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I. SCANNING THE ISSUE

Energy-harvesting technologies are fundamental in enabling the realization
of “zero-power” wireless sensors and implementing the Internet-of-Things
(IoT) and machine-to-machine (M2M) communication. Their increasing
utilization in low-power and power-efficient sensors and electronics could
potentially find application in numer-
ous critical areas ranging from health,
agricultural, structural health moni-
toring to logistics, localization, and

This special issue covers
recent advances in
energy-harvesting and
energy-scavenging
systems with a focus on
numerous “renewable”
transducer technologies
as well as emerging
applications.

security. Energy-harvesting devices,
including solar panels, piezoelectric
devices, thermocouples, and RF ener-
gy scavengers, can dramatically ex-
tend the operating lifetime of nodes in
wireless sensor networks (WSNs).
Furthermore, this technology enables
a completely battery-less operation
and reduces the operation cost of
WSNs, which is mainly due to battery
replacement, thus making it very
important for a sustainable “near-
perpetual” WSN operability.

Current methods for deploying large-scale sensor networks involve miles of
cabling that provide source power and collect data, or battery-operated wireless
sensors, which pose a serious environmental risk with the disposal of billions of
batteries every year. While these methods are necessary in some situations
where real-time data or harsh environments prohibit manual monitoring of
critical environment parameters, the cost, installation difficulty, and mainte-
nance rarely justify their use over manual inspections and monitoring. This is
where the concept of energy harvesting comes in. Energy harvesting is the
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process by which energy is derived
from external sources (e.g., solar
power, thermal energy, wind energy,
electromagnetic ambient energy, sa-
linity gradients, kinetic energy, etc.),
captured, and stored in order to
power small, wireless autonomous
devices, like those used, for instance,
in wearable electronics and wireless
sensor networks. Such technologies
could play a critical role in the first
real-world implementations of IoT,
M2M communication systems, wear-
able biomonitoring systems and gen-
erally, the first autonomous wireless
“smart skins.”

“Smart skins” are cognitive, in-
telligent skins that sense, wirelessly
communicate, and, in the future, will
be able to modify environmental pa-
rameters using simple passive radio-
frequency identification (RFID)
technology. These skins can be applied
everywhere, be it a shelf lining in a
grocery store or the outside of a
Boeing 787, while maintaining an un-
obtrusive and lightweight form factor
similar to the application of a decal
sticker. Smart skins are “zero-power”
devices, meaning they scavenge their
own energy using ambient electro-
magnetic, solar, thermal, mechanical,
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or RFID/radar-based interrogation
techniques. In short, energy harvest-
ing could enable such smart skins to be
the ultimate sensing tool that could
potentially allow for the mass im-
plementation of perpetual wireless
networks, even in extremely rugged
environments.

This power autonomy through the
harvesting of ambient “green” energy
would allow real-time knowledge of
various sensed parameters, such as
the stress gradients due to trucks
passing over bridges, or of the pro-
pagation rate of a gas leak or fire
within a building. The applications of
energy-harvesting systems could also
revolutionize body-wearable skins for
“near-perpetual” monitoring and re-
porting of critical biosignals, utilizing
novel liquid antenna principles, while
they could also enhance the applica-
bility of ad hoc emergency-response
and “ambient intelligence” wireless
systems in any rugged environment.

On the one hand, the dramatically
increasing need for wireless sensing
applications is leading to an increased
interest in harvesting technologies.
On the other hand, while the fun-
damental operating principles of
transducer technologies have been
identified many years ago, recent
advances in fabrication technologies
such as MEMS/NEMS, inkjet print-
ing, and 3-D printing, as well as
nanotechnology including carbon na-
notubes, nanoribbons, nanomotors,
and graphene are leading to transduc-
er miniaturization, complex/optimal
3-D implementation, and enhanced
performance as well as to dramatically
reduced power requirements for elec-
tronics and sensors enabling numer-
ous novel applications.

Energy-harvesting and energy-
scavenging systems are the epitome
of multidisciplinary topologies en-
compassing virtually most of the to-
pics in the electrical engineering
discipline. They typically include
energy-acquisition/scavenging com-
ponents and transducers (e.g., anten-
nas, piezoelectric and thermoelectric
electronics

materials, solar cells),

(e.g., rectifiers and dc/dc converters),

and energy storage devices (e.g., su-
percapacitors), all of which feature
major challenges in terms of active
and passive circuit topologies, power
conversion/handling, and materials.
In addition, due to the commonly
low amounts of harvested energy,
they require extremely low-power-
consuming communication and con-
trol protocols. Last, but not least, the
integration of such systems with
sensing or identification systems ne-
cessitates novel interconnect and
packaging approaches to minimize
detrimental effects from neighboring
objects or human bodies to mount on.
It has to be stressed that energy-har-
vesting systems will play a critical role
in the fastest growing state-of-the-art
electrical applications, such as IoT,
smart skins, smart cities, gas sensors/
biosensors, wearable/implantable
electronics, and perpetual wireless
sensing networks, maintaining auton-
omy, rugged performance in an envi-
ronmentally friendly manner.

This special issue covers recent
advances in energy-harvesting and
energy-scavenging systems with re-
views of numerous “renewable” trans-
ducer technologies, including solar,
electromagnetic, thermal, and kinetic
energy transducers, and highlights re-
search challenges as well as emerging
applications from perpetual nodes for
IoT and M2M applications to “zero-
power” smart skins and biomedical
implants. In addition, this widely mul-
tidisciplinary issue highlights new
perspectives resulting from material
and nanotechnology advances and
from novel low-cost fabrication tech-
nologies, such as inkjet and 3-D print-
ing advances, combining inputs from
RF and power electronics, computer
science, and networking toward com-
plete harvesting system implementa-
tions. The issue starts with the review
of various ambient energy-harvesting
technologies, followed by the dis-
cussion of specific implementations
and requirements of electromag-
netic, solar, vibration, biofuel, and
wind energy-harvesting systems. En-
ergy storage devices are thoroughly
covered, while the issue closes with
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numerous articles about the practical
implementation of autonomous
“energy-harvesting-enabled” systems
in wearable, implantable, and “smart
house” applications.

Kim et al. review, in detail in their
paper, various ambient energy-har-
vesting technologies (solar, thermal,
wireless, and piezoelectric) while in-
vestigating their applicability in the
development of self-sustaining wire-
less platforms. Examples ranging from
ambient ultrahigh-frequency (UHF)
TV to fourth generation/fifth genera-
tion (4G/5G) cell and WiFi signals as
well as an energy harvester for on-
body applications at 460 MHz de-
monstrate the potential of ambient
UHF/RF as an enabling technology for
IoT and smart skin applications. The
paper also presents the major chal-
lenges for the implementation of
energy-harvesting modules utilizing
additive manufacturing techniques,
such as inkjet printing, as well as
future directions in the area of envi-
ronmentally friendly fully autono-
mous energy harvesting (“green”) RF
electronics and “smart-house” confor-
mal sensors.

Hemour et al. review in their pa-
per the roadmap evolution and the
historical milestones/breakthroughs
of electromagnetic energy conversion
techniques over the years with an
emphasis on low-density energy-
harvesting technologies. A set of per-
formance criteria and development
considerations required to meet the
specifications of ambient electromag-
netic energy-harvesting systems is de-
rived from the thorough analysis of
potential ambient radiating sources.
Various existing rectifying devices are
reviewed in light of the defined per-
formance criteria. The paper closes
with a technological outlook of the
expected harvesting performance of
different device technologies, includ-
ing state-of-the-art devices, such as
spin diodes.

Costanzo et al. present in their
paper a rigorous procedure for the
circuit-level analysis and design of en-
tire systems, developed to provide
power wirelessly in a very efficient
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way. A unified theoretical approach is
first introduced in order to describe
accurately the wireless power transfer
link when the transmitter and the
receiver are either in near-field or far-
field region reciprocally. This ap-
proach allows for the easy calculation
of the system figure of merit, namely
the power transfer efficiency. Several
practical examples complement this
discussion demonstrating the perfor-
mance of numerous devices for both
near-field and far-field usage.

Niotaki et al. review in their paper
numerous existing efforts and solu-
tions in the field of solar and electro-
magnetic (EM) energy harvesting and
wireless power transmission. Specifi-
cally, the authors present examples of
solar/EM harvesters utilizing “solar
antenna” structures to achieve a com-
pact implementation, dc combining
circuits for the combination of the
outputs of the solar and EM harvest-
ers as well as efficient solar-to-EM
converters. The paper closes with the
discussion of numerous novel topolo-
gies aiming at the minimization of the
sensitivity of the rectifier circuits to
practical fluctuations of the ambient
RF energy.

Energy harvesting has been recog-
nized as one of the most critical
technologies for the real-world imple-
mentation of Internet-of-Things (IoT)
systems. The paper by Roselli et al.
focuses on large-area ‘“smart sur-
faces,” RFID systems, and wearable
RF electronics that could substantially
benefit from multisource energy har-
vesting. After reviewing potential
energy sources as well as addressing
materials, antennas, RFID, and chip-
less implementation challenges, the
authors present practical examples of

» G«

“smart floors,” “smart shoes,” and
body area networks with autonomous
operability utilizing RF, piezoelectric,
and solar energy harvesting.
Increasing the energy conversion
efficiency from vibrating bodies and
keeping it high at a relatively large
vibration amplitude has been very
challenging in the past, and no mi-
niaturized energy harvester has pro-
vided more than tens of milliwatts for

submillimeter vibration amplitudes.
Zhang et al. present in their paper a
new energy conversion approach to
convert mechanical vibrations into
electrical energy with output power
levels in excess of a quarter watt. The
technique utilizes an array of alter-
nating north- and south-orientation
magnets to enhance magnetic flux
change by more than an order of
magnitude. Various examples ranging
from 0.09 to 26 cc generate signifi-
cant amounts of energy for vibrations
up to 290 Hz with amplitudes up to
660 pm.

A fundamental difficulty in the in-
tegration of harvesting systems of re-
newable energy sources (e.g., wind
and solar power) has been their typical
high variability. To mitigate this issue,
numerous advances in smart grid
technologies are required. Kong et al.
focus on how to plan wind farms with
high capacity and low variability lo-
cally and universally. Studying the
characteristics of both wind resources
and wind turbines, the authors discuss
the tradeoffs between wind power’s
quantity and quality for large-scale
wind farms and propose optimal tur-
bine types as well as optimal combina-
tions and geographic distribution of
different types of turbines for best
performance. Preliminary results ver-
ify that the proposed approach coupled
with novel wind power estimation
techniques significantly outperforms
conventional single-turbine-type
farms and balance efficiently the
quantity-quality tradeoff.

Over the last few decades, the
energy storage systems (ESSs) have
come to play an important role in the
electric grids as the number of the
applications requiring a certain power
or voltage level over a short period of
time has increased dramatically. Air-
quality concerns coupled with the
increasing numbers of electric cars
connecting to the grid as well as the
first “smart” grid/renewable energy
sources implementations further en-
hance the role of ESSs. Boicea pre-
sents in his paper the most important
technological achievements in the
area of ESSs since their inception in
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mid-1700s. Plus, he discusses and per-
forms a market analysis of various
ESSs that could potentially couple
with renewable energy-harvesting sys-
tems drastically enhancing their effi-
ciency and applicability.

Future implantable medical de-
vices, such as cardiac defibrillators/
pacemakers, deep brain neurostimula-
tors, insulin pumps, cochlear im-
plants, etc., powered by implanted
biofuel cells extracting electrical en-
ergy directly from the human body are
potentially possible. Wey et al. present
an overview of enzymatic biofuel cell
theory and a summary of experimental
results up to date, while discussing key
electronic interfacing issues that must
be considered in practical “in vivo”
application of biofuel cells as power
sources. A 1-D biofuel cell electric cir-
cuit model is introduced that can ac-
curately model in vivo operability in
snails, clams, and lobsters under va-
rious operational conditions. The
paper closes with practical considera-
tions and challenges regarding in vivo
design, interfacing, and architecture
of enzymatic biofuel cells.

Telemedicine (telediagnostics, tel-
etherapy, and telemonitoring) as well
as other “intelligent” wearable and
implantable electronics/sensing ap-
plications significantly enhance the
quality of life as they are capable of
continuous real-time monitoring of
biosignals. Walk et al. present in their
paper a system for wireless power
supply and communication with med-
ical implant applications guaranteeing
their truly autonomous operability for
practical high data rates and realistic
attenuation losses due to the human
body. Implementations in two fre-
quency bands, one at 13.56 MHz and
the other at the medical implant
communication service (MICS) band
(402405 MHz) verify the feasibility
of autonomous telemonitoring, im-
plantable biosensors, and telemedical
sensor implants (e.g., intelligent med-
icine dosage sensor) harvesting ener-
gy through wireless power transfer
principles.

Smart-fabric interactive-textile
systems offer numerous exciting



possibilities, provided they feature
sufficient robustness and autonomy
in rugged applications. Textile multi-
antenna systems, unobtrusively integ-
rated with garments, would be key
components for the setup of energy-
efficient wireless body-centric com-

munication systems. Lemey et al.
demonstrate in their paper the com-
pact integration of a power manage-
ment system with multiple diverse
scavenging transducers and a storage
module on well-chosen textile anten-
na topologies. In addition, the authors
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present guidelines to allow for the
efficient antenna performance and
ensure that the simultaneous scaveng-
ing from different sources significant-
ly increases the autonomy of wearable
systems and the subsequent reduction
of required batteries. B
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