW for a line current of 10 A. In [75], a toroidal core design methodology
considering the saturation effect was proposed.

4.5. Electric-Field Energy Harvesting

The electric field generated by a transmission line is independent of the current level
since it only depends on the applied voltage. Therefore, electric field energy harvesting is
the only method that can allow effective EH at any time the line is energized, even when
not carrying any current. It makes electric-field EH the most feasible option to energize
sensors from the point of view of predictability, availability, and controllability [14]. The
idea of harvesting energy from the electric field is not new [11]. Electric-field energy har-
vesting does not depend on environmental variables, unlike many conventional harvesting
methods [82], so it provides a more durable and reliable operation since it allows operation
with any conductive material to which voltage is applied, making it ideal for applications
requiring a certain quality of service. Since the frequency and voltage of transmission
lines are tightly regulated, the electric field they generate is stable, allowing predictable
amounts of energy to be harvested due to the constant rate of power harvested [14]. Electric-
field EH is well suited for high-voltage transmission lines due to the strong associated
electric fields, although different works have shown that it is also feasible in low-voltage
applications [83,84] using low-power electronics and switches.
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Any energized conductor generates a radial electric field. In the case of alternating
current (AC) lines, the time-varying electric field produces a displacement current that can
charge a nearby capacitor so that the energy stored in this capacitor EC can be expressed as,

EC =
1
2

CV2 (2)

C being the capacitance, and V the voltage accumulated between the armatures of the
capacitor terminals.

As shown in Figure 5, the EH unit includes diodes to rectify the generated voltage
and prevent the scavenged energy from back feeding, capacitors or supercapacitors, and a
controlled switch to regulate energy usage. The switch allows automatic charging of the
capacitor (position 1) when the voltage is below a specific value and connects the capacitor
to the load (position 2) when the stored energy is high enough for transmission. Therefore,
it Is essential to use highly efficient rectifiers, microcontrollers, and regulators to optimize
the overall efficiency of EH [14].
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Figure 5. Electric-field energy harvesting using a wire wound around a conductor adapted [85].

In [85], a wire wound around an insulated single-phase 3-wire 220 V cable was used
to harvest energy from the stray electric field, generating 680 nW on average. A sketch of
this EH system is shown in Figure 5.

In [14,86], an EH system is proposed using a dielectric layer and a conducting sheath
wrapped around the conductor that generates a stray capacitance, which is used to harvest
energy from the electric field generated by the conductor. A multi-layer structure is also
possible, as shown in Figure 6. A similar approach, shown in Figure 6a, was applied in [84]
using a 220 V power line as a reference, showing an average power extracted of about
47 µW. In [87], using a copper sheet wrapped around a 230 V power line, the authors
harvested 367.5 µW. In [88], a similar EH method was applied using a power line insulator,
the authors stating that a continuous power of up to 17 mW can be extracted from a 12.7 kV
medium voltage power line. Similar circuits can be applied using metallic plates instead of
wrapping a conductive sheath around the conductor [85,89]. In [90], it has been shown that
2.5 µW can be extracted from a 120 V power line using a metallic plate. A similar approach
is proposed in [91], showing that a displacement current of fractions of mA can be induced.
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4.6. Radio-Frequency (RF) Energy Harvesting

RF enables energy harvesting from RF sources such as base transceiver stations (BTS),
TV towers, Wi-Fi, radio broadcast [93], or from dedicated RF transmitters [36] through
the use of receiving antennas. These signals are then converted to DC power to supply
sensor nodes [14]. RF power transmitters are broadly classified as dedicated units [94] and
ambient RF power sources [95]. Ambient RF energy is found in a wide range of frequency
bands, mainly in the MHz and GHz ranges [96]. Due to the widespread installation of
communication systems, RF energy harvesting has become a widely analyzed technology,
although it is still a challenge for low-power regions [7]. RF energy harvesting can provide
a regular energy source in the presence of strong RF signals due to dedicated RF power
transmitters.

Unlike wind and solar energy, local weather conditions do not affect RF sources [7].
RF EH presents notable features such as predictability, reliability, or the possibility of
simultaneous power supply to different WSNs [96]. Additionally, RF signals can be found
almost everywhere, 24 h a day, offering low-cost implementation, compactness, and a
wireless nature [97,98].

The major drawback is related to the amount of power that can be harvested [99] due
to the decay of the radiated power with the inverse square relationship with the distance
to the radiation source [100]. The power density near powerful transmitters is relatively
low, in the order of tens to hundreds nW/cm2 [95,101] to some few µW/cm2 [102–104], so
power-dedicated transmitters are often required to supply WSns using inductive, capacitive,
or radiative tag readers [11]. In addition, the input signal may not be permanently available
due to random service usage or the duty cycle (mobile phones or Wi-Fi routers) or the
size of the antenna required (AM radio waves) [105,106]. Therefore, automatic frequency
tuning could be useful to maximize the output power [104].

As shown in Figure 7, a conventional RF EH circuit includes an antenna to convert
the incoming RF signal into a voltage difference or vice versa, a rectifier to convert the
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high-frequency signal to DC, a voltage multiplier that produces a higher DC output voltage,
and an energy storage device, such as a battery or a supercapacitor [96].
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In [108], a BLE device was combined with a wireless RF energy harvester equipped
with a 50 mF capacitor, charged by a GSM mobile, while in [109], a WSN prototype
using an RF EH system from Wi-Fi transmissions was proposed. In [110], an ultra-high-
frequency (UHF) RF energy harvesting solution was proposed to supply the electronics to
monitor power lines. A planar monopole antenna was used for better resonator frequency
performance. In [102], a multi-hop displacement of an array of magnetic antennas was
proposed to harvest ambient energy for power cord monitoring. A far-field RF EH approach
was also proposed for the same purpose.

Batteryless operation of RF-powered WSNs can be achieved by integrating the sen-
sor into a radio-frequency identification (RFID) tag using an external RFID transmitter
receiver [111]. Batteryless RF sensors can receive a steady energy flow from a nearby
RFID reader during the entire measurement cycle, sufficient to supply the sensing and
communication tasks [36].

Wake-up radio (WuR) is an energy-saving technique being applied in WSNs based
on saving power by transiting into a low-power sleeping mode and turning off their main
radios [112]. Devices implementing WuR usually maintain a low-power Wake-up Receiver
waiting for any incoming Wake-up Signal (WuS). They can also sometimes include a wake-
up transmitter capable of sending WuSs. The WuS wakes up the receiver device, which
connects its main radio, so it is ready to communicate with other nearby devices [113]. WuR
power consumption falls in the µW domain, but the IoT device often consumes several
mW [114], although fractions of mW can be achieved in some cases [28]. Different works
have integrated the capabilities of WuR technology into BLE devices [115–117]. In [118], a
passive RF WuR device for a batteryless WSN is proposed.

4.7. Corona Energy Harvesting

Electric-field and magnetic-field EH are appropriate for AC power systems, but they
are not suitable for DC systems due to the lack of an alternating field. Therefore, in DC
systems, other strategies are required. Corona energy harvesting overcomes this difficulty.

Corona is a type of electric discharge that occurs in gas insulation systems under
a highly inhomogeneous AC or DC electric field [119,120]. It is generated at a lower
voltage than required for complete breakdown [121]. Due to its ionization effect, the corona
generates a space charge area, producing a flow of ions perceived as current pulses. In [122],
it was shown that in the case of a single conductor energized at 100 kV-DC, the corona ion
flow density is approximately 200 µA/m2.

In [20], an EH approach based on the current induced by corona discharges is proposed
based on using the corona current pulses generated by a corona electrode and a simple
energy-harvesting circuit, resulting in a stable output of approximately 10 mW in a 22 kV-
DC system, which is sufficient for the discontinuous operation of most sensors.
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Figure 8 shows the main characteristics of a corona discharge taken by the authors of
this work.
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Figure 8. Corona discharges in a needle-plate geometry (needle diameter = 0.8 mm, needle tip-to-
ground distance = 70 mm, 60 kPa, 3.6 kV, 50 Hz). (a) Photograph of the corona discharge in the
tip of the needle. (b) Voltage (yellow) and current (blue) waveforms during the corona discharges.
(c) Detail of a corona discharge as seen in the electrical current pattern.

5. Summary of EH Methods for Power Lines

This section summarizes the state-of-the-art EH systems for transmission lines found
in the technical literature, shown in Figure 9.
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Table 1 summarizes the main characteristics of the EH methods for power lines
reviewed in this section.

Table 1. EH methods comparison for power lines.

EH Type Power Density Advantages Disadvantages References

Solar <100 mW/cm2 For AC and DC grids and
high output power

No constant supply and
regular maintenance [14]

Vibration piezoelectric 10–200 µW/cm3 No external supply required
and high voltage output

Only for AC systems &
Moving elements [123]

Vibration inductive 1–2 µW/cm3 No external supply required
Only for AC systems &
Moving elements & low
voltage output

[123]

Thermoelectric 50 µW/cm2 (∆T = 5 ◦C) For AC and DC grids Requires current flow and a
heat sink [14]

Magnetic field 280 µW/cm2 Easy to implement in AC
grids

Difficult in DC grids and
requires current flow [14]

Electric field 170 µW/cm2 Available under no load
conditions Difficult in DC grids [124]

RF 0.0002–1 µW/cm2 Abundant in urban areas
For AC and DC grids

Low power density and
scarce in remote areas [14]

Corona Not available For AC and DC grids Risk of overcurrent &
requires more research [20]

The results presented in Table 1 clearly show that solar is the EH system with the
highest power density, and it can be applied to both AC and DC transmission lines,
although this method presents two important drawbacks related to periodic maintenance
requirements and the impossibility of a constant supply. Other EH methods compatible
with AC and DC lines are thermoelectric, RF and corona. RF is probably the EH system
with the lowest power density. Solar, thermoelectric, electric field, and RF EH allow for
generating energy even when the line is not carrying any current, i.e., under no load
conditions. The results show that there is not a clear winner or universal solution, so the
most suitable EH system depends on the characteristics of each particular application.
These characteristics include the geographical location (it defines dust, sand, dirt, ice. or
snow conditions, solar resource, or ambient RF energy), the intensity of the current flowing
in the line, or the line voltage, among others.

It is worth noting that WSNs in transmission lines are often enclosed inside a metallic
box that acts as a Faraday cage to block the intense electric field. In such cases, the common
ground of the electronic board is connected to the metallic box, which, in turn, is in contact
with the line conductor.

6. Identified Challenges and Research Needs

WSNs are often supplied at low power and are energy constrained, resulting in low
processing capabilities, reduced power storage, and limited operational lifetime, although
they offer multifunctional abilities. WSNs randomly deactivate when their storage elements
are drained, thus leading to reduced duty cycles and reliability or short-range transmis-
sion [125]. All of these limitations contribute to quickly draining their stored energy when
operating for extended periods [22]. Therefore, different critical issues around EH circuits
have to be addressed, which are listed below in no specific order.

− WSNs must support hybrid EH configurations to extend communication frequency
and range as well as onboard features. This area requires more research and develop-
ment [124].

− Batteryless systems require a true self-starting operation; that is, to start their operation
from any amount of ambient power without needing any special arrangement [124].
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− Further developments in low-loss rectifiers, low-power micro-controllers, mV-range
DC/DC converters, and highly efficient regulators are required to maximize system
efficiency, thereby increasing communication reliability and system lifetime [14].

− Efficiency and integration are key points for a widespread application of WSNs,
specifically batteryless, so the harvesters, interface circuits, and sensors could be
integrated into the same package and even into the same semiconductor component.
These advances could lead to dramatic reductions in the size and costs of WSNs [124].

− The use of improved materials with higher efficiency, such as better materials for solar
cells, thermoelectric generators, piezoelectric cantilevers, magnetic components, or
capacitors with loess leakage [124].

− The minimum voltage and power levels at which the system can harvest energy must
be reduced to the minimum levels possible to extract all available energy [24].

− WSN devices operate a large portion of their time in sleep mode, which largely
determines total power requirements, so to increase their lifespan, technologies that
minimize power consumption in sleep mode need to be further optimized [24].

− The entire system can only be turned on when the voltage on the storage capacitor
is beyond a threshold level, so the system’s lifetime can be significantly extended by
lowering the operating voltage [24].

− Due to the energy requirements, energy-efficient wireless communication modules
play a critical role in increasing the lifetime of WSNs. Therefore, to optimize power
transmission efficiency, ultra-low-power (ULP) transceivers are needed, along with
the development of simpler modulation techniques and optimized signal waveforms
and bandwidth [14].

− Multi-layer harvesting architectures allow more compact energy harvesters to be
developed, which reduces storage needs, so much research is needed in this area [14].

− Data collected by WSNs must be transmitted securely and protected from cyber-
attacks. Therefore, future developments need to consider this aspect [104] since power
grids are strategic and critical facilities.

7. Conclusions

Due to the continuous increase in energy consumption worldwide, power grids in
general, and transmission lines in particular, face important challenges related to their
optimal use, availability, and security aspects. Predictive maintenance plans that are based
on network monitoring approaches are known to be useful in increasing the stability, relia-
bility, availability, and security of power grids. Transmission lines are found everywhere,
sometimes in remote and inaccessible areas, where routine inspections are complex and
expensive. For this, monitoring strategies based on wireless sensors placed in strategic
places that acquire and send data in rea time to a control center becomes essential. To
maximize their lifetime, such sensors must incorporate an energy harvesting (EH) unit
to supply all electronic components. Due to the specificities of transmission lines, this
work has reviewed and analyzed the state-of-the-art of energy harvesting strategies for
transmission lines in depth, an area with enormous potential for expansion. EH methods
applicable to transmission lines include solar, thermoelectric, magnetic field (inductive,
and different types of vibrations induced by the magnetic field), electric field (wound wire,
dielectric layer, and corona), and RF. From the state-of-the-art, it has been shown that
among the different existing energy harvesting methods, there is not a universal solution
since the most suitable EH system depends on the characteristics of each particular ap-
plication, characteristics such as the geographical location (it defines dust, sand, dirt, ice,
or snow conditions, solar resource, or available ambient RF energy), the intensity of the
current flowing in the line or the line voltage among others. This work has also identified
the challenges and research that needs to be addressed for a successful application of
this technology because, despite the importance of this topic, there is still a long way to
go as this area is still in its early stages. There is a wide range of possible applications
that could potentially benefit from the introduction of such energy harvesting systems,
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including power transformers, distribution switches, or medium- and low- voltage power
lines, among others.

Author Contributions: Conceptualization, J.-R.R.; methodology, J.-R.R. and S.B.; formal analysis,
J.-R.R., M.M.-E. and S.B.; investigation, J.-R.R.; writing—original draft preparation, J.-R.R.; writing—
review and editing, J.-R.R. and M.M.-E.; funding acquisition, J.-R.R. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by Ministerio de Ciencia e Innovación de España, grant number
PID2020-114240RB-I00 and by the Generalitat de Catalunya, grant number 2017 SGR 967.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

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

References
1. Eunice Akin-Ponnle, A.; Borges Carvalho, N.; Poniszewska-Maranda, A.; Maranda, W. Energy Harvesting Mechanisms in a

Smart City—A Review. Smart Cities 2021, 4, 476–498. [CrossRef]
2. Sudevalayam, S.; Kulkarni, P. Energy Harvesting Sensor Nodes: Survey and Implications. IEEE Commun. Surv. Tutor. 2011, 13,

443–461. [CrossRef]
3. Sultania, A.K.; Delgado, C.; Famaey, J. Enabling Low-Latency Bluetooth Low Energy on Energy Harvesting Batteryless Devices

Using Wake-Up Radios. Sensors 2020, 20, 5196. [CrossRef] [PubMed]
4. Schlechter, T. Energy Harvesting Approaches for Wireless Sensor Nodes in High Voltage Direct Current Systems. In Proceedings

of the IEEE 5th World Forum on Internet of Things (WF-IoT), Limerick, Ireland, 15–18 April 2019; pp. 243–246. [CrossRef]
5. Prajwal, K.T.; Manickavasagam, K.; Suresh, R. A review on vibration energy harvesting technologies: Analysis and technologies.

Eur. Phys. J. Spéc. Top. 2022, 231, 1359–1371. [CrossRef]
6. Liu, Y.; Khanbareh, H.; Halim, M.A.; Feeney, A.; Zhang, X.; Heidari, H.; Ghannam, R.; Correspondence, R.; Ghannam, J.

Piezoelectric energy harvesting for self-powered wearable upper limb applications. Nano Sel. 2021, 2, 1459–1479. [CrossRef]
7. Verma, G.; Sharma, V. A Novel RF Energy Harvester for Event-Based Environmental Monitoring in Wireless Sensor Networks.

IEEE Internet Things J. 2022, 9, 3189–3203. [CrossRef]
8. Ang, K.L.-M.; Seng, J.K.P.; Zungeru, A.M. Optimizing Energy Consumption for Big Data Collection in Large-Scale Wireless

Sensor Networks with Mobile Collectors. IEEE Syst. J. 2017, 12, 616–626. [CrossRef]
9. Ijemaru, G.; Ang, K.; Seng, J. Mobile Collectors for Opportunistic Internet of Things in Smart City Environment with Wireless

Power Transfer. Electronics 2021, 10, 697. [CrossRef]
10. Hong, Y.-W.P.; Hsu, T.-C.; Chennakesavula, P. Wireless Power Transfer for Distributed Estimation in Wireless Passive Sensor

Networks. IEEE Trans. Signal Process. 2016, 64, 5382–5395. [CrossRef]
11. Moghe, R.; Yang, Y.; Lambert, F.; Divan, D. A Scoping Study of Electric and Magnetic Field Energy Harvesting for Wireless Sensor

Networks in Power System Applications. In Proceedings of the 2009 IEEE Energy Conversion Congress and Exposition, San Jose,
CA, USA, 20–24 September 2009; pp. 3550–3557.

12. Chen, X.; Sun, L.; Zhu, H.; Zhen, Y.; Chen, H. Application of Internet of Things in Power-Line Monitoring. In Proceedings of the
2012 International Conference on Cyber-Enabled Distributed Computing and Knowledge Discovery, Sanya, China, 10–12 October
2012; pp. 423–426. [CrossRef]

13. Qin, X.; Wu, G.; Lei, J.; Fan, F.; Ye, X.; Mei, Q. A Novel Method of Autonomous Inspection for Transmission Line based on Cable
Inspection Robot LiDAR Data. Sensors 2018, 18, 596. [CrossRef]

14. Cetinkaya, O.; Akan, O.B. Electric-Field Energy Harvesting in Wireless Networks. IEEE Wirel. Commun. 2017, 24, 34–41. [CrossRef]
15. Zafeiropoulou, M.; Mentis, I.; Sijakovic, N.; Terzic, A.; Fotis, G.; Maris, T.I.; Vita, V.; Zoulias, E.; Ristic, V.; Ekonomou, L. Forecasting

Transmission and Distribution System Flexibility Needs for Severe Weather Condition Resilience and Outage Management. Appl.
Sci. 2022, 12, 7334. [CrossRef]

16. Sijakovic, N.; Terzic, A.; Fotis, G.; Mentis, I.; Zafeiropoulou, M.; Maris, T.I.; Zoulias, E.; Elias, C.; Ristic, V.; Vita, V. Active System
Management Approach for Flexibility Services to the Greek Transmission and Distribution System. Energies 2022, 15, 6134.
[CrossRef]

17. Zainuddin, N.M.; Rahman, M.S.A.; Kadir, M.Z.A.A.; Ali, N.H.N.; Ali, Z.; Osman, M.; Mansor, M.; Ariffin, A.M.; Nor, S.F.M.;
Nasir, N.A.F.M. Review of Thermal Stress and Condition Monitoring Technologies for Overhead Transmission Lines: Issues and
Challenges. IEEE Access 2020, 8, 120053–120081. [CrossRef]

18. Liu, Y.; Riba, J.-R.; Moreno-Eguilaz, M.; Sanllehí, J. Analysis of a Smart Sensor Based Solution for Smart Grids Real-Time Dynamic
Thermal Line Rating. Sensors 2021, 21, 7388. [CrossRef]

19. Wang, Z.; Hu, J.; Han, J.; Zhao, G.; He, J.; Wang, S.X. A Novel High-Performance Energy Harvester Based on Nonlinear Resonance
for Scavenging Power-Frequency Magnetic Energy. IEEE Trans. Ind. Electron. 2017, 64, 6556–6564. [CrossRef]

http://doi.org/10.3390/smartcities4020025
http://doi.org/10.1109/SURV.2011.060710.00094
http://doi.org/10.3390/s20185196
http://www.ncbi.nlm.nih.gov/pubmed/32932578
http://doi.org/10.1109/wf-iot.2019.8767253
http://doi.org/10.1140/epjs/s11734-022-00490-0
http://doi.org/10.1002/nano.202000242
http://doi.org/10.1109/JIOT.2021.3097629
http://doi.org/10.1109/JSYST.2016.2630691
http://doi.org/10.3390/electronics10060697
http://doi.org/10.1109/TSP.2016.2595491
http://doi.org/10.1109/cyberc.2012.77
http://doi.org/10.3390/s18020596
http://doi.org/10.1109/MWC.2017.1600215
http://doi.org/10.3390/app12147334
http://doi.org/10.3390/en15176134
http://doi.org/10.1109/ACCESS.2020.3004578
http://doi.org/10.3390/s21217388
http://doi.org/10.1109/TIE.2017.2682040


Appl. Sci. 2022, 12, 10699 17 of 21

20. Shi, Y.; Cui, X.; Qi, L.; Zhang, X.; Li, X.; Shen, H. A Novel Energy Harvesting Method for Online Monitoring Sensors in HVDC
Overhead Line. IEEE Trans. Ind. Electron. 2022, 70, 2139–2143. [CrossRef]

21. Kamruzzaman, S.M.; Fernando, X.; Jaseemuddin, M. Energy Harvesting Wireless Sensors for Smart Cities. In Proceedings of
the 2017 IEEE Canada International Humanitarian Technology Conference (IHTC), Toronto, ON, Canada, 21–22 July 2017; pp.
218–222. [CrossRef]

22. Ijemaru, G.K.; Ang, K.L.-M.; Seng, J.K. Wireless power transfer and energy harvesting in distributed sensor networks: Survey,
opportunities, and challenges. Int. J. Distrib. Sens. Netw. 2022, 18, 15501477211067740. [CrossRef]

23. Moreno-Cruz, F.; Toral-López, V.; Escobar-Molero, A.; Ruíz, V.; Rivadeneyra, A.; Morales, D. treNch: Ultra-Low Power Wireless
Communication Protocol for IoT and Energy Harvesting. Sensors 2020, 20, 6156. [CrossRef] [PubMed]

24. Shafiee, N.; Tewari, S.; Calhoun, B.; Shrivastava, A. Infrastructure Circuits for Lifetime Improvement of Ultra-Low Power IoT
Devices. IEEE Trans. Circuits Syst. I Regul. Pap. 2017, 64, 2598–2610. [CrossRef]

25. Khan, F.U.; Qadir, M.U. State-of-the-art in vibration-based electrostatic energy harvesting. J. Micromechanics Microengineering 2016,
26, 103001. [CrossRef]

26. Mazunga, F.; Nechibvute, A. Ultra-low power techniques in energy harvesting wireless sensor networks: Recent advances and
issues. Sci. Afr. 2021, 11, e00720. [CrossRef]

27. Mallick, C.; Satpathy, S. Challenges and Design Goals of Wireless Sensor Networks: A Sate-of-the-art Review. Int. J. Comput. Appl.
2018, 179, 42–47. [CrossRef]

28. Abdelatty, O.; Chen, X.; Alghaihab, A.; Wentzloff, D. Bluetooth Communication Leveraging Ultra-Low Power Radio Design. J.
Sens. Actuator Netw. 2021, 10, 31. [CrossRef]

29. Loo, M.H.-W.; Ramiah, H.; Lei, K.-M.; Lim, C.C.; Lai, N.S.; Mak, P.-I.; Martins, R.P. Fully-Integrated Timers for Ultra-Low-Power
Internet-of-Things Nodes—Fundamentals and Design Techniques. IEEE Access 2022, 10, 65936–65950. [CrossRef]

30. Jiang, C.; Li, X.; Lian, S.W.M.; Ying, Y.; Ho, J.S.; Ping, J. Wireless Technologies for Energy Harvesting and Transmission for
Ambient Self-Powered Systems. ACS Nano 2021, 15, 9328–9354. [CrossRef]

31. Vougioukas, G.; Dimitriou, A.; Bletsas, A.; Sahalos, J. Practical Energy Harvesting for Batteryless Ambient Backscatter Sensors.
Electronics 2018, 7, 95. [CrossRef]

32. Sabovic, A.; Delgado, C.; Subotic, D.; Jooris, B.; De Poorter, E.; Famaey, J. Energy-Aware Sensing on Battery-Less LoRaWAN
Devices with Energy Harvesting. Electronics 2020, 9, 904. [CrossRef]

33. Delgado, C.; Sanz, J.M.; Famaey, J. On the Feasibility of Battery-Less LoRaWAN Communications Using Energy Harvesting.
In Proceedings of the 2019 IEEE Global Communications Conference (GLOBECOM), Waikoloa, HI, USA, 9–13 December 2019.
[CrossRef]

34. Altinel, D.; Kurt, G.K. Modeling of Multiple Energy Sources for Hybrid Energy Harvesting IoT Systems. IEEE Internet Things J.
2019, 6, 10846–10854. [CrossRef]

35. Häggström, F.; Delsing, J. IoT Energy Storage—A Forecast. Energy Harvest. Syst. 2018, 5, 43–51. [CrossRef]
36. Munir, B.; Dyo, V. On the Impact of Mobility on Battery-Less RF Energy Harvesting System Performance. Sensors 2018, 18, 3597.

[CrossRef] [PubMed]
37. Yang, C.-C.; Pandey, R.; Tu, T.-Y.; Cheng, Y.-P.; Chao, P.C.-P. An efficient energy harvesting circuit for batteryless IoT devices.

Microsyst. Technol. 2019, 26, 195–207. [CrossRef]
38. Guo, F.; Hayat, H.; Wang, J. Energy harvesting devices for high voltage transmission line monitoring. In Proceedings of the 2011

IEEE Power and Energy Society General Meeting, Detroit, MI, USA, 24–28 July 2011; pp. 1–8. [CrossRef]
39. Li, P.; Wen, Y.; Zhang, Z.; Pan, S. A High-Efficiency Management Circuit Using Multiwinding Upconversion Current Transformer

for Power-Line Energy Harvesting. IEEE Trans. Ind. Electron. 2015, 62, 6327–6335. [CrossRef]
40. Bernauer, C.; Bohme, H.; Grossmann, S.; Hinrichsen, V.; Kornhuber, S.; Markalous, S.; Darmstadt, T.; Muhr, M.; Strehl, T.;

Teminova, R. Temperature Measurement on Overhead Transmission Lines (OHTL) Utilizing Surface Acoustic Wave (SAW)
Sensors. In 19th International Conference on Electricity Distribution; CIRED, Ed.; CIRED: Vienna, Austria, 2007; pp. 1–4.

41. Yildiz, H.U.; Gungor, V.C.; Tavli, B. A Hybrid Energy Harvesting Framework for Energy Efficiency in Wireless Sensor Networks
Based Smart Grid Applications. In Proceedings of the 2018 17th Annual Mediterranean Ad Hoc Networking Workshop (Med-
Hoc-Net), Capri, Italy, 20–22 June 2018; pp. 1–6.

42. Takshi, A.; Aljafari, B.; Kareri, T.; Stefanakos, E. A Critical Review on the Voltage Requirement in Hybrid Cells with Solar Energy
Harvesting and Energy Storage Capability. Batter. Supercaps 2020, 4, 252–267. [CrossRef]

43. Zhao, X.; Keutel, T.; Baldauf, M.; Kanoun, O. Energy harvesting for a wireless-monitoring system of overhead high-voltage power
lines. IET Gener. Transm. Distrib. 2013, 7, 101–107. [CrossRef]

44. Dondi, D.; Bertacchini, A.; Brunelli, D.; Larcher, L.; Benini, L. Modeling and Optimization of a Solar Energy Harvester System for
Self-Powered Wireless Sensor Networks. IEEE Trans. Ind. Electron. 2008, 55, 2759–2766. [CrossRef]

45. Antony, S.M.; Indu, S.; Pandey, R. An efficient solar energy harvesting system for wireless sensor network nodes. J. Inf. Optim. Sci.
2020, 41, 39–50. [CrossRef]

46. Strzalkowski, B.; Mo, K. Solving Isolation- and Power Supply Problems for Current Monitoring in High Voltage Power Line
Application. In Proceedings of the PCIM Europe 2018, International Exhibition and Conference for Power Electronics, Intelligent
Motion, Renewable Energy and Energy Management, Nuremberg, Germany, 5–7 June 2018; 2018; pp. 1295–1297.

http://doi.org/10.1109/TIE.2022.3158028
http://doi.org/10.1109/ihtc.2017.8058192
http://doi.org/10.1177/15501477211067740
http://doi.org/10.3390/s20216156
http://www.ncbi.nlm.nih.gov/pubmed/33138001
http://doi.org/10.1109/TCSI.2017.2693181
http://doi.org/10.1088/0960-1317/26/10/103001
http://doi.org/10.1016/j.sciaf.2021.e00720
http://doi.org/10.5120/ijca2018916667
http://doi.org/10.3390/jsan10020031
http://doi.org/10.1109/ACCESS.2022.3183995
http://doi.org/10.1021/acsnano.1c02819
http://doi.org/10.3390/electronics7060095
http://doi.org/10.3390/electronics9060904
http://doi.org/10.1109/globecom38437.2019.9013638
http://doi.org/10.1109/JIOT.2019.2942071
http://doi.org/10.1515/ehs-2018-0010
http://doi.org/10.3390/s18113597
http://www.ncbi.nlm.nih.gov/pubmed/30360501
http://doi.org/10.1007/s00542-019-04544-7
http://doi.org/10.1109/pes.2011.6039037
http://doi.org/10.1109/TIE.2015.2431648
http://doi.org/10.1002/batt.202000223
http://doi.org/10.1049/iet-gtd.2012.0152
http://doi.org/10.1109/TIE.2008.924449
http://doi.org/10.1080/02522667.2020.1714182


Appl. Sci. 2022, 12, 10699 18 of 21

47. Wang, T.; Huang, K.; Liu, W.; Hou, J.; Zhang, Z. A hybrid solar-RF energy harvesting system based on tree-shaped antenna array.
Int. J. RF Microw. Comput. Eng. 2022, 32, e23301. [CrossRef]

48. Yang, C.C.; Bin Rohimi, R.I.; Hanif, N.H.H.M.; Ibrahim, S.N. Non-intrusive Energy Harvesting from Vibration of Air Condi-
tioning Condenser Unit Utilizing Piezoelectric Sensors. In Proceedings of the 8th International Conference on Computer and
Communication Engineering (ICCCE), Kuala Lumpur, Malaysia, 22–23 June 2021; pp. 126–130. [CrossRef]

49. Khaligh, A.; Zeng, P.; Zheng, C. Kinetic Energy Harvesting Using Piezoelectric and Electromagnetic Technologies—State of the
Art. IEEE Trans. Ind. Electron. 2010, 57, 850–860. [CrossRef]

50. Shaikh, F.K.; Zeadally, S. Energy harvesting in wireless sensor networks: A comprehensive review. Renew. Sustain. Energy Rev.
2016, 55, 1041–1054. [CrossRef]

51. Beeby, S.P.; Torah, R.N.; Tudor, M.J.; Glynne-Jones, P.; O’Donnell, T.; Saha, C.R.; Roy, S. A micro electromagnetic generator for
vibration energy harvesting. J. Micromech. Microeng. 2007, 17, 1257–1265. [CrossRef]

52. Kanno, I. Piezoelectric MEMS for energy harvesting. J. Phys. Conf. Ser. 2015, 660, 012001. [CrossRef]
53. Wang, Q.; Kim, K.-B.; Woo, S.; Sung, T. Magnetic Field Energy Harvesting with a Lead-Free Piezoelectric High Energy Conversion

Material. Energies 2021, 14, 1346. [CrossRef]
54. Gao, S.; Zeng, X.; Tao, B.; Ke, T.; Feng, S.; Chen, Y.; Zhou, J.; Lan, W. Self-powered sensing of power transmission lines galloping

based on piezoelectric energy harvesting. Int. J. Electr. Power Energy Syst. 2023, 144, 108607. [CrossRef]
55. He, W.; Li, P.; Wen, Y.; Zhang, J.; Lu, C.; Yang, A. Energy harvesting from electric power lines employing the Halbach arrays. Rev.

Sci. Instrum. 2013, 84, 105004. [CrossRef]
56. Abasian, A.; Tabesh, A.; Nezhad, A.Z.; Rezaei-Hosseinabadi, N. Design Optimization of an Energy Harvesting Platform for

Self-Powered Wireless Devices in Monitoring of AC Power Lines. IEEE Trans. Power Electron. 2018, 33, 10308–10316. [CrossRef]
57. Meng, Q.; Huo, F.; Teng, S.; Ding, Z.; Gu, T.; Cao, C. An Autonomous Vibration-Sensing System for Power Transmission Lines

Monitoring. J. Phys. Conf. Ser. 2021, 2095, 012014. [CrossRef]
58. Xiao, H.; Peng, H.; Yuan, J. A Coil Connection Switching Strategy for Maximum Power Delivery in Electromagnetic Vibration

Energy Harvesting System. In Proceedings of the 2021 IEEE Energy Conversion Congress and Exposition (ECCE), Vancouver, BC,
Canada, 10–14 October 2021; pp. 5867–5872. [CrossRef]

59. Hosseinimehr, T.; Tabesh, A. Magnetic Field Energy Harvesting from AC Lines for Powering Wireless Sensor Nodes in Smart
Grids. IEEE Trans. Ind. Electron. 2016, 63, 4947–4954. [CrossRef]

60. Li, M.; Luo, A.; Luo, W.; Wang, F. Recent Progress on Mechanical Optimization of MEMS Electret-Based Electrostatic Vibration
Energy Harvesters. J. Microelectromechanical Syst. 2022, 31, 726–740. [CrossRef]

61. Chen, S.-M.; Hu, J.-H. Experimental Study of a Hybrid Vibration Energy Harvesting Mechanism. In Proceedings of the 2011
Symposium on Piezoelectricity, Acoustic Waves and Device Applications (SPAWDA), Shenzhen, China, 9–11 December 2011; pp.
56–59. [CrossRef]

62. Wang, Q.; Kim, K.-B.; Woo, S.-B.; Song, Y.; Sung, T.-H. A Magneto-Mechanical Piezoelectric Energy Harvester Designed to
Scavenge AC Magnetic Field from Thermal Power Plant with Power-Line Cables. Energies 2021, 14, 2387. [CrossRef]

63. Muscat, A.; Bhattacharya, S.; Zhu, Y. Electromagnetic Vibrational Energy Harvesters: A Review. Sensors 2022, 22, 5555. [CrossRef]
[PubMed]

64. Becker, T.; Kluge, M.; Schalk, J.; Otterpohl, T.; Hilleringmann, U. Power Management for Thermal Energy Harvesting in Aircrafts.
In Proceedings of the IEEE Sensors Conference, Lecce, Italy, 26–29 October 2008; pp. 681–684. [CrossRef]

65. Proto, A.; Bibbo, D.; Cerny, M.; Vala, D.; Kasik, V.; Peter, L.; Conforto, S.; Schmid, M.; Penhaker, M. Thermal Energy Harvesting
on the Bodily Surfaces of Arms and Legs through a Wearable Thermo-Electric Generator. Sensors 2018, 18, 1927. [CrossRef]
[PubMed]

66. Torfs, T.; Leonov, V.; Van Hoof, C.; Gyselinckx, B. Body-Heat Powered Autonomous Pulse Oximeter. In Proceedings of the 5th
IEEE Sensors, Daegu, Korea, 22–25 October 2006; pp. 427–430. [CrossRef]

67. Kadechkar, A.; Riba, J.-R.; Moreno-Eguilaz, M.; Perez, J. SmartConnector: A Self-Powered IoT Solution to Ease Predictive
Maintenance in Substations. IEEE Sens. J. 2020, 20, 11632–11641. [CrossRef]

68. Gupta, V.; Kandhalu, A.; Rajkumar, R. Energy Harvesting from Electromagnetic Energy Radiating from AC Power Lines. In
Proceedings of the 6th Workshop on Hot Topics in Embedded Networked Sensors, Killarney, Ireland, 28–29 June 2010. [CrossRef]

69. Wright, S.W.; Kiziroglou, M.E.; Spasic, S.; Radosevic, N.; Yeatman, E.M. Inductive Energy Harvesting from Current-Carrying
Structures. IEEE Sens. Lett. 2019, 3, 1–4. [CrossRef]

70. Toh, T.T.; Wright, S.; Kiziroglou, M.; Mueller, J.; Sessinghaus, M.; Yeatman, E.; Mitcheson, P.D. Inductive energy harvesting from
variable frequency and amplitude aircraft power lines. J. Phys. Conf. Ser. 2014, 557, 012095. [CrossRef]

71. Tashiro, K.; Wakiwaka, H.; Inoue, S.-I.; Uchiyama, Y. Energy Harvesting of Magnetic Power-Line Noise. IEEE Trans. Magn. 2011,
47, 4441–4444. [CrossRef]

72. Wang, H.; Shi, G.; Han, C. A Free-Standing Electromagnetic Energy Harvester for Condition Monitoring in Smart Grid. Wirel.
Power Transf. 2021, 2021, 6685308. [CrossRef]

73. Kabakulak, M.; Arslan, S. An Electromagnetic Energy Harvester for Wireless Sensors from Power Lines: Modeling and Experiment
Verification. GAZI Univ. J. Sci. 2020, 34, 786–806. [CrossRef]

74. White, R.M.; Nguyen, D.-S.; Wu, Z.; Wright, P.K. Atmospheric Sensors and Energy Harvesters on Overhead Power Lines. Sensors
2018, 18, 114. [CrossRef]

http://doi.org/10.1002/mmce.23301
http://doi.org/10.1109/iccce50029.2021.9467216
http://doi.org/10.1109/TIE.2009.2024652
http://doi.org/10.1016/j.rser.2015.11.010
http://doi.org/10.1088/0960-1317/17/7/007
http://doi.org/10.1088/1742-6596/660/1/012001
http://doi.org/10.3390/en14051346
http://doi.org/10.1016/j.ijepes.2022.108607
http://doi.org/10.1063/1.4825348
http://doi.org/10.1109/TPEL.2017.2775961
http://doi.org/10.1088/1742-6596/2095/1/012014
http://doi.org/10.1109/ecce47101.2021.9595410
http://doi.org/10.1109/TIE.2016.2546846
http://doi.org/10.1109/JMEMS.2022.3194859
http://doi.org/10.1109/spawda.2011.6167190
http://doi.org/10.3390/en14092387
http://doi.org/10.3390/s22155555
http://www.ncbi.nlm.nih.gov/pubmed/35898058
http://doi.org/10.1109/ICSENS.2008.4716533
http://doi.org/10.3390/s18061927
http://www.ncbi.nlm.nih.gov/pubmed/29899308
http://doi.org/10.1109/icsens.2007.355497
http://doi.org/10.1109/JSEN.2020.2998157
http://doi.org/10.1145/1978642.1978664
http://doi.org/10.1109/LSENS.2019.2918339
http://doi.org/10.1088/1742-6596/557/1/012095
http://doi.org/10.1109/TMAG.2011.2158190
http://doi.org/10.1155/2021/6685308
http://doi.org/10.35378/gujs.764142
http://doi.org/10.3390/s18010114


Appl. Sci. 2022, 12, 10699 19 of 21

75. Park, B.; Kim, N.; Park, J.; Kim, K.; Koo, J.; Park, H.; Ahn, S. Optimization design of toroidal core for magnetic energy harvesting
near power line by considering saturation effect. AIP Adv. 2018, 8, 056728. [CrossRef]

76. Najafi, S.A.A.; Ali, A.A.; Sozer, Y.; De Abreu-Garcia, A. Energy Harvesting from Overhead Transmission Line Magnetic Fields. In
Proceedings of the 2018 IEEE Energy Conversion Congress and Exposition (ECCE), Portland, OR, USA, 23–27 September 2018;
pp. 7075–7082. [CrossRef]

77. dos Santos, M.P.; Vieira, D.A.; Rodriguez, Y.P.; de Souza, C.P.; de Moraes, T.O.; Freire, R.C. Energy Harvesting Using Magnetic
Induction Considering Different Core Materials. In Proceedings of the 2014 IEEE International Instrumentation and Measurement
Technology Conference (I2MTC) Proceedings, Montevideo, Uruguay, 12–15 May 2014; pp. 942–944.

78. Gaikwad, A.; Kulkarni, S. Evaluation of dimensional effect on electromagnetic energy harvesting. Procedia Comput. Sci. 2018, 143,
58–65. [CrossRef]

79. Bhuiyan, R.H.; Dougal, R.A.; Ali, M. A Miniature Energy Harvesting Device for Wireless Sensors in Electric Power System. IEEE
Sens. J. 2010, 10, 1249–1258. [CrossRef]

80. Zhang, J.; Tian, X.; Li, J.; Yan, D. A Novel Electromagnetic Energy Harvester Based on Double-Ring Core for Power Line Energy
Harvesting. J. Circuits Syst. Comput. 2020, 29, 2050265. [CrossRef]

81. Liu, Y.; Xie, X.; Hu, Y.; Qian, Y.; Sheng, G.; Jiang, X.; Liu, Y. A novel high-density power energy harvesting methodology for
transmission line online monitoring devices. Rev. Sci. Instrum. 2016, 87, 075119. [CrossRef] [PubMed]

82. Zangl, H.; Bretterklieber, T.; Brasseur, G. Energy Harvesting for Online Condition Monitoring of High Voltage Overhead Power
Lines. In Proceedings of the 2008 IEEE Instrumentation and Measurement Technology Conference, Victoria, BC, Canada, 12–15
May 2008; pp. 1364–1369. [CrossRef]

83. Kim, H.; Choi, D.; Gong, S.; Park, K. Stray electric field energy harvesting technology using MEMS switch from insulated AC
power lines. Electron. Lett. 2014, 50, 1236–1238. [CrossRef]

84. Chang, K.-S.; Kang, S.-M.; Park, K.-J.; Shin, S.-H.; Kim, H.-S.; Kim, H.-S. Electric Field Energy Harvesting Powered Wireless
Sensors for Smart Grid. J. Electr. Eng. Technol. 2012, 7, 75–80. [CrossRef]

85. Kang, S.; Yang, S.; Kim, H. Non-intrusive voltage measurement of ac power lines for smart grid system based on electric field
energy harvesting. Electron. Lett. 2017, 53, 181–183. [CrossRef]

86. Zhao, X.; Keutel, T.; Baldauf, M.; Kanoun, O. Energy Harvesting for Overhead Power Line Monitoring. In Proceedings of the
International Multi-Conference on Systems, Signals & Devices, Chemnitz, Germany, 20–23 March 2012. [CrossRef]

87. Zhou, J.; Zhang, J.; Xu, C.; Fang, L.; Wang, Y.; Zhuang, Y.; Jia, T.; Yi, H.; Han, C. On the Improvement of Electric Field Energy
Harvesting from Domestic Power Lines. AEU-Int. J. Electron. Commun. 2022, 155, 154349. [CrossRef]

88. Rodríguez, J.C.; Holmes, D.G.; McGrath, B.P.; Teixeira, C. Energy Harvesting from Medium Voltage Electric Fields Using Pulsed
Flyback Conversion. In Proceedings of the 2016 IEEE 8th International Power Electronics and Motion Control Conference
(IPEMC-ECCE Asia), Hefei, China, 22–26 May 2016; pp. 3591–3598. [CrossRef]

89. Gulati, M.; Parizi, F.S.; Whitmire, E.; Gupta, S.; Ram, S.S.; Singh, A.; Patel, S.N. CapHarvester: A Stick-On Capacitive Energy
Harvester Using Stray Electric Field from AC Power Lines. Proc. ACM Interact. Mob. Wearable Ubiquitous Technol. 2018, 2, 1–20.
[CrossRef]

90. Khan, M.R.; Islam, M.A.; Rana, M.M.; Haque, T.; Joy, S.I.I. A Circuit Model for Energy Harvesting from Fringing Electric Fields
for Mobile Wearable Device Applications. Energies 2021, 14, 7016. [CrossRef]

91. Moser, M.J.; Bretterklieber, T.; Zangl, H.; Brasseur, G. Strong and Weak Electric Field Interfering: Capacitive Icing Detection and
Capacitive Energy Harvesting on a 220-kV High-Voltage Overhead Power Line. IEEE Trans. Ind. Electron. 2011, 58, 2597–2604.
[CrossRef]

92. Menéndez, O.; Romero, L.; Cheein, F.A. Serial Switch Only Rectifier as a Power Conditioning Circuit for Electric Field Energy
Harvesting. Energies 2020, 13, 5279. [CrossRef]

93. Alneyadi, F.; Alkaabi, M.; Alketbi, S.; Hajraf, S.; Ramzan, R. 2.4 GHz WLAN RF Energy Harvester for Passive Indoor Sensor
Nodes. In Proceedings of the 2014 IEEE International Conference on Semiconductor Electronics (ICSE2014), Kuala Lumpur,
Malaysia, 27–29 August 2014; pp. 471–474. [CrossRef]

94. Mouapi, A.; Hakem, N.; Delisle, G.Y. A new approach to design of RF energy harvesting system to enslave wireless sensor
networks. ICT Express 2018, 4, 228–233. [CrossRef]

95. Pinuela, M.; Mitcheson, P.D.; Lucyszyn, S. Ambient RF Energy Harvesting in Urban and Semi-Urban Environments. IEEE Trans.
Microw. Theory Tech. 2013, 61, 2715–2726. [CrossRef]

96. Ibrahim, H.H.; Singh, M.J.; Al-Bawri, S.S.; Ibrahim, S.K.; Islam, M.T.; Alzamil, A.; Islam, S. Radio Frequency Energy Harvesting
Technologies: A Comprehensive Review on Designing, Methodologies, and Potential Applications. Sensors 2022, 22, 4144.
[CrossRef]

97. Kamalinejad, P.; Mahapatra, C.; Sheng, Z.; Mirabbasi, S.; Leung, V.C.M.; Guan, Y.L. Wireless energy harvesting for the Internet of
Things. IEEE Commun. Mag. 2015, 53, 102–108. [CrossRef]

98. Lu, X.; Wang, P.; Niyato, D.; Kim, D.I.; Han, Z. Wireless Networks with RF Energy Harvesting: A Contemporary Survey. IEEE
Commun. Surv. Tutor. 2015, 17, 757–789. [CrossRef]

99. Cruz, F.M.; Molero, A.E.; Castillo, E.; Becherer, M.; Rivadeneyra, A.; Morales, D.P. Why Use RF Energy Harvesting in Smart Grids.
In Proceedings of the IEEE 23rd International Workshop on Computer Aided Modeling and Design of Communication Links and
Networks (CAMAD), Barcelona, Spain, 17–19 September 2018. [CrossRef]

http://doi.org/10.1063/1.5007772
http://doi.org/10.1109/ecce.2018.8558356
http://doi.org/10.1016/j.procs.2018.10.351
http://doi.org/10.1109/JSEN.2010.2040173
http://doi.org/10.1142/S0218126620502655
http://doi.org/10.1063/1.4959556
http://www.ncbi.nlm.nih.gov/pubmed/27475607
http://doi.org/10.1109/imtc.2008.4547255
http://doi.org/10.1049/el.2014.1264
http://doi.org/10.5370/JEET.2012.7.1.75
http://doi.org/10.1049/el.2016.3935
http://doi.org/10.1109/ssd.2012.6198106
http://doi.org/10.1016/j.aeue.2022.154349
http://doi.org/10.1109/ipemc.2016.7512871
http://doi.org/10.1145/3264920
http://doi.org/10.3390/en14217016
http://doi.org/10.1109/TIE.2010.2098362
http://doi.org/10.3390/en13205279
http://doi.org/10.1109/smelec.2014.6920900
http://doi.org/10.1016/j.icte.2017.11.002
http://doi.org/10.1109/TMTT.2013.2262687
http://doi.org/10.3390/s22114144
http://doi.org/10.1109/MCOM.2015.7120024
http://doi.org/10.1109/COMST.2014.2368999
http://doi.org/10.1109/camad.2018.8514966


Appl. Sci. 2022, 12, 10699 20 of 21

100. Nintanavongsa, P. A Survey on RF Energy Harvesting: Circuits and Protocols. Energy Procedia 2014, 56, 414–422. [CrossRef]
101. Paradiso, J.; Starner, T. Energy Scavenging for Mobile and Wireless Electronics. IEEE Pervasive Comput. 2005, 4, 18–27. [CrossRef]
102. Kawahara, Y.; Wei, W.; Narusue, Y.; Shigeta, R.; Asami, T.; Tentzeris, M. Virtualizing Power Cords by Wireless Power Transmission

and Energy Harvesting. In Proceedings of the 2013 IEEE Radio and Wireless Symposium, Austin, TX, USA, 20–23 January 2013;
pp. 37–39. [CrossRef]

103. Sojan, S.; Kulkarni, R. A Comprehensive Review of Energy Harvesting Techniques and its Potential Applications. Int. J. Comput.
Appl. 2016, 139, 14–19. [CrossRef]

104. Jayasinghe, D.H.G.A.; Jayakody, D.N.K. Survey on Energy Harvesting in Smart Grid Networks. In International Research Conference
of SLTC 2020—IRC 2020; Sri Lanka Technological Campus: Colombo, Sri Lanka, 2020; pp. 1–7.

105. Liu, X.; Sanchez-Sinencio, E. A Highly Efficient Ultralow Photovoltaic Power Harvesting System with MPPT for Internet of
Things Smart Nodes. IEEE Trans. Very Large Scale Integr. (VLSI) Syst. 2015, 23, 3065–3075. [CrossRef]

106. Jayakumar, H.; Lee, K.; Lee, W.S.; Raha, A.; Kim, Y.; Raghunathan, V. Powering the Internet of Things. In Proceedings of the
2014 international Symposium Low Power Electronics and Design (ISLPED), La Jolla, CA, USA, 11–13 August 2014; pp. 375–380.
[CrossRef]

107. Muhammad, S.; Tiang, J.J.; Wong, S.K.; Iqbal, A.; Alibakhshikenari, M.; Limiti, E. Compact Rectifier Circuit Design for Harvesting
GSM/900 Ambient Energy. Electronics 2020, 9, 1614. [CrossRef]

108. Sanislav, T.; Zeadally, S.; Mois, G.D.; Folea, S.C. Wireless energy harvesting: Empirical results and practical considerations for
Internet of Things. J. Netw. Comput. Appl. 2018, 121, 149–158. [CrossRef]

109. Tran, V.H.; Misra, A.; Xiong, J.; Balan, R.K. WiWear: Wearable Sensing via Directional WiFi Energy Harvesting. In Proceedings of
the 2019 IEEE International Conference on Pervasive Computing and Communications (PerCom), Kyoto, Japan, 11–15 March
2019. [CrossRef]

110. Mahamat, Y.; Hussain, S.R.R.; Eroglu, A. Far-Field RF Energy Harvesting System for Distribution Power Lines. In Proceedings
of the 2016 IEEE/ACES International Conference on Wireless Information Technology and Systems (ICWITS) and Applied
Computational Electromagnetics (ACES), Honolulu, HI, USA, 13–18 March 2016; Institute of Electrical and Electronics Engineers
Inc.: Piscataway, NJ, USA, 2016; pp. 1–2.

111. Li, P.; Long, Z.; Yang, Z. RF Energy Harvesting for Batteryless and Maintenance-Free Condition Monitoring of Railway Tracks.
IEEE Internet Things J. 2021, 8, 3512–3523. [CrossRef]

112. Oller, J.; Demirkol, I.; Casademont, J.; Paradells, J.; Gamm, G.U.; Reindl, L. Has Time Come to Switch from Duty-Cycled MAC
Protocols to Wake-Up Radio for Wireless Sensor Networks? IEEE/ACM Trans. Netw. 2016, 24, 674–687. [CrossRef]

113. Caballe, M.C.; Auge, A.C.; Aspas, J.P. Wake-Up Radio: An Enabler of Wireless Convergence. IEEE Access 2021, 9, 3784–3797.
[CrossRef]

114. Mafi, Y.; Amirhosseini, F.; Hosseini, S.A.; Azari, A.; Masoudi, M.; Vaezi, M. Ultra-Low-Power IoT Communications: A Novel
Address Decoding Approach for Wake-Up Receivers. IEEE Trans. Green Commun. Netw. 2022, 6, 1107–1121. [CrossRef]

115. Ding, M.; Zhang, P.; Lu, C.; Zhang, Y.; Traferro, S.; van Schaik, G.-J.; Liu, Y.-H.; Huijts, J.; Bachmann, C.; Dolmans, G.; et al. A 2.4
GHz BLE-Compliant Fully-Integrated Wakeup Receiver for Latency-Critical IoT Applications Using a 2-dimensional Wakeup
Pattern in 90 nm CMOS. In Proceedings of the 2017 IEEE Radio Frequency Integrated Circuits Symposium (RFIC), Honolulu, HI,
USA, 4–6 June 2017; pp. 168–171. [CrossRef]

116. Abdelhamid, M.R.; Paidimarri, A.; Chandrakasan, A.P. A −80 dBm BLE-Compliant, FSK Wake-Up Receiver with System and
Within-Bit Dutycycling for Scalable Power and Latency. In Proceedings of the 2018 IEEE Custom Integrated Circuits Conference
(CICC), San Diego, CA, USA, 8–11 April 2018; pp. 1–4. [CrossRef]

117. Wang, P.-H.P.; Mercier, P.P. 28.2 A 220 µW −85 dBm Sensitivity BLE-Compliant Wake-up Receiver Achieving −60 dB SIR via
Single-Die Multi- Channel FBAR-Based Filtering and a 4-Dimentional Wake-Up Signature. In Proceedings of the 2019 IEEE
International Solid- State Circuits Conference—(ISSCC), San Francisco, CA, USA, 17–21 February 2019; pp. 440–442. [CrossRef]

118. Liu, Q.; IJntema, W.; Drif, A.; Pawełczak, P.; Zuniga, M. BEH: Indoor Batteryless BLE Beacons using RF Energy Harvesting for
Internet of Things. arXiv 2019, arXiv:1911.03381. [CrossRef]

119. Borghei, M.; Ghassemi, M. Separation and Classification of Corona Discharges Under Low Pressures Based on Deep Learning
Method. IEEE Trans. Dielectr. Electr. Insul. 2022, 29, 319–326. [CrossRef]

120. Riba, J.-R. Application of Image Sensors to Detect and Locate Electrical Discharges: A Review. Sensors 2022, 22, 5886. [CrossRef]
[PubMed]

121. Anis, H.; Srivastava, K.D. Pre-Breakdown Discharges in Highly Non-uniform Fields in Relation to Gas-insulated Systems. IEEE
Trans. Electr. Insul. 1982, 2, 131–142. [CrossRef]

122. Zhou, X.; Cui, X.; Lu, T.; Fang, C.; Zhen, Y. Spatial Distribution of Ion Current Around HVDC Bundle Conductors. IEEE Trans.
Power Deliv. 2012, 27, 380–390. [CrossRef]
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