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ABSTRACT Energy harvesting (EH) technologies could lead to self-sustaining wireless sensor networks
(WSN5s) which are set to be a key technology in Industry 4.0. There are numerous methods for small-scale
EH but these methods differ greatly in their environmental applicability, energy conversion characteristics,
and physical form which makes choosing a suitable EH method for a particular WSN application challenging
due to the specific application-dependency. Furthermore, the choice of EH technology is intrinsically linked
to non-trivial decisions on energy storage technologies and combinatorial architectures for a given WSN
application. In this paper we survey the current state of EH technology for small-scale WSNs in terms
of EH methods, energy storage technologies, and EH system architectures for combining methods and
storage including multi-source and multi-storage architectures, as well as highlighting a number of other
optimisation considerations. This work is intended to provide an introduction to EH technologies in terms
of their general working principle, application potential, and other implementation considerations with the

aim of accelerating the development of sustainable WSN applications in industry.

INDEX TERMS Energy harvesting, industry 4.0, wireless sensor networks.

I. INTRODUCTION

Along with other ambitions, Industry 4.0 promises that cyber-
physical systems composed of cloud computing and Internet
of Things (IoT) technologies will be used for environmen-
tal monitoring and enhancing decision-making capabilities.
To realise this vision requires the deployment of self-powered
wireless sensor networks (WSNs) [1].

WSNs may be used to monitor physical and environmen-
tal phenomena such as temperature, sound, pressure, and
more and relay data to a centralised location for processing.
Generally, a WSN is composed of a large number of static
sensor nodes with limited processing and power capabilities
that are deployed in a distributed manner and communicate
over short-range radio links for cooperation [2].

To be useful, WSNs should be autonomous, operate with
required perpetuity, and require little maintenance which can
be costly and inconvenient depending on the number of nodes
and the application itself which could necessitate nodes with
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limited accessibility [3]. However, providing energy to a
WSN can be challenging due to their long lifetimes which
may be over several years or decades depending on the appli-
cation. And while the typical quiescent state power draw of
wireless sensor applications is extremely low, transmission
bursts when circuitry is powered up to take measurements and
transmit data are power consuming [4].

Whilst the energy efficiency and expected lifetime of
WSNss has increased over the last few years thanks in-part
to sensor and software optimisations, lightweight communi-
cation protocols, and low-power radio transceivers, energy
supply remains to be a major bottleneck [5], [6]. Solid-state
batteries which are commonly used as an energy source in
low power electronic devices require frequent and periodic
maintenance in the form of recharging or replacement which
limits network self-sustainability.

Making use of EH systems as alternative energy sources
is seen as one of the most promising solutions for develop-
ing the next-generation of self-sustainable WSNs and reduc-
ing or eliminating battery lifetime limitations [1], [7], [8].
EH technology intends to convert various forms of ambient
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environmental energy such as heat, light, airflow, vibrations,
electromagnetic waves and other phenomena to electrical
energy in order to fully-or-partially supply a low-power
electronics system. An energy harvester is considered to be
an interface between one-or-more energy supplies (ambient
energy sources) and one-or-more energy consumers or loads
(systems that need powering). The challenge in designing
EH systems is to provide a continuous and stable power
supply to the load in spite of the adverse availability of an
uneven or unpredictable energy source, whilst minimising the
size and cost of the system itself [9].

As the demand for self-powered autonomous electronics
with low power consumption has grown drastically in the
electronics industry, EH techniques for capturing differing
forms of ambient environmental energy have been studied
more widely.

In this paper we survey the current state of EH technology
in terms of existing EH methods, energy storage technologies,
and EH system architectures with the aim of accelerating the
development of sustainable WSN applications in industry.
The paper is organised as follows: in section II we outline
the range of ambient energy sources that are commonly
exploited followed by a discussion of the existing methods for
harvesting these sources that might be applicable to WSNss;
in section III, we discuss commonly used energy storage
mechanisms for microelectronics and their application to
energy buffering in WSNs; and in section IV we describe and
exemplify system architectures for combining EH technolo-
gies and energy storage devices effectively before outlining
other design considerations when implementing an EH sys-
tem in section V before some closing remarks in section VI.

Due to the breadth of EH techniques available and with
new niche methods of energy recovery being regularly
exploited frequently, this review will only consider the most
widely applicable and developed methods of harvesting
ambient mechanical, radiant (radio frequency and solar),
thermal, flow, and magnetic sources of energy only and not
lesser developed methods such as those in the biochemical
domain e.g. biofluids (such as glucose) [10], biodegradable
materials [11], tree trunks [12], human sweat [13], water
droplets [14], and acoustic noise [15]. Similarly, our dis-
cussion of energy storage techniques is limited to battery
and capacitor-related technologies and not other uncommon
application storage mediums such as fuel cells [16].

Il. SOURCES OF AMBIENT ENERGY AND

HARVESTING METHODS

There are many sources of ambient energy that can be
exploited with EH technology, some of which occur naturally
whilst others are artificially generated by human activity
and other technology. It is important to analyse the amount
and time distribution of available sources in relation to a
node’s location to determine their reliability, feasibility, and
overall suitability for inclusion in an EH system as the
energy distribution may change which can cause problems
for operation. It may change in known intervals such as
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daily or seasonally, be dependent on other occurring phe-
nomena or actions, or change depending on a node’s mobile
location, and sometimes it may be predicted or controlled to
suit needs [2], [6].

Many energy sources are exploitable by several methods
but techniques used for large scale or industrial energy gen-
eration may be unsuitable for small-scale energy generation
as many typical WSN applications require nodes to be small
and lightweight. Notionally, power density defined as the
power output per unit area in Wem ™2 or per unit volume
Wem™3, is a widely-used metric for comparing different EH
techniques [2] with the conversion efficiency of ambient
energy to electrical energy also considered important, partic-
ularly when comparing differing techniques within a single
EH method. Techniques often vary greatly in terms of their
voltage and current characteristics so it is also important to
consider this from an application point-of-view.

A. MECHANICAL VIBRATION HARVESTING

Vibration produces mechanical accelerations that cause the
oscillation of mass components. This movement initiates
opposing damping forces against the mass component that
absorb the kinetic energy of the initial vibration and reduce
the oscillation. This kinetic energy, which may be in the
form of vibrations, pressure, or stress-strain, can be con-
verted into electrical energy and harvested through use
of a suitable Mechanical-to-Electrical Energy Generator
(MEEGQG) [2], [17].

There are three transduction mechanisms mainly used
in vibration-based power generation: electromagnetic, elec-
trostatic, and piezoelectric. Electromagnetic transduction is
based on the relative motion of a magnet and coil, which
induces an electric current. Electrostatic transduction is
based on a variable capacitor where two plates move rela-
tive to each other and the capacitance changes. Piezoelec-
tric transduction is based on piezoelectric materials, which
develop a voltage difference when strained [18].

Natural and artificially generated vibrations are
omnipresent with widely varying characteristics. Ambient
vibrations contain a wide range of fundamental frequencies
([19] lists several commonly occurring vibrations with their
typical accelerations and fundamental frequency) but some
MEEGs including most piezoelectric generators have narrow
operating ranges [17]. Therefore, it is important to first
determine the characteristics of the ambient vibration source
to better understand if the energy is exploitable.

While vibration EH is promising, a major challenge that
needs to be addressed for efficient energy generation is to
have the EH device in resonance with the source vibration fre-
quency [20]. Any difference between these two frequencies
can result in a significant decrease in generated power which
is a fundamental limitation of resonant vibration generators
and restricts their capability in real applications [21]. Whilst
aligning this frequency is easy for consistent and constant
vibrations such as industrial machinery, it is more difficult
for ambient vibrations from differing sources. It is especially
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FIGURE 1. Sources of energy that can be harvested.

difficult to match the resonant frequency of small-scale vibra-
tion energy harvesters of millimetre-scale devices to the
frequencies of common ambient vibrations because as size
decreases, resonant frequency increases [18]. Overcoming
this obstacle is usually done using either broad-bandwidth
harvesting techniques to increase the range of frequencies at
which energy can be harvested or active resonance frequency
tuning to optimise energy generation at a single particular
frequency [18], [21], [22].

It is also important to note that, unlike some other energy
harvesters, all vibrational energy harvesters produce AC
power but microelectronic devices and rechargeable batter-
ies usually require a DC power supply, so proper power-
conditioning circuitry must be incorporated into systems with
vibrational EH [18] such as converting the alternating volt-
age output into a stable rectified voltage using an AC-DC
converter and regulating the voltage output with a DC-DC
converter [23]. Power conditioning circuits for vibrational EH
are reviewed in greater detail by Hudak er al. [18].

As previously stated, input vibrations are often charac-
terised by their (dominant) acceleration and frequency. This
means that, unless the input energy is provided, that power
density can be an insufficient parameter by which to compare
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different vibrational energy harvesters, despite being fre-
quently used in the literature [23]. Additionally, the power
output in vibrational energy systems scales with mass and
not necessarily volume, but rough general comparisons can
be made with power density [18]. With these points in mind,
we discuss the characteristics of each vibrational EH method
in greater detail.

1) ELECTROMAGNETIC
Electromagnetic transduction is based on the relative motion
of a magnet and coil due to vibrations, inducing an alternating
electric current [2], [18]

Electromagnetic generators have been effective for
applications that require low power sources. Their main
advantages are that they can work at low frequencies, require
driving loads of very low impedance, are a reliable technol-
ogy, and can be easily implemented at micro or macro scale.
However, they have a very low voltage output [24].

Electromagnetic generators may also be difficult to inte-
grate with microelectronics such as wireless sensor nodes as
the strong magnetic field can interfere with the operation of
the electronic components [18].
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TABLE 1. Summary of energy harvesting methods.

[ Energy Source | Method [ Application Environment | Energy Conversion Factors | Advantages I Disad I References
Requires resonant frequency matching;
Moving parts;
Mechanical Electromagnetic Industrial mac_hmery: Vibration frequency; Operate at low frequencies; AC only; ] [24]1-[28]
" . transportation; D 7 Low voltage;
Vibration - Vibration acceleration; . ) .
Human activity; Interference with microelectronics;
Roads and infrastructure; Requires resonant frequency matching;
. Moving parts;
Electrostatic No clear advantages AC only; [24], [29]
Requires input voltage to activate;
Requires resonant frequency matching;
. . ) Moving parts;
Piezoclectric High voltage output; AC only; [17], [24], [311-(33]
High power density; . o
Delicate materials;
Not receptive at low frequencies;
Lone life due to stationary parts: Requires constant thermal gradient;
Thermoelectric Industrial waste heat; Spatial temperature gradient; 2 N P _ry parts; Low conversion efficiency; [36], [38]-[40]
Thermal : High reliability; S
Household water; Performs poorly on small gradients;
Combustion engines; Room temperature operation;
s Domestic heaters; Temporal temperature gradient; Wide spectral response; Requires cyclical temperature variation;
Pyroelectric Body heat; Cycle frequency; Piezoelectric properties; AC only; [34]. [42], [43]
‘Water vapour; Flexible and thin form factor;
Mature technology;
R Light intensity; Predictable; . .
Solar Photovoltatic . Nal.ur.al light; . Temperature gradient; Scalable; Long permds nf_ nz'nura'] a_bser}ce, [441-[48], [50]-[52]
Brightly lit indoor spaces; X . . . Natural prediction limited;
Material properties; Simple form factor;
No moving parts;
. Outdoor environments; . . .
Flow Aerodynamic Ventilation ducts: quw speefi, Mature technology; D1fﬁcuh I(? apply form factor; [53]1-[55], [57]-[62]
—_— Turbine design; b Hostile application environments;
Hydrodynamic Rivers / oceans; [561. [58]
ydrodynamic Water pipes; ’
Requires resonant frequency matching;
Magneti Power delivery infrastructure; Magpnetic field strength; Predictable energy source; Moving parts; [11, [64]-[66]
agnetic Yy 3 i © h gth; gy ’ Limited range; ’ °
AC only;
_ o Ambient or dedicated techniques;
Source transmission power; . N A S L
(Semi-)urban environments: Distance from source: High conversion efficiency; Requires tuning to f»requemy bands;
Radiofrequency . S 3 ’ S Flexible form factor; Energy availability limited by safety; [51, [671-[77], [98]-[101]
Dedicated transmitter setup; Antenna gain; N A A N
. No moving parts; Inconsistency if non-dedicated;
Antenna design; AC or DC:

Though not as widely used in WSNs as other methods,
there are several examples of electromagnetic generators in
the literature.

Ching et al. fabricated an electromagnetic generator of
1 cm? which was optimised to have a low resonant frequency.
At a resonant frequency of 110 Hz and acceleration 96 ms 2,
the generator achieved a voltage and power output of up to
4.4V and 830 uW respectively [25].

Beeby et al. developed an electromagnetic harvester that
generated 46 uW and 0.15 V,,,, at 52 Hz and 0.59 ms 2
at a device volume of only 0.15 cm? [26], thus providing
useful power density and output voltage whilst operating at
a frequency and acceleration in the range of those measured
for ambient vibrations [18].

As one part of a multi-source EH system (see IV-C) for
a wireless sensor node, Wang et al. implemented an electro-
magnetic vibration harvester for harvesting vibrations from
industrial machinery, namely an air compressor, capable of
generating 1.56 mW from machine vibrations at 25-48 mg
acceleration and 49.3-49.7 Hz frequencies [27].

The efficiency of vibration-based harvesters is propor-
tional to the excitation frequency, so Sari et al. proposed
an electromagnetic generator capable of harvesting low-
frequency environmental vibrations by converting them to
higher frequency vibrations using a frequency up-conversion
technique. Their generator effectively harvested energy from
environmental vibrations of 70-150 Hz, generating 0.57 mV
voltage and 0.25 nW power with a generator size of 0.15 cm?.
They also claimed that the power and voltage levels can
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be further multiplied by increasing the number of can-
tilevers or coil turns [28].

2) ELECTROSTATIC

Electrostatic transduction is based on variable capacitors
where two plates move relative to each other and the
capacitance changes, generating AC electricity. The capac-
itor can either be charge constrained, in which the voltage
increases as capacitance decreases, or voltage constrained,
in which charge flows from the plates as capacitance
decreases [2], [18], [29].

Electrostatic methods are considered most appropriate for
small scale energy harvesters. They have the advantage of
high output voltage, easy adjustment of coupling coefficients,
low complexity, and are easily integrated with other micro-
electronic devices because of their makeup. However, they
also have a low capacitance and energy density [18], [24].

The main disadvantage of electrostatic transducers how-
ever is the need for two power sources to start the EH pro-
cess. This is because the capacitor has to be charged with
initial voltage. To activate an electrostatic generator, charge
is injected into the capacitor at maximum capacitance and
pulled off at minimum capacitance. The change of the gap
between the electrode of the variable capacitor then generates
an electrical output [29], [30]. As a result, passive electro-
static generators can only really be applied as an auxiliary
power source to an external power supply and it is diffi-
cult to implement a maintenance-free sensor node. Although
research has been carried out into designing various circuit
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structures that bypass the external power supply require-
ments, the low output power of these methods in the n-uW
range means that electrostatic technology is unlikely to be
used by itself to power WSNs [29].

3) PIEZOELECTRIC

Piezoelectric materials develop an electrical potential gra-
dient when subjected to mechanical strain, producing an
electric field that is proportional to the applied stress. This
effect can be utilised as a transduction mechanism in vibration
power generators by transforming the motion of vibration into
an alternating current wave.

A conventional piezoelectric power harvester comprises
a piezoelectric cantilever beam with a proof mass attached
to the vibrating part of the device to lower the resonant
frequency. In order to capture low frequency vibrations, a low
stiffness cantilever is required. Similarly, bimorph arrange-
ments with two layers of piezoelectric material are commonly
used to improve harvester efficiency as it allows larger strain
with lower resonant frequency than single layer structures.

Common piezoelectric materials in EH systems are lead
zirconate titanate (PZT), barium titanate (BaTiO3) and
polyvinylidene fluoride (PVDF). Material performance is
quantified by the piezoelectric strain constant, which is the
ratio of the short circuit charge density to applied stress in C/N
and describes the efficiency of energy conversion between
mechanical and electrical forms. For this reason, PZT is the
most commonly used piezoelectric material due to its high
piezoelectric constant, however it is also extremely brittle
and needs to be carefully handled to avoid damage when
strained [17], [18].

Of the three vibrational transduction methods, piezoelec-
tric methods have received the most attention due to their
large power densities and ease of application. For instance,
where the low voltage output of electromagnetic energy
harvesters often requires multi-stage post-processing to be
useful, usable voltage outputs are directly obtained from
piezoelectric materials. And while electrostatic energy har-
vesters require an input voltage or charge to be applied to
begin generating an alternating electrical output, the voltage
output in piezoelectric EH emerges from the constitutive
behaviour of the material, thus eliminating the requirement
for external voltage input. Finally, piezoelectric devices can
be fabricated both in macro-scale and micro-scale due to well-
established thick-film and thin-film fabrication techniques
unlike electromagnetic devices [23].

There has been a lot of work into capturing ambient energy
using piezoelectric methods for WSNs and beyond:

Yoon et al. utilised a commercial off-the-shelf piezoelec-
tric harvester, Volture V22BL and were able to generate
3.072 mW from a vibrational source of 53 Hz and 1 g accel-
eration, but faltered in ambient conditions as the unstable
operational environment generally did not match the resonant
frequency of the system, highlighting the need for resonance
frequency tuning [17].
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Yang et al. demonstrated a piezoelectric-based batteryless
EH system that can supply a total energy of 160 pJ at 2.5V
from a single button-pressing action to transmit a signal over
a short distance to a transceiver [31].

Lee et al. developed a piezoelectric energy harvester to
harvest energy from the acceleration of tires whilst driving.
Their system generated 13.7 nW cm™3 across a 60 mm patch
which was sufficient to power the developed node continu-
ously despite the low power density [32].

Finally, Zhu et al. investigated the use of a piezoelec-
tric energy harvester for harvesting road-induced vibrations
from automobiles for powering on-board wireless sensors by
conducting a survey of the vibration frequency distribution
whilst driving on different roads and building an EH pro-
totype. Their survey found a broad frequency distribution
present in the vibrations measured, with different vehicles
and roads possessing slightly different frequency spectrum
due to their composition with the largest average amplitudes
in the 12-30 Hz range and with high accelerations up to
1g with higher quality roads yielding less energy and lower
frequency vibrations due to their smoothness. Based on this
survey and their implemented EH device, they concluded
that scavenging these ambient automotive vibrations yields
enough useful energy to power a well-placed wireless sensor
but to optimise the energy harvested required the resonant
frequency of the cantilever beam to be designed according to
the dominant vibration frequency, and a self-tuning technique
for the resonant frequency should be employed to account for
the broad band of frequencies [33].

Generally speaking, the implementation of mechanical
energy harvesters is complicated due to the characteristics
of each method, and these methods possess a more finite
lifespan than some other EH methods due to mechanical
deformation and abrasion caused by harvesting. In addition,
vibrational energy is environmentally uncommon in large
amounts unless harvesting directly from the source gener-
ating the vibration. Therefore, mechanical energy harvesters
are generally only suitable as auxiliary power supplies [29].

B. THERMAL ENERGY HARVESTING

Thermal EH is a promising method for capturing freely avail-
able heat and converting it to a more usable form, such as
mechanical or electrical energy. There is an abundant sup-
ply of wasted heat energy that remains untapped from both
natural and artificial sources including geothermal, volcanic,
and solar heat, to automotive internal combustion engines,
industrial waste water, and household water. If this waste
heat could be harvested and utilised, it would be a sub-
stantial energy source due to its ubiquity and environmental
friendliness [34], [35].

Although, thermal energy harvesters possess low energy
conversion efficiencies, typically around 1-10%, they can
operate at low temperatures and are very reliable due to their
being solid-state devices with no moving parts. These factors
render thermal EH self-sustainable with very low mainte-
nance costs and therefore suitable for WSN applications and
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providing power in remote or hard-to-reach areas having
even been reliably used in spacecraft for decades of power
supply [35].

Here, we focus on the most common forms of thermal
EH for WSNs: thermoelectric and pyroelectric. For a more
detailed and comprehensive review of all thermal EH meth-
ods, see the work of Kishore et al. which also elaborates on
two other forms of thermal EH that are not commonly used
for WSN harvesting; namely thermomagnetic which relies on
the effect of temperature on magnetocaloric materials, and
thermoelastic that utilises shape memory alloys and thermal
strain to generate energy [35].

1) THERMOELECTRIC

Thermoelectric harvesters are the most popular thermal har-
vesting technology [35]. They are based on the Seebeck effect
and generate direct current in response to thermal gradients
(spatial temperature changes). They are composed of two
plates separated by pairs of p-type and n-type semiconduc-
tor blocks ordered in parallel and connected electrically in
series with one plate being the "hot side’ and another being
the ’cold side’. The open circuit voltage of a thermoelectric
element depends on the temperature difference between the
hot and cold sides, and on material properties (Seebeck coef-
ficients) [6], [35].

Generally, greater conversion efficiency can be attained the
higher the temperature difference [2], [36]. Thermoelectric
generators have poor performance at low temperature dif-
ferences but for higher temperature differences power den-
sity is principally scales with the square of the difference
in temperature [2]. A steady temperature gradient must be
maintained in order to generate sustainable electricity and
a constant voltage. But in an environment where temper-
ature is spatially uniform without a gradient according to
the principle of increased entropy, it is difficult to achieve
a large temperature difference [34] and when placed in a
stable heated environment, a thermoelectric system will stop
generating power after a while when both plates achieve the
same temperature [6].

Thermoelectric harvesters have a long life, stationary parts,
and highly reliable characteristics [35] but their low effi-
ciency yields low power densities and is a major hindrance to
wider adoption. However, more recent thermoelectric mate-
rials and efficient modules have achieved more than 10%
efficiency [2], [37].

Thermoelectric harvesters been used in a wide array of
scenarios. Datta er al. created a 64 x 64 mm prototype
device for harvesting thermoelectric energy from asphalt
pavement roadways able to generate 10 mW of electrical
power permanently over a period of 8 hours [38]. Lu et al.
harvested thermal energy from room heaters to control a
ZigBee-based node used for temperature monitoring of the
room and achieved a power output of 150 mW at a gradi-
ent of approximately 34°C between 55-21°C [39]. Leonov
et al. applied thermoelectric harvesters to harvesting human
body heat and achieved a power density of 0.14u Wmm ™2 for
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a 700 mm? device for small temperature differences of only
5°C [40]. Meanwhile Xiong et al. constructed a model
of a two-stage thermoelectric harvester of blast furnace
slag water waste heat with an average temperature gradient
of 50°C and achieved a maximum conversion efficiency of
around 2.66 % [36].

2) PYROELECTRIC

Pyroelectric generators generate electricity based on the pyro-
electric effect which occurs as a result of the interaction
between polarisation and temperature change in some dielec-
tric materials. Certain types of crystals are naturally electri-
cally polarised and have non-zero spontaneous polarisation
at room temperature. A change in temperature of the material
causes a change in polarisation, which can be used to generate
AC electricity [35].

Therefore, where thermoelectricity generates a constant
voltage given a constant temperature difference between two
spatially separated points on a device, pyroelectricity gener-
ates a temporary voltage when the device itself undertakes a
temperature change over time [6].

Pyroelectric generators require cyclic variation in tem-
perature in order to stimulate the energy conversion pro-
cess. No charge is generated if the temperature remains
constant [35], [41]. This can be achieved by methods
such as oscillating the device between hot and cold flu-
ids [34], or heating up with an external source and allow-
ing natural cooling from the environment with convection
currents [41].

Devices based on pyroelectric materials have many advan-
tages, such as easy integration with on-chip circuitry,
uncooled detection, room-temperature operation, high speed
(121 ms [41]), low system cost, portability, and a wide spec-
tral response with high sensitivity [34], [42]. Pyroelectric
harvesters also have a form factor that can be very appealing
with a simple structure that can be fabricated and applied
relatively easily [42]. Many pyroelectric materials are also
extremely thin [34], [43], flexible and formable which means
a sensor can also be applied to curved surfaces with ease [41].

Interestingly, pyroelectric materials are also subclass of
certain piezoelectric materials with non-centrosymmetric
crystal structures and thus all pyroelectric materials are also
piezoelectric which provides opportunities for multi-source
harvesting with energy accumulated from both mechanical
stress and temperature change [34], [41], [42].

Though pyroelectric generators can be applied to a broad
range of temperatures, finding an environment where there
is a sufficient heating/cooling cycle such that they can be
deployed effectively can be challenging.

The most significant problem with pyroelectric harvesters
is that the heat transfer rate between the device and operating
environment limits the frequency of operation and the cur-
rent generated, rendering pyroelectric generators to have a
relatively low power density [6], [35] and so the maximum
harvestable energy density, output voltage and current and
efficiency are highly dependent on material selection and
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structure [42]. In order to improve the heat transfer rate
and thus increases oscillating frequency, a few recent studies
have proposed thin film based pyroelectric generators [35].
Yang et al. reported a PZT thin film (175 pm thickness)
pyroelectric generator with a maximum power density of
215 u W/em? [43] and Leng ef al. developed a pyroelectric
generator based on polyvinylidene fluoride film [34].

Leng et al. were able to harvest heat energy from hot/cold
water using a pyroelectric by alternately contacting a hot
flow and cold flow to produce time-dependent temperature
variations. The output voltage and current reached a maxi-
mum of 192 V and 12 A, respectively, under a temperature
change of 80°C with an output power density up to 14 uW
cm or 1.08 W/ecm? which was capable of driving 42 LEDS
and charging a commercial 100 uF capacitor to 3.3 V
in 90 seconds [34].

Sultan et al. also demonstrated the possibility of har-
vesting energy from water vapour, and human body heat
and respiratory processes with a pyroelectric harvester with
a commercial bendable piezo-composite patch transducer
(that is also an active pyroelectric layer), between two con-
ductive electrodes. They achieved an output voltage and
current of 1.5 V and 1.5 u A respectively with a power
density of 34 nW/cm? under a temperature fluctuation from
37°Cto 67°C [41].

C. PHOTOVOLTAIC ENERGY HARVESTING

Solar energy from both natural and artificial sources of light
is the dominant form of radiant energy and it can be har-
vested with cells that take advantage of the photovoltaic
effect. The photovoltaic effect can be observed when certain
semiconductor materials, usually silicon-based, are exposed
to sunlight and convert solar rays into DC power if struck with
an appropriate amount of energy [2].

Photovoltaics are among the most mature EH technologies
and are used heavily for large-scale renewable energy gen-
eration and increasingly in a number of smaller electronics
due to their simple scalability with power proportional to
the cell’s surface area [2], [6]. The efficiency of a particular
photovoltaic cell depends on the photovoltaic principle being
followed (see [44]) and the type of material that the cell is
made of, with mono-crystalline cells having an efficiency
of 15-24%, polycrystalline an efficiency of 14-20.4%, and
thin-film cells an efficiency of 8-13.2% [6]. Each material
varies in cost and not all photovoltaic principles are yet
commercialised [44].

The output power of photovoltaic cells depends mainly on
light intensity and ambient device temperature [6]. Because
of this, photovoltaic EH is most appropriate in outdoor envi-
ronments where light intensity is greatest from direct sunlight
but they can sometimes be effective in low light or with arti-
ficial light sources, particularly well-lit indoor environments
such as hospitals, stadiums, and industrial buildings [2], [45].
Mathuna et al. reported on the efficiencies of different solar
cells at various illumination levels. For a typical outdoor
(bright and sunny day) illumination level of 500 Wm?,
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conversion efficiency varied around 15% to 25% but for
typical indoor illumination levels of 10 W/m?, efficiencies
varied around 2% to 10% [46]. Furthermore, while the
typical power density of photovoltaics is 10-15 mW/cm?
under direct sunlight of 100 mW/cm? in outdoor applica-
tions, it is only around 100 [LW/sz in low-level light of
10 W/em? [47], [48].

The main difficulties with implementing photovoltaic har-
vesters is that in both artificial and particularly natural
settings, light intensity and ambient temperature regularly
vary which generates non-constant voltage and current [6].
Natural light harvesters are particularly susceptible to periods
of energy absence such due to time-related variations of
irradiance and during the night where no light is available. For
this reason, most solar EH implementations employ a harvest-
store-use architecture with additional storage capabilities
[2], [49] (see III and IV). There are some mitigation tech-
niques that can be used to provide stability and maximise
useful power output. Firstly, the photovoltaic cell should be
aligned with a light source in all possible to achieve the
maximum possible energy efficiency, particularly in outdoor
applications relying on natural solar energy [6]. To this end,
adaptive solar trackers can be employed to automatically
align cells to their optimum position even under changing
alignment conditions [50]. Secondly, Maximum Power Point
Tracking (MPPT) controllers should be employed in the
system architecture to ensure that solar cells always operate
around their maximum power point P, under diverse irra-
diance and temperature conditions, and variable load char-
acteristics [6] and an optimal MPPT algorithm should be
employed [51]. Thirdly, prediction techniques for daily and
seasonal patterns of light intensity can be used to inform a
device’s operation [2], [52].

D. FLUID FLOW ENERGY HARVESTING

Naturally or artificially generated air and water flow can
be found everywhere from wind and rivers to ventilation
ducts and water pipes. Though these fluid flows seemingly
inhabit starkly different mediums, energy could be harvested
from air and water flows using very similar methods using
turbines and rotors that convert rotational energy to electri-
cal energy using electromagnetic induction or piezoelectric
methods [2], [3].

Exploitation of energy from solar and wind sources is at a
mature level for large-scale applications and are widely used
for industrial energy generation, but many of these methods
are not compatible with miniature wireless sensor nodes [3]
as the turbines are generally too bulky for what is required for
WSNs [2]. However, there are several alternative methods for
harvesting fluid flow for microelectronics including flapping
wings based on the triboelectric effect [53], electromagnetic
oscillating wings exploiting aerodynamic flutter [54], [55],
piezoelectric methods [56], [57], and miniature turbines [58].

Azevedo et al. evaluated the use of different small-scale
wind and hydro turbine designs for powering wireless sensor
nodes at different flow characteristics. Turbines were varied
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according to application environment, geometric design,
number of blades, blade length and other characteristics.
Across the range of wind turbines, power density varied
between 0.01 and 5.88 mW cm ™2 depending on the particular
turbine design and flow speed. Meanwhile their range of
hydro turbines generated power densities varying between
0.63 and 70.14 mW cm™3, again depending on turbine design
and flow speed. The power conversion efficiency of each
turbine varied depending on flow speed and efficiency did
not necessarily increase as flow speed increased [58].

Similar to solar energy, flow speed can be unpredictable
in its availability and thus variable in the amount of power
produced. For this reason, techniques similar to those used in
solar harvesting can be employed to ameliorate the potential
performance impact. MPPT circuits can be integrated within
the harvester system of wireless sensor node powered by
a micro turbine generator to increase device reliability in
a range of wind conditions [59] and prediction techniques
that take into account phenomena such as weather forecasts,
rainfall, tidal movements, or appliance usage statistics to plan
energy use appropriately [60].

Although air flow harvesters are likely to be most appli-
cable in outdoor environments such as agriculture [61] with
potentially high (if variable) wind speeds, they have been
shown to work at lower airflow speeds found in indoor
environments, calm weather or based on simple human
movements. For instance, Fei er al. presented a fluttering
vibration-based EH system capable of charging a 1 F super-
capacitor to 2 V under ventilation duct air flow speeds of less
than 3 ms~! [55], Chen et al. developed a triboelectric flutter
harvester that could capture energy at wind velocities as low
as 1.6 ms~! and generate optimal power densities at 8 ms™!
with a power density of 52 nW cm ™3 and a voltage and current
of 175 V and 434 A [53], and Rezaei-Hosseinabadi et al.
showcased a wind EH design that combined a piezoelectric
beam alongside a small wind turbine to harvest energy at
low wind speeds on a cm-scale prototype achieving a power
density of 0.59 mW cm~3 [62].

E. MAGNETIC ENERGY HARVESTING

Incidental magnetic fields arise from the plethora of power
delivery infrastructure that occupy everyday life from electric
power transmission cables, to electronic devices, transporta-
tion, manufacturing machines and more [63]. This ambient
magnetic noise is typically 50/60 Hz with a weak magnetic
field strength of less than 1 mT but is ubiquitous and found
around any current-carrying wire, thus offering huge potential
for EH [64], [65].

Traditional methods for capturing low-amplitude magnetic
field based on Faraday’s law of induction are not efficient
for electrical power generation. Instead, more recently pro-
posed magneto-mechano-electric (MME) EH methods com-
posed of a resonating cantilever with piezoelectric layers,
elastic metal beam, and a magnetic proof mass, have shown
promising direct energy conversion from low amplitude,
low frequency alternating magnetic field into an electrical
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field by utilising magneto-mechanical torque as a vibration
source [65]. This method of EH is not as common as some of
the others discussed as traditional electromagnetic generators
have suffered from frequency, size, and efficiency related
limitations [26], [66], however, these can be overcome with
designs based on magneto-electric (ME) composite mate-
rials that generate electrical charge when stressed by even
negligibly small magnetic fields [1], [64], [65]. When an
MME generator is placed in an AC magnetic field the mag-
netostrictive layer in the ME composite responds by elon-
gating or contracting (magneto-mechano coupling), thereby
straining the piezoelectric layer which results in an output
voltage across the electrical load through direct piezoelectric
effect (mechano-electric coupling). Thus, the ME effect is
the result of several energy transductions, from magnetic to
mechanical and then finally electrical energy.

Several works demonstrate MME mechanisms with ME
composites to reliably harvest low frequency environmen-
tal magnetic noise [1], [64], [65]. These methods achieved
impressive power densities of 46 mW cm™> Oe~2 under a
weak magnetic field of 160 uT at 60 Hz [64], 3.22 mW cm™3
under a magnetic field of 700 uT [1], and ~76 uW peqx cm™3
(*38 uWaye cm™>) under 0. mT magnetic field, with
~4.17 mW pear cm ™ (2.08 mW,e cm™>) under 1 mT mag-
netic field [65] respectively. Annapureddy et al. also demon-
strated an impressive range of applications including the
construction of wireless sensor node for an IoT system. Their
node comprised an MME generator, power-management cir-
cuit, supercapacitor storage, and an [oT wireless communi-
cation device with multiple sensors and the MME generator
was able to supply sufficient energy to continuously drive the
WSN module, which logged sensor data in real-time with low
power usage before wirelessly transmitting information to a
receiver in short 25s intervals [1].

Magnetic induction harvesting is extremely promising but
less explored than other EH methods. The method relies on
the presence of electrical wires which suggests power deliv-
ery infrastructure already in place which may make some
deployment redundant and their technological implementa-
tion invokes moving parts which decreases device longevity
and device efficiency depends on tuning to the correct vibra-
tional resonance frequency [65].

F. RADIO FREQUENCY ENERGY HARVESTING

During radio frequency (RF)-based EH, transmitted radio
waves are received by a device antenna and converted into
a stable AC or DC power source to supply a sensor device.
In this context, “radio frequency” refers to electromagnetic
radiations with frequencies below 1011Hz, such as radio
waves and microwaves, and where density is commonly
quantified with electric field strength in Vm~! [18].

The energy of radio frequency waves decreases with dis-
tance from the transmission source, therefore, the source
transmission power, antenna gain, and distance between
source and receiver are factors that affect how much energy
can be harvested [2], [67]. RF methods can be compared
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according to their conversion efficiency of electric field
strength to DC energy for which efficiency usually varies
between 50-75% [2], but like other EH methods their power
density is typically in the uW-mW range [49].

Sensor nodes that utilise RF energy harvesters follow two
model designs that have either one or two radio transceivers
respectively. In a dual radio model, one radio is used for
energy harvesting while the other used for communication
whereas in a single model one radio is responsible for both
purposes. It is generally advantageous to have a single radio
model to reduce size, physical complexity, costs and commu-
nication software complexity [2], [6] but multiple antennas
may be advantageous to increase the amount of energy har-
vested [68].

There are two categories of RF energy source: dedicated
and ambient [3], [8], [69]:

o Dedicated Sources are deployed by the application engi-

neer to provide a predictable energy supply to specific
devices. They are usually optimised to an effective trans-
mission frequency and power to meet the requirements
of the sensor device whilst complying with environ-
mental regulations [8] and the application has complete
control over the availability of power with the option to
provide power continuously, on a scheduled basis, or on
demand [2].
Dedicated sources are not necessarily in a fixed location,
neither are they always within range and able to provide
power to a sensor node. RFID tags are one such instance
where power is provided on-demand by an external
reader which may or may not be portable [70]. Simi-
larly, Zhou et al. and Fu et al. proposed automated and
manual systems of mobile RF-based charging system to
visit depleted sensors nodes and charge them wirelessly
[5], [71] and Munir et al. designed an RF harvesting
system for a mobile WSN spread over a large geograph-
ical area with fixed dedicated charging infrastructure so
that nodes are only charged when within range of the
infrastructure [67].

o Ambient Sources are anticipated sources of RF energy

that are possible to harvest from unrelated transmission
infrastructure in the environment that serve a purpose
over a large geographic area [72], [73]. As they are
unrelated to the WSN application, ambient sources are
extremely variable in their nature and are not uniformly
optimised for any given WSN application besides what
they are designed for and as such their frequency and
transmission power will vary [8].
Some sources of ambient energy are static and reason-
ably predictable such as signals from cellular base sta-
tions, satellite transmitters, and broadcast TV and radio
towers, but others are more dynamic and difficult to
predict such as local Wi-Fi routers [74] and microwave
radio links [8], [69]. Static sources can generally be
relied upon to supply power in a consistent manner
whereas dynamic sources require a more intelligent EH
system to monitor for harvesting opportunities [8].
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Dedicated sources can be useful in indoor environments
and rural areas where ambient RF energy is less avail-
able [75]. Dedicated transmission sources also generally have
much lower power usage as they are confined to opera-
tion in a small area and thus are relatively inexpensive to
integrate into an environment [67]. However, the increas-
ing penetration of wireless communication and broadcasting
infrastructure means that the energy density of ambient RF is
steadily increasing, especially in urban environments. Ambi-
ent RF energy density is usually highest in heavily urbanised
areas and within proximity of power sources such as
TV towers [76].

In fact, Ambient RF EH has been shown to be a cred-
ible method of powering WSNs in urban and semi-urban
environments in the works of Pifuela et al. [77] and
Muncuk et al. [75] who conducted RF surveys in the respec-
tive major cities of London, UK and Boston, U.S.A.

Pifiuela er al. conducted a survey of the ambient energy
levels across the range of the four largest communication
frequency bands of the time, DTV, GSM900, GSM 1800, and
3G, across all 270 tube stations on the London Underground
and found that the power density of ambient RF energy at over
50% of the stations was enough to harvest energy in the /W
range with the EH devices that the authors designed, with
45% of this provided by 3G frequencies [77]. It is notable
that this survey was also completed in 2013 and yielded
positive results before even the 4G network was active. It is
now reported that 91% of the UK’s landmass, 77% of homes
and business, and 64% of UK motorways and A roads have
4G coverage, an increase across all measures on previous
years and an indication of the general trend of development
of communications infrastructure in the UK and elsewhere
and the likelihood of the average available likely to increase
year on year within safe government-permitted levels [78],
particularly with the imminent roll out of 5G on the horizon.

While Pifiuela stated that exploiting a single frequency
band was most efficient for their particular implementation,
they conceded that multi-band solutions may be more optimal
without size or cost restraints [77]. In this vein, Muncuk et al.,
while also conducting a RF survey of the city of Boston
to demonstrate the practicality for EH, focussed on multi-
band RF harvesting for continuous device operation and
demonstrated an adjustable circuit for harvesting from LTE
700-MHz, GSM 850-MHz, and ISM 900-MHz bands with a
single circuit and achieving 45% conversion efficiency [75].

Despite restrictions on its availability for safety, RF EH
possesses several unique advantages. RF EH has the most
potential for indoor applications as it can be found commonly,
safely, and without reliance on highly specific infrastructure
and does not suffer from large scale power level fluctua-
tions or absences caused by time of day, weather, or asso-
ciated activity that affect other energy sources [75] making it
practical in outdoor environments too. Although some power
level fluctuation is expected, RF energy has a more consistent
and ubiquitous presence [78] than many other forms of ambi-
ent energy, thus RF EH is effective in any location with strong
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RF signals such as urban environments [75] but even when
strong RF signals are not available such as indoors or in rural
areas, there is the flexibility to use a dedicated transmitter, or a
range of hybrid ambient-dedicated approaches. The physical
mechanism of RF harvesters is also desirable as it has a small
form factor, cheap production costs, increased longevity due
to no moving parts, and antennas can be designed to accom-
modate different user-friendly shapes [75].

Howeyver, the fact that RF transceivers are used for both
communication and receiving power presents their most
unique advantage. WSNs that use RF EH mechanisms can
take advantage of ’one-to-many’ wireless power distribution
where one sensor node can transmit RF signals to power
other receiving nodes in the surrounding area on a regu-
lar or sporadic basis. Though continuous power transmis-
sion is inefficient, the generally high conversion efficiency
(50-75%) of RF EH means that this may be useful for
well charged nodes lesser charged nodes and account for
asynchronicity in power use and local absences of ambient
energy [2]. Intelligent routing even can be applied to such sys-
tems by leveraging algorithms to predict link quality between
nodes for communication purposes [79], [80], and predicting
the amount of harvestable energy available for any given node
in a WSN from other surrounding nodes [2] and creating an
intelligent power supply network.

Ill. ENERGY STORAGE CONSIDERATION

An energy harvesting system should act as a buffer between
the variable power consumption of the device and the wide
dynamic range of the ambient sources. To be self-sustainable
even in periods of energy absence, energy harvesting solu-
tions require the utility of an energy storage mechanism to
store captured energy when ambient energy is available and
then to carefully use it to power when it is not [9], [49]. The
alternative to energy storage is an autonomous system where
harvested energy is used straight away. While this approach
may have better life expectancy as it reduces the number of
parts and is unconstrained by the storage medium’s longevity,
usually one of the major bottlenecks, it severely restricts the
ability to operate perpetually and instead exclusively to when
energy is available. While this may be suitable for certain ’on
demand’ applications such as piezoelectric buttons [31], it is
undesirable for others.

Therefore, Supercapacitors and Rechargeable Batteries
are commonly employed as energy storage devices for wire-
less sensor nodes to expand operational capacity [9]. When
choosing an energy storage mechanism there are several
competing factors that could be important to the designer
depending on the application such as lifetime expectation,
cycling efficiency, necessity of quick charging or discharg-
ing, and overall size (energy density) and weight dimen-
sions (material density). From an application perspective,
it is important to clearly specify operating conditions and
choose appropriate battery devices to avoid operational
problems [6].
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A. BATTERIES AND RECHARGEABLE BATTERIES

Batteries can be primary (non-rechargeable) or secondary
(rechargeable). Primary batteries have many advantages
including higher capacity and temperature stability but their
main disadvantage is the need for periodic maintenance and
replacement at the end of life, whereas secondary batteries are
rechargeable but are limited by their cycling capacity which
dictates the number of charge/recharge cycles and means
they will eventually need to be replaced when their capacity
becomes too reduced for application [6].

Shaikh et al. recently speculated that, for the time being,
WSN applications will continue to use disposable, long-
lasting primary batteries instead of/in addition to recharge-
able energy storage due to their higher energy densities
over rechargeable battery and capacitor technology [2]. For
instance, the energy density of non-rechargeable batteries
typically varies between 1200-3780 J/cm® depending on
the internal chemistry whereas rechargeable batteries can
vary between 650-1080 J/cm> and capacitors have an even
lower energy density with regular capacitors and superca-
pacitors having densities of 1-3 J/cm? and 10-100 J/cm?
respectively [49].

The finite capacity of primary batteries does allow for
better prediction and reasoning about the expected lifetime
of the WSN and other relevant factors such as maintenance
frequency but it also places a fixed limit on the amount
of power that can be used across the device’s lifetime and
therefore will likely restrict the operation time or operating
power etc., which is exacerbated by natural current leakage
that consumes batteries (slowly) even when idle to reduce
lifetime further. This suggests that systems employing dis-
posable batteries are likely to be more costly in the long-run
due to battery replacement and maintenance costs especially
in applications where maintenance is difficult such as where
nodes are located remotely, geographically sparse, or situated
in areas with difficult access such as in medical [81], environ-
mental [6], or structural monitoring domains [2]. Therefore,
for applications requiring higher power over a node’s lifetime,
itis necessary to use a rechargeable storage medium such as a
rechargeable battery or capacitor with a charging mechanism
such as ambient EH.

1) RECHARGEABLE BATTERY CHARACTERISTICS
The characteristics of a battery are determined by its internal
chemistry. It is important to be aware of the how internal
chemistry affects different battery performance measures and
how these measures can be best applied for efficient energy
storage for a specific application [49]. Important battery spec-
ifications include storage medium, energy density, internal
resistance, depth of discharge, self-discharge, and tolerance
to overcharging [6]. An overview of different battery material
characteristics are displayed in Table 2

The specific energy (Wh/kg) (energy density) indicates
the maximum density of the stored energy in the battery per
unit of mass, and differs for individual battery chemistries.
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TABLE 2. Properties of different battery materials. Reproduced from Prauzek et al. [6].

[ Type | Rated Voltage (V) [ Capacity (Ah) [ Temperature Range (°C) | Cycling Capacity | Specific Energy (Wh/kg) |
Lead-Acid 2 1.3 -20-60 500-1 000 30-50
MnO:Li 3 0.03-5 -20-60 1000-2000 280
Li poly-carbon | 3 0.025-5 -20-60 - 100-250
LiSOCl2 3.6 0.025-40 -40-85 - 350
LiO2S 3 0.025-40 -60-85 - 500-700
NiCd 1.2 1.1 -40-70 10 000-20 000 50-60
NiMH 1.2 2.5 -20-40 1 000-20 000 60-70
Li-ion 3.6 0.74 -30-45 1 000-100 000 75-200
MnO» 1.65 0.617 -20-60 - 300-610

A battery’s capacity is the amount of energy that can be stored
in the cell at a full charge. The lifetime of most electrochemi-
cal batteries is in the order of hundreds to thousands of charg-
ing/discharging cycles (cycling capacity). During this time,
capacity gradually decreases because of chemical corrosion
of its electrodes [82]. Lifetime is greatly influenced by charg-
ing and discharging as frequent incomplete charge/discharge
cycles can damage a battery’s capacity over time [67], how-
ever specialised power management techniques can circum-
vent this problem by periodically performing a complete
charge-discharge cycle to recover the battery after a high
number of incomplete ones [61].

Battery capacity longevity is also influenced by ambient
operating temperature [82]. A typical battery achieves nomi-
nal characteristics at temperatures around 20°C and any sig-
nificant deviations from this temperature may result in shorter
battery life and more frequent battery charges [83]. With
the exception of lithium-ion, most batteries do not perform
well in cold temperatures due to the increase of their internal
resistance leading to a loss of capacity, whereas they perform
well at elevated temperatures but at the cost of a significant
shortening of their service life and risking of permanent
damage [6].

Lead-Acid batteries are most commonly used for medium-
sized devices. Their advantages include low cost, high reli-
ability, and high efficiency. However, they have low cycling
capacity and poor performance in extreme conditions. NiCd
batteries have a long lifetime, fast charging, and vibration
resistance but their main disadvantage is low capacity. NiMH
batteries have better capacity and are less toxic which pos-
sibly makes them more suitable for environmental monitor-
ing applications. Lithium-ion batteries have high efficiency,
power density, and cell voltage. However, their high cost
along with a tendency to cause fires when exposed to moisture
limits their use. Alkaline MnO batteries have the lowest self-
discharge rate [6].

Conventional battery technologies such as Nickel Metal
Hydride and Nickel-Cadmium offer high energy densities
and good discharge rates but suffer from short cycle lives
and adverse memory effects [84], whereas modern battery
technologies such as lithium-ion offer high energy densities,
discharge rates, and cell voltages, and longer cycle life in
addition to eliminating memory effects [49]. All battery tech-
nologies should however be used with care as their chemistry
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means they are associated with general environmental and
waste disposal issues and susceptible to extreme weather
conditions that may break down the battery and result in
chemical leakage [2].

B. CAPACITORS AND SUPERCAPACITORS

Addressing shortcomings in rechargeable battery technol-
ogy such as cycling capacity and lifetime limitations rests
in a new class of battery-free nodes to enable applications
that simply aren’t possible because of the necessary battery
replacement maintenance. Recently, supercapacitors have
received growing interest in energy harvesting systems as
replacements or additions to batteries to compensate for their
limitations [2], [85].

Capacitors are passive two-terminal electrical components
used to store energy electrostatically in an electric field.
Conventional capacitors have long lifetimes in terms of their
cycling efficiency and have a high power density and charge
and discharge extremely quickly which makes them useful for
providing short bursts of high power with low duty cycles [49]
but they have significantly lower energy density in compari-
son to typical batteries.

On the other hand, supercapacitors have an electrochemi-
cal mechanism that leads them to have properties somewhere
between rechargeable batteries and regular capacitors. They
are able to quickly accommodate large amounts of energy as
their energy density is significantly greater than capacitors
but slightly less than rechargeable batteries, and they have
a better charging efficiency than rechargeable batteries that
yields much faster charging but which is less efficient than
regular ceramic capacitors [86].

Supercapacitors are generally preferred to conventional
capacitors for EH sensor nodes and possess several advan-
tages over rechargeable batteries including extremely long
life cycles of over one million recharge cycles, high charging
and discharging efficiency, a wider range of operating temper-
atures, vastly slower ageing and degradation, and more eco-
friendly material composition than batteries [6], [49], [85].
The energy density of supercapacitors has also reached a level
that makes them practical as energy storage elements and
comparable with rechargeable batteries.

However, supercapacitors cannot be used as drop-in
replacements for batteries without first considering the
charging and discharging characteristics of both [85].
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TABLE 3. Comparison of supercapacitor and Li-ion battery properties. Reproduced from Libich et al. [86].

Supercapacitors
Attribute Li-Ion | EDLC [ Pseudo [ Hybrid
Charge Time (s) 600 1-10 1-10 100
Cycle Life 500 1,000,000 | 100,000 | 500,000
Cell Voltage (v) 3.6 2.7 2.3-2.8 2.3-2.8
Specific Energy (Wh/kg) 250 3.5 10 180
Cost per kWh (USD) 140 10,000 10,000 -
Operating Temperature (°C) -20-60 | -40-65 -40-65 -40-65
Self-Discharge per Month (%) | 4 60 60 -

Supercapacitors differ from batteries with their lower energy
density and high self-discharge current, and once fully
charged they discharge at a much higher rate than traditional
batteries which may make them problematic for powering the
load during extended periods of ambient energy shortages
[9], [67]. Self-discharge rates can range from 60% per
month [86] to 11% per day [87]. If not addressed, charge
leakage can significantly decrease the operational time of
powered devices. Also, given that the energy density of
supercapacitors is lower than that of batteries, it may seem
desirable to maximise the capacitance rating of a super-
capacitor to store more energy. However, as the voltage
is linearly proportional to the charge level, the larger the
capacitance, the greater the unusable stored charge below
the minimum usable voltage level for the target system [85].
Larger capacitors also suffer from cold-booting problems
where the capacitor is empty and the voltage of the energy
storage unit takes time charging to reach a minimum level to
power the node, resulting in periods of inactivity which will
need to be addressed with an appropriate system architecture
(see section IV-B).

1) SUPERCAPACITOR TYPES

Superconductors can be further divided into three cate-
gories according to their energy storage principle: Electric
Double-Layer Capacitors (EDLC), Pseudo-Supercapacitors,
and Hybrid Supercapacitors [86], [88]. Each supercapacitor
type can also be constructed from a range of materials that
affect their properties. Summaries of these material types
and their effect on specific capacitance as well as further
information on each supercapacitor type can be found in the
review by Muzaffar et al. [88].

EDLC supercapacitors are the most common form of
supercapacitor and comprise the majority of the commercial
market and as such have a much lower cost compared to
the other supercapacitor types They possess good durability,
energy density, and cycling stability in the range of millions
of cycles [86], [88].

Pseudocapacitors (or Faradaic supercapacitors) have an
operation principle that is said to be more comparable
of batteries than capacitors due to the fast and reversible
redox reactions that take place. They have a greater energy
density and capacitance 10-100 times higher than nor-
mal EDLCs, but their operation principle brings forth sev-
eral disadvantages including lower power density, cycling
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instability, lower charging efficiency, lower discharge rate,
and faster degradation of components when compared with
EDLC:s [86], [88]-[90].

Hybrid supercapacitors are the most recent supercapacitor
type and composed of components used in both EDLCs
and pseudocapacitors to produce a greater energy density,
power density, cycling efficiency, higher voltage, and the
capability to provide high currents than other supercapacitor
types. From a construction and operational point of view they
resemble lithium-ion batteries but have higher power density
and lower energy density whilst retaining the benefits and
behaviours of capacitors in general [86], [88].

C. COMPARING RECHARGEABLE BATTERIES

AND SUPERCAPACITORS

Rechargeable Batteries and Supercapacitors are the most
commonly employed energy storage devices in WSNs [9]
but have differing characteristics. Libich et al. produced a
useful comparison of the different supercapacitor types and
commonly used Li-ion batteries, shown in Fig. 3.

In particular, the differences between cycle lives
of 100,000-500,000 versus 500 and monthly self-discharge
rates of 60% versus 4% for supercapacitors and rechargeable
batteries highlight the most significant differences between
the two storage mediums, with noticeable differences in
operating temperature ranges and charging times also present.
However, it must again be stressed that the properties of both
batteries and supercapacitors vary hugely depending on the
material and design [6], [88].

IV. ENERGY HARVESTING ARCHITECTURES

Combining the aforementioned EH and energy storage tech-
niques into an effective power supply system for a given
application can be challenging with many design consider-
ations to take into account including identifying appropriate
sources of energy, and selecting and optimising the utility of
appropriate harvesting methods and storage mediums. Some
environments may offer more than one exploitable energy
source. Likewise, it may be more efficient to use multiple
energy storage mechanisms including of different types.

In this section, we describe generic EH system topologies
with regards to the integration of energy storage elements and
the performance characteristics of each. Then we describe
methods for improving the energy efficiency of harvesting
systems by increasing the number of storage elements and
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FIGURE 2. Power Management Topologies: A) Autonomous Harvesting System; B) Autonomous Hybrid Harvesting System; C) Battery-supplemented

Harvesting System; Reproduced from Prauzek et al. [6].

specialising the way in which they are integrated before
describing instances where multiple-EH techniques have
been combined to power WSNs.

A. SYSTEM TOPOLOGIES

Prauzek er al. distinguished three generic topologies for
EH systems: Autonomous Harvesting Systems, Autonomous
Hybrid Harvesting Systems, and Battery-supplemented Har-
vesting Systems shown in Fig. 2) [6].

1) AUTONOMOUS HARVESTING SYSTEMS

Autonomous harvesting systems fully satisfy their energy
needs from ambient sources without needing batteries, and
thus only operate when an energy source is available. The
design of these systems is governed by the energy neutrality
principle where they can never consume more energy than
the harvesting device can deliver which must be reflected by
the power management system and it should be designed to
perform at the maximum level supported by a given environ-
ment and its energy availability characteristics while meet-
ing the application objectives. This is usually achieved by
employing prediction algorithms to estimate future energy
availability to manage resources effectively [2], [91].

The main advantage of this approach is simplicity and
the circumvention of lifetime and performance bottlenecks
achieved by foregoing storage elements. However, since there
is no energy buffer and the harvesting module is the only
source of energy in the system this means excess energy will
be lost if the load consumes less energy than available from
the environment while simultaneously placing restrictions
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on device operation to exclusively when an energy source
is available which may be problematic for more variable
sources [6]. Therefore, this approach is most suited to when
power is required 'on-demand’ in relation to the presence of
an energy source.

2) AUTONOMOUS HYBRID HARVESTING SYSTEMS

Unlike autonomous harvesting systems, autonomous hybrid
harvesting systems implement an energy reservoir such as
a rechargeable battery or supercapacitor such that the har-
vesting device collects energy to power system operation
and recharge a storage device. This architecture is said to
be the most common type of EH system as it allows for
more liberal adherence to the energy neutrality principal than
systems without secondary storage as a hybrid system can
sometimes consume more energy than the harvesting source
provides (using stored reserves), as long as production and
consumption rates are balanced over time. The battery and
the EH device must be sized so that they satisfy the energy
needs of the system but with proper energy management
this topology can operate perpetually and vastly increase the
operational lifetime of a system [6].

3) BATTERY-SUPPLEMENTED HARVESTING SYSTEMS

Battery-supplemented harvesting systems have a battery as
the main source of energy and a harvesting device that plays
an important, but secondary, role. The goal of energy man-
agement in such systems is to limit battery energy usage and
increase the system’s lifetime by making external recharg-
ing or replacement of batteries less frequent. These systems
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can use primary or secondary batteries and harvested energy
can directly or indirectly power the load or its specific parts.
This approach can greatly increase system reliability and
allow for greater data acquisition, processing, and transfer.
As long as the batteries have some useful charge left, a system
such as this can continue to operate in situations when sec-
ondary storage is depleted and environmental energy is not
available. Necessarily, it does have a lifetime limitation for
when a replacement battery is needed, but this can be after a
very long time [6].

B. MULTI-STORAGE SYSTEMS

An energy buffer integrated serially in an autonomous
or autonomous-hybrid architecture where harvested energy
directly charges a single energy storage device to subse-
quently power the load is known as a single-path architecture.
Single-path architectures are susceptible to a "cold booting’
issue that occurs when the energy storage unit is completely
empty and its voltage takes time to reach a minimum level
from charging to enable it to power the node, resulting
in a period of inactivity. This problem can be overcome
with a dual-path architecture composition consisting of two
(or more) energy storage units to buffer harvested energy [4].

Dual-path architectures have primary and secondary stor-
age. When environmental energy is available, harvested
energy will be prioritised to charge the primary storage device
which should have a small capacity so that it may be quickly
charged to a minimum voltage sufficient to activate the sensor
node. When the primary storage is fully charged, excess
energy can be driven into a secondary storage device with
a larger capacity. Then, when environmental energy is insuf-
ficient, energy can be drawn from the secondary storage to
the primary storage to ensure continuous operation. As the
secondary storage has a larger capacity it can provide longer
term operation during periods of energy absence and ensure
more reliable and consistent performance [4].

Dual-path architectures can be implemented with different
combinations of energy storage mechanisms to suit an appli-
cation such as a capacitor and supercapacitor together [92],
arrays of differing supercapacitors [4], [85], [93], or a super-
capacitor and rechargeable battery in tandem [9].

For systems composed of multiple supercapcitors, another
power management optimisation that was recently proposed
is Dynamic Capacitor Switching (DCS) which improves the
efficiency of systems comprised of multiple supercapacitors
of differing capacitance and was found to be particularly
useful for mobile WSNs (i.e. environments where the energy
availability of different sources can vary over time in ways
that may be difficult to predict).

Supercapacitor size is critical for mobile WSN perfor-
mance but selecting an optimal capacitance value is diffi-
cult. Small capacitors charge quickly and enable the node to
operate in low energy environments but cannot support inten-
sive tasks such as communication whereas larger capacitors
can support energy-intensive tasks but can prevent the node
from booting at all if energy availability is low Munir et al.
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proposed using an adaptive learning algorithm to predict the
amount of available ambient energy and dynamically switch
between multiple capacitors of differing sizes depending on
energy availability. The proposed hybrid platform is only
powered by a single capacitor at any given time. When the
node detects a high energy area it switches to a bigger capac-
itor to accumulate available energy and store for later use
when the node is in a low energy area. Although they describe
their dynamic switching algorithm as non-trivial since it
requires tracking and predicting environmental energy, their
method showed a 40% increase in the amount of energy
harvested and an 80% improvement in sensor coverage com-
pared to fixed capacitor approaches, thus helping to mitigate
the trade-off between fast start-up time and the amount of
stored energy [67].

C. MULTI-SOURCE ENERGY HARVESTING

Exploiting several ambient energy sources concurrently can
improve a system’s reliability by reducing dependence on the
availability of a single energy source [9]. If a system’s energy
supply is more reliable, then it is sometimes feasible instigate
a trade-off of reduced storage capacity in favour of additional
EH capabilities where a system’s size or complexity is of con-
cern such as increasing the size of harvester components [4].

There is no fixed way to combine energy harvesters
as combinations are application dependent. However, some
sources are more naturally paired in certain environments,
and some harvesters may be more intuitive to combine
depending on their form.

Le et al. designed a modular plug-in EH system with
commercial, off-the-shelf (COTS) components to support
multiple sources simultaneously in a dual-path architecture
with energy storage. Their system used a combination of solar
and wind-based generators specifically, but their implementa-
tion demonstrated a modular approach to add complementary
harvesters with ease through repetition of a generic circuit as
long as the energy adapter connecting a harvester to the main
circuit is designed carefully [4]. Carli et al. presented a simi-
lar modular approach for harvesting the same energy sources
and a plug-in style modularity for adding additional power
sources with energy buffering provided by supercapacitors
and a rechargeable battery [9], while Baranov et al. exploited
a hybrid solar/wind power supply to power a supercapacitor-
based sensor node in urban areas and outdoor industrial facil-
ities perpetually [94].

Morais et al. explored the use of a multi-source energy
harvester for harvesting from natural solar, wind and water
flow sources simultaneously for charging a NiMH battery
pack with experimental results proving capability for near-
perpetual operation of an agriculture-based WSN with the
EH mechanisms doubling up as sensors to provide rele-
vant data on solar radiation, water flow and wind speed
respectively [61].

Bandyopadhyay implemented a multi-source, dual-path
system architecture based on photovoltaic, thermoelectric,
and piezoelectric generators with an architecture that used
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inductor-sharing to combine the energy harvested from the
three generators to improve cost-effectiveness by reducing
the number of components at a minor efficiency expense [95].

Meanwhile, Wang et al introduced a similar
supercapacitor-based EH system for structural health mon-
itoring of industrial machinery that utilised photovoltaic,
thermoelectric, and electromagnetic vibrational generators to
supply power to a wireless sensor node [27].

Several researchers have also taken advantage of the
interesting property that pyroelectric materials are also
piezoelectric materials with several nano-generators reported
with pyroelectric/piezoelectric materials [42]. For instance,
Wang et al. demonstrated a hybrid nano-generator able to
scavenge thermal and mechanical energies either individu-
ally or simultaneously using pyroelectric, piezoelectric, and
triboelectric effects [96].

Although the use of multiple energy sources can increase
the reliability of the system power supply, it also increases
number of components and the overall complexity of the
system architecture leading to increased costs. Yet, it has been
shown that it is possible to combine a variety of different
EH mechanisms to great effect even when individual gener-
ators produce characteristically different outputs of differing
voltage and currents [95]. Like choosing single-source EH
methods, deciding whether to implement multi-source EH
requires thoughtful consideration of the operating environ-
ment to ensure there is a benefit to the increased complexity
through a material increase to subsequent energy availability
and system sustainability.

V. FURTHER DESIGN CONSIDERATIONS

Although this paper has focussed on the selection and compo-
sition of appropriate energy harvesting and storage technol-
ogy which is of itself non-trivial, there are numerous other
facets of design which contribute to the overall efficiency
of an EH WSN which can make the difference between an
approach being feasible or otherwise.

Prauzek et al. identified a methodical procedure for design-
ing efficient EH WSNs within some arbitrary environment
and listed a number of technical items to consider during
development at both node and network level across hardware
and software. As well as source identification, system topol-
ogy, and storage mechanism, consideration must be given to
communication requirements and technology, and the various
optimisation and control algorithms employed at different
system levels [6].

In terms of communication, the choice of hardware compo-
nent will dictate important characteristics such as a device’s
effective range and its power consumption. If used in con-
junction with RF harvesting technology, an assessment needs
to be made as to whether a single or dual antenna model
is necessary as this will impact a device’s complexity and
form. Furthermore, communication requirements should be
scrupulously analysed in terms of the required data transfer,
communication protocol, and communication frequency [6]
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as communication is often one of the most energy intensive
tasks for a WSN [2].

In terms of control algorithm design, there are a myriad of
optimisations that could be made at node and network level
with many optimisations specific to the employed harvesting
technique and system architecture.

Some such optimisations include: using prediction tech-
niques to balance device operation between use of stored
energy and the expectation of future energy [2], [6], [97];
node-level adaptive control such as MPPT for variable energy
sources [6], [51]; parameter optimisation; data compression
to reduce storage and communication overheads; separation
of computational duties between node and cloud to minimise
energy use [2], [6]; optimal allocation of resources for various
tasks at the node [98], [99] and sink level [100]; optimisa-
tion of node locations and associated network/EH infrastruc-
ture [5], [71]; and complying with safety regulations while
delivering optimal performance [101].

Furthermore, tasks should be interleaved and scheduled
at the node level to achieve robust performance, minimise
energy consumption, and exploit energy storage architecture
efficiently in an efficient control algorithm by combining
light tasks such as sensing and computation which may take
place frequently, while separating energy-intensive tasks such
as communication to take place less frequently [67], [97].

VI. CONCLUSION

In this paper we have described a range of contemporary EH
approaches for WSNs and their application in detail includ-
ing vibrational methods (electromagnetic, electrostatic, and
piezoelectric), thermal methods (thermoelectric and pyro-
electric), solar methods (photovoltaic), flow-based meth-
ods (hydrodynamic and aerodynamic), magnetic methods,
and radiofrequency methods. We also described the most
commonly used energy storage technologies for WSNs in
rechargeable batteries and supercapacitors and highlighted
their differing characteristics, respective advantages and dis-
advantages, and application potential, before discussing dif-
ferent contemporary EH system topologies for combining EH
with energy storage appropriately to power a load including
autonomous, autonomous-hybrid, and battery supplemented
harvesting models. Finally, we highlighted a broader range
of considerations that should be given to designing WSN EH
systems.

EH systems for WSNs are non-trivial to design but their
application can reap a range of logistical, environmen-
tal, and economic benefits and their deployment will only
become more important and more common as we adapt
towards Industry 4.0. EH systems have the ability to increase
a device’s operational lifetime, average energy consump-
tion, or self-sustainability. However, as we have seen the
most appropriate EH system for a given application is highly
dependent on the application itself and the nature of the envi-
ronment in which is resides. Therefore, great consideration
must be given to identify an abundantly exploitable energy
source that can be harvested within the constraints and
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limitations of the available methods while also remembering
that the success of an EH-powered WSN depends on many
other physical factors, technical decisions, and algorithmic
optimisations outside of simply the selection and combina-
tion of the harvesting and storage methods.
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