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Abstract: In the past few years, the internet of things (IoT) has garnered a lot of attention owing
to its significant deployment for fulfilling the global demand. It has been seen that power-efficient
devices such as sensors and IoT play a significant role in our regular lives. However, the popularity
of IoT sensors and low-power electronic devices is limited due to the lower lifetime of various energy
resources which are needed for powering the sensors over time. For overcoming this issue, it is
important to design and develop better, high-performing, and effective energy harvesting systems.
In this article, different types of ambient energy harvesting systems which can power loT-enabled
sensors, as well as wireless sensor networks (WSNs), are reviewed. Various energy harvesting models
which can increase the sustainability of the energy supply required for IoT devices are also discussed.
Furthermore, the challenges which need to be overcome to make IoT-enabled sensors more durable,
reliable, energy-efficient, and economical are identified.

Keywords: internet of things (IoT); wireless sensor networks (WSNs); low-power electronic devices;
IoT sensors; energy harvesting (EH); ambient energy sources

1. Introduction

Computational technology has been considered to be dynamic, adaptive, and well-connected for
many decades. Kevin Ashton first coined the term ‘internet of things (IoT)" in 1999 [1,2]. The concept
of IoT is recognised as an important technological component of the newly emerging smart and
computing world. The development of IoT components is based on its strong sensing and connective
abilities. The IoT-equipped sensors and devices are used in wireless terminal of a network to collect
data, information, and statistics from an ambient environment. IoT can be used in many applications,
such as embedded systems [3-5], security surveillance systems [6-8], controllers [9-11], transportation
systems [12-14], wearable devices [15-18], energy tracking [19], environmental monitoring systems [20-22],
fire detection [23-25], object tracking [26-28], traffic monitoring [29-32], smart farming [33-35],
human body area networking [36-39], etc. The commercial production of IoT devices has been
increased significantly. By the end of 2020, >26 billion commercial devices are expected to be connected
to the internet. This figure may also increase to >100 billion [40]. All IoT-based devices are tiny;,
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and thus require a lower power supply for maintaining their functionality [41]. It is challenging to
acquire a constant power supply for powering the devices, which can restrict the expansion of IoT
field. The majority of IoT devices are installed in remote and inaccessible areas. This installation
limits the use of traditional energy sources, making it difficult to power these devices [16,41-43].
Currently, batteries are seen as the main energy source for IoT devices. The use of batteries in
remote areas might be challenging because of the issues related to the limited energy sources,
ecological obstacles, shorter lifetime and maintenance of the batteries.

Energy harvesting (EH) is considered to be an efficient solution for overcoming all of these
limitations. EH refers to a process used to extract energy from various sources. Two different EH
sources can be used: The first is external energy sources and the second is ambient energy sources.
A ambient EH sources are generally present in the environment and require no external energy
sources [44]. These include energy sources such as photovoltaic (PV) energy [45,46], vibration energy
(VE) [47-50], heat energy [51,52], radio frequency (RF) [53,54], etc. Because of the diversity in the
energy densities of ambient energy sources, hybrid energy harvesting systems (HEHSs) play a vital role
in the IoT sector [15,55,56]. HEHS include >two energy sources which can improve the performance
and efficiency of the system [57,58]. In the case of IoT devices, the most common type of HEHS includes
the micro-electro-mechanical system (MEMS) fabrication process. This is known as the miniature or
micro-scale energy harvesting system [59,60].

The remainder of the paper is presented in the following manner. Section 2 presents the motivation
behind using energy harvesting systems in IoT devices. Section 3 describes the research trend of EH
systems (EHSs), which is categorized into three classes, i.e., the EH concept, EH efficiency, and energy
storage in EH systems. Section 4 describes the power needed for IoT devices and sensors. The EH in
the IoT devices (EHIoT) is reviewed in Section 5, where fifteen different ambient energy sources and
ambient transduction processes are briefly described. Section 6 presents the major challenges and a
few recommendations. Section 7 lists some conclusions derived from this manuscript.

2. The Motivation of Energy Harvesting in IoT

Figure 1 presents the IoT timeline in infographics. In 1969, the first technical foundation of the
internet, Advanced Research Projects Agency Network (ARPANET) was developed, pioneering existing
internet-controlled devices. One of the first internet-connected devices was a ‘vending machine’,
developed by the Carnegie Mellon University in 1982. In 1990, John Romkey invented the first
internet-controlled device namely ‘toaster” [61]. Kevin Ashton, who was a British innovator and
executive director of the Auto-ID centre at the Massachusetts Institute of Technology (MIT), was the first
to coin the term ‘IoT". In 2000, the first smart fridge was commercially developed by LG Electronics Inc.
Google launched a self-driving car in 2009, while Google glass was launched in 2013. Google Nest is a
smart home device that was developed and launched in 2010 by Google. Since 2017, artificial intelligence
(Al), big data, and blockchain-integrated IoT devices have become popular across the world. Most of
the enclosed systems, smart speakers, video cameras, sensors, meters, etc., have been connected to the
internet and can be controlled very easily. However, many of these devices are wireless, sensor-based
terminal devices, which are very small and thus cannot be easily accessed. Therefore, these IoT nodes
can only be powered by using small batteries. This is not a very effective solution, since the installation
of a battery in small sets is expensive and difficult and requires human labor. Under these scenarios,
the development of EH technologies from ambient sources is an effective technique that can help to
overcome the problems related to the powering of IoT-controlled devices [41].
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Figure 1. Internet of things (IoT) timeline in infographics (1969-2020).

3. Research Trends in the EHS for IoT Devices

There has been significant development in energy infrastructural systems. The computational
ability of every energy supplier has been incorporated within the IoT sensors, which can increase their
energy requirement. For overcoming this energy crisis, EHSs need to be developed which can enable
the connection of IoT devices with a self-powered function. Many researchers have developed different
techniques for mitigating the power requirements for upcoming and existing energy demands.

3.1. Energy Harvesting (EH) Concepts

The basic principle of energy sources was determined between 1821 and 1956. Figure 2 describes
the primary EH timeline, which shows that the EH drift began in 1821, when Thomas Johann Seeback
(T.J. Seebeck) described the thermoelectric effect. In 1839, Alexandre Edmond Becquerel (A. Edmond
Becquerel) discovered the photovoltaic (PV) effect. Furthermore, in 1880, Jacques Curie (J. Curie) and
Pierre Curie (P. Curie) discovered the piezoelectric effect. In 1931, Barnet Cohen invented the microbial
fuel cell (MFC). Willium C. Brown determined the RF concept in 1950. In 1956, Henry Kolm determined
the thermo-photovoltaic (Thermo-PV) effect. The mainstream EH trend was initiated in the mid-1990s,
when researchers became more focused on self-sufficient energy techniques for electronic systems.

(@] ®

Thermoelectric Piezoelectric RF Energy:
Effect: Effect: J. Curie William C.
T. J. Seebeck Brown
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Figure 2. Basic energy harvesting (EH) timeline (1821-1956) [53,60,62].

3.2. Energy Harvesting (EH) Efficiencies

Kymissis et al. invented a piezoelectric converter which was stowed in an athletic shoe. This was
the first example of an ecological energy harvester that was used for operating electronic devices [63].
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Thereafter, research advanced significantly and was supported by the constant drop in the power
consumption of integrated circuits (ICs). This led to a better research scope for self-powered electronic
devices, such as wireless modules and battery replacements [64]. In the past few years, EHS based
on a semiconductor and MEMS have gained much popularity in scientific and research fields [65,66].
The main motivation for this EH research was the miniaturization of EH systems on the microscale and
their integration with dynamic electronics. This opened up a lot of research potential in microsystem
and semiconductor technologies [67]. Khare et al. described different evolutionary algorithms
and techniques which can be used in the wind and PV hybrid renewable energy system (HRES).
The researchers determined the electric power generation efficiency based on the reliability issues,
size optimization, feasibility analysis, climatic conditions, and dynamic performance [68]. Sinha et al.
described different software tools such as SOLSTAR, improved hybrid optimization by genetic
algorithms (iHOGA), hybrid optimization of multiple energy resources (HOMER), and Hybrid 2,
which could be used for analysing the optimization of electrical energy for improving its generation
and distribution. Software tools are seen to form an effective system which cost-effectively decreases
the power intermittence problem. This may prove to be an environmentally-friendly and flexible
system which could be used in the future. A software tool can be developed for improving the system
performance based on the different control techniques, load management systems, economic balance, etc.
This decreases system costs since the process is optimized [69]. Khan et al. described an HRES-reverse
osmosis (HRES-RO) model, which used two energy sources, i.e., wind and PV, for improving the
EH efficiency and decreasing the greenhouse gas emissions [70]. Kasseries et al. described a novel
hybrid system which included a wind turbine (WT) and hydrogen fuel cell (HFC) for increasing the
efficient use of the generated power [71]. Bernal-Agustin et al. also presented a simulation model
that included various optimization techniques for wind HRES and a standalone PV for decreasing
costs and improving the efficiency and reliability [72]. Liu et al. determined several novel non-volatile
processor (NP)-based ambient EHSs with the help of a register allocation algorithm. This prototype
and algorithm minimized the critical data overflow and improved the efficiency of the system [73].

3.3. Energy Storage in EH Systems

Bhandari et al. reviewed the optimization processes for the HRESs. Renewable and green energy
sources such as hydro, wind, and PV have become popular renewable energy sources. When two or
multiple energy sources are integrated and combined into one storage device, the system becomes
more reliable. Different optimization techniques can be used, along with a few backup devices,
such as battery banks or fuel cells, to make the system reliable and cost-effective [74]. Shivarma et al.
described an HRES which included fuel cell, wind, and solar energies. They also used batteries and
various magnetic and superconducting energy storage devices for increasing the reliability of the
system [58]. Akan et al. developed a self-sufficient, batteryless system known as the internet of
hybrid energy harvesting things (IoHEHT) for replenishing the battery power of all the electronic
devices [42]. In another study, Shi et al. used the combination of a triboelectric nanogenerator (TENG)
and flexible electronic technology for developing a micro-nano-system. The existing TENG and
flexible electronic technologies made the system smarter and functional. These flexible wearable
electronic devices allowed effective communication between the body and other multi-functional
tools [59]. Perez-Collazo et al. reviewed a system wherein a combination of offshore wind and wave
energies was used and optimized for decreasing the industrial costs. They studied the integration
of the technologies and a substructure. This work focused on two aspects, i.e., wave to energy
conversion and a substructure. This study also tested the sustainability, validity, and integration of
the combined systems for determining the best technique combining the wave and offshore wind
systems [75]. Del Real et al. presented a simulation model that included an optimization strategy for
evaluating the optimal element sizing of the HES. Their system included hydrogen storage generators,
wind data generators, and batteries. The total and optimized cost of this system was compared with a
similar battery storage and hydrogen system. Their system improved the efficiency and investment
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costs [76]. Vosen et al. described a time-dependent model of the hybrid energy storage system (HESS).
They compared the neural net control system (NNCS) with the general battery state-of-charge control
structure, and noted that the NNCS showed a lower cost and was more efficient [77]. Garg et al.
summarized the different types of EH and secondary storage system used in IoT devices. They stated
that the EH systems could be used for increasing the life cycle and efficiency of IoT devices [78].
Kulatunga et al. described the theoretical computation model for off-loading in micro solar-powered
EH systems for the WSN and other sensor devices [79]. Shao et al. developed a generic hill-climbing
algorithm-based HSPICE simulation model for a micro-power management system. They used a
0.35 pm complementary metal-oxide-semiconductor (CMOS) for verifying the control strategy [80].
Some of the earlier studies [81-84] highlighted the achievements of the EHS for small-scale power
gains based on a material perspective. Based on the materials used in the devices, their major elements,
and their energy harvesting benefits on a micro-scale, all results have been depicted in Table 1.

Table 1. Achievements of material approaches for energy harvesting.

Ref. Year Source Materials Approaches Advantages Obtained Results
[81] 2007 Thermoelectric ErAs:InGaAs/ Thermodynamically steady 2500 mW/cm?
(InGaAs) (InAlAs) superlattice, augmented (at3.5V)

thermopower coefficient,
lower electrical energy loss

[82] 2007  Thermo-photovoltaic ~ p-GaAs/p-Ge/n-Ge Solid cell coat with 2.5 W/em?
cell structure optimized bandgap energy,  (at3.5V,20 um
permit high light thickness)
source absorbance
[83] 2008 Piezoelectric KNN/Mn/KCT material Lead-free, high curie 10,000 mW/cm3

temperature, higher density,
and piezoelectric coefficient

[84] 2008 Microbial FC Anode-cathode shallow Smooth electron flow, 6.86 W/m?
area distinction reduced inner resistance (at 2.62 mA/cm?)

4. Power Requirement of IoT Sensors and Devices

While investigating the applications of IoT devices, one needs to understand the overall power
densities which exist in the reference synopsis. The typical power densities are also categorized based
on their energy source. Figure 3 presents a categorization of common devices based on their energy
sources. As shown in Figure 3, [oT devices or low-powered electronic devices require power ranging
between 10 nW and 100 W, also called small-scale energy. The typical power densities of these devices
can be classified based on four main and existing energy sources, i.e., ambient light, vibrational/motion,
thermal, and radio frequency (RF). Generally, the difference between the power densities and available
energy sources can be easily overcome by efficiently harvesting natural energy.

32 KHz Quartz Miniature FM
Oscillator RFID Tag Receiver PALM, MP3

Standby Electronic Watch, Hearing Aid Transceiver GSM Desktop
Calculator Bluetooth

Figure 3. Power requirements of different IoT sensors and devices (10 nW-100 W) [85-88].
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Table 2 lists the amount of power that can be harvested from popular and natural ambient energy
sources. Ambient light energy sources allow the maximal amount of energy that can be harvested.
However, the circumstances can differ between indoor and outdoor atmospheres, since the density
of the harvested energy can easily vary between 10 mW/cm? and 10 pW/cm?. This is comparable to
vibrational or motion-based energy sources and thermal energy sources at a smaller scale, i.e., for human
activities (4 and 30 pW/cm?, correspondingly). On the other hand, the power densities are harvested
from the two energy sources and used for manufacturing applications (100 pW/cm? and 1-10 mW/cm?,
correspondingly). However, RF energy is the minimal amount of energy that can be harvested
(0.1 uW/cm? for GSM 900 MHz and 0.001 uW/cm? for WiFi, respectively). The commercial macro-EHS
generates about 100 mW of energy, which decreases to 1 mW in the case of miniaturized EHSs [64].

Table 2. Harvested power range from ambient sources [89].

Scavenging

Energy Source Characteristics Device Power Density Harvested Power
Cuowr el T et
= S
Hoten Industry Elzlcetfgri:;:lectm 10 ;Izzaataf otz 100 pW/em?
Thermal 11;11(;11111;?;7 Thermoelectric 120001:;‘/‘%;;;22 1_33 OHrY\//\;/Tiz
Radio Frequency GSM‘?V?%MHZ Antenna O%i SMZVV{]C/ICH;Z O%élumc/rcnriz

Figure 4 describes the intermittent amount of power that can be generated from some of the
popular ambient energy sources. The power ranges from a minimum value of 0.1 uW to a maximal
amount of < 100 W. A thermo-electric generator (TEG) can produce energy ranging from 10 uW to
> 100 W, which can be used for many applications. EH from PV sources has become more popular
in the past few years. This energy source generates a lot of energy, exhibiting from microwatt to
megawatt (MW) ranges. However, this energy source is still being investigated, whereas RF sources
show a limited production. These energy sources produce energy ranging between 0.1 uW and
1 mW. Furthermore, triboelectric energy has not been industrialized and is still under investigation.
This energy source can generate energy ranging between 0.1 pyW and megawatt (MW) levels. On the
other hand, piezoelectric energy generates a lot of power that ranges between 10 uW and 100 W.
This form of energy can be widely industrialized.

Power Rangevo.l p.Wl 1uw |10 pwhoo pw‘ 1mw 10 mW 100 mW, 1W ‘ mwow ‘ 100 W ‘<100 w Industrialization
Thermoelectric Generator (TEG) Widespread Production
g ‘ Photovoltaic (PV) Energy Widespread Production
g Pyroelectric Energy Research Stage
% Radio Frequency (RF) Waves Limited Production
e Triboelectric Energy Research Stage
Piezoelectric Energy Widespread Production

Figure 4. Intermittent amount of power that is generated from common ambient energy sources [90].

Table 3 describes IoT devices and sensors, along with the different EHSs. PV energy is considered
to be the best form of energy and hence is used in the majority of IoT applications, such as healthcare,
smart homes or buildings, wearable devices, vehicles, and industries. Wind energy is also used in
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many smart buildings, smart homes, and smart cities. Furthermore, electromagnetic induction (EMI)
is used for outdoor lighting, sensors, and many healthcare applications. A TEG is best suited to smart
buildings, industrial devices, or sensors.

Table 3. IoT applications and the different EH systems (EHSs) [91].

IoT Sensors/Applications Energy Harvesting Ambient Sources

PV Wind EMI * TEG
Lighting . . .
Air Quality Monitor ° °
Smart Building, Surveillance Camera . .
Smart Home Smart Door Lock .
Smart Thermostat ° ° .
Outdoor Sensor ° . ° .
Wearable Smart Watch °
Tracking °
. Medical Patch ° .
Fitness
Fitness Band .
Industry Automation ° .
Machine Monitor ° °
Vehicles Vehicle Tracker .

* EMI, electromagnetic induction.

Table 4 presents a comparison of the EH process from various ambient sources. This analysis
has been divided into general ambient sources, features, the power density, the conversion efficiency
(CE), the energy handiness (EH), the harvester, advantages, and disadvantages. Based on the features,
the energy sources were further categorized into ambient (A), controllable (C), partly controllable
(PC), uncontrollable (UC), predictable (P), partly predictable (PP), unpredictable (UP), and passive
human power (PHP). The natural ambient sources are seen to be outdoor and indoor solar energy,
wind, thermal energy, motion, vibration, RE, airflow, magnetic field (M-Field), electric field (E-Field),
and MFCs. On the other hand, the human-dependent ambient energy sources are seen to be breathing
(Br.), exhalation (Ex.), finger motion (FM), footfalls (FF), and blood pressure (BP). The results shown
in Table 4 indicate that PV cells can generate 10-100 mW/cm2 power, i.e., 16-17% CE from the direct
outdoor sunlight or artificial indoor lighting (Art. light). PV cells can generate 10-100 uW/cm? power
using a similar conversion rate. However, the PV energy can be seen to be ambient and predictable,
but uncontrollable.
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Table 4. Comparative analysis of energy harvesting systems based on different ambient energy sources.

8 of 22

References ES * Features * EH * Harvester * CE* Power Density * Advantages * Disadvantages *
[42,78,91,92] (SSE tIc;:)go}:; A,UC,P Fair PV Cell 16-17% 10-100 mW/cm?2 High output voltage Unavailable at night
Art. Light . o 2 . .
[42,78,91,92] (Indoor) A, UC, P Fair PV Cell 16-17% 10-100 uW/cm High output Voltage Low conversion rate
[42,78,91,92] ( OYX?(?OI) A, UC, P Good WG - 3.5 mW/cm?2 Speed < 8.4 m/s Available (D&N) Unavailable in CA
: 2
[42,78,91,92] Wind A, UC, P Good WG ; 35 pW/em Available (D&N) Unavailable in CA
(Indoor) Speed <1 ms
[42,78,92] Motion C, PP Fair Piezoelectric - 200 uW/cm? Lightweight Highly variable output
[42,78,92] Thermal A, UC, P Poor Thermocouple  <1% for AT <40% =60 uW/cm? at AT = 5 °C Reliable, longer life, - NP, low energy
low maintenance conversion efficiency
[78] Vibration A,C P Poor EMI - 0.2 mW/cm? No voltage source Brittle material
[48,78,93] RE PP.PC Good Rectennas } 1 W/em? Enough in urbanized  Distance dependent,
’/ ! zone, permit mobility  low power density
. . Anemometer, 5 Independent of grid,  Fluctuating density,
[42,95-951 Airflow A UG, UP Fair Piezo turbines 100 mW/em available (D&N) tough to implement
[92,96] M Cpr Fair Piezoelectric 11% 21 mW Available Variable, NP
[92] Footfalls CP Fair Piezoelectric 7.5% 5W Available Highly variable, NP
[92,96] Breathing UC, UP Good R-F 50% 042 W Available Non-periodic
[42,93,94] M-Field CP Good CT - 150 pW/em? Easy to implement High current flow
[42,93,94] E-Field CP Good Metallic plates - 17 p.W/cm3 SD, available Mechanical constraints
[92] Exhalation ucC, ur Good Breath mask 40% 04W Low efficiency Non-periodic
[92,96] BP PHP, UC, UP Good MG 40% 0.37 W Low efficiency Non-periodic
air uel ce - uW-2 m , used in biosensor ow output voltage
[97] MEFC Fai Fuel cell 10 pyW-2 mW NH, d in bi L P ltag

* Energy sources (ES), energy handiness (EH), conversion efficiency (CE), ambient (A), controllable (C), uncontrollable (UC), partly controllable (PC), predictable (P), partly predictable
(PP), unpredictable (UP), passive human power (PHP), wind generator (WG), electromagnetic induction (EMI), blood pressure (BP), microbial fuel cell (MFC), Ratchet-Flywheel (R-F),
current transformer (CT), micro generator (MG), finger motion (FM), magnetic field (M-Field), electric field (E-Field), Day & Night (D&N), simple design (SD), closed area (CA),
non-hazardous (NH), and non-periodic (NP).
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On the other hand, when the wind speeds are <8.4 m/s, a wind generator can harvest around
3.5 mW/cm? energy under outdoor conditions or around 35 pW/cm? energy when the wind speed
is less than 1 m/s in an indoor environment. Furthermore, a piezoelectric generator produces
200 pW/cm? energy from different motions. The motion-based energy is partly predictable and
controllable. A thermocouple harvests = 60 pW/cm? at AT = 5 °C power using thermal energy
sources at an efficiency of <1% when AT < 40%. The thermal energy is ambient and predictable;
however, it is uncontrollable. EMI sources generate 0.2 mW/cm? energy using vibrational energy
sources. This type of energy is predictable, ambient, and controllable; however, the material used
is brittle. The RF energy sources are partly predictable and partly controllable. Airflow produces
100 mW/cm? energy using the piezo turbines and an anemometer. Implementing an ambient airflow
is uncontrollable, difficult, and unpredictable. Furthermore, finger motions or footfalls can be seen
to be a controllable form of energy source, which produce 2.1 mW and 5 W energy, respectively,
using a piezoelectric energy harvester. The FM source displays an 11% CE, while the FF shows a
7.5% CE. A Ratchet-Flywheel (R-F) can be used for extracting energy from the breathing process,
with a 50% CE. It generates 0.42 W of energy. The amount of breathing energy that is harvested is
uncontrollable and unpredictable. A current transformer (CT) is used for harnessing energy from the
magnetic field. This form of energy is predictable and controllable and generates 150 uW/cm? power.
A higher current requirement restricts the application and expansion of the M-Field energy harvester.
Furthermore, it can be seen that an electric field produces 17 uW/cm? energy using a metallic plate
energy harvester. Human-based parameters such as the blood pressure and exhalation produce 40%
energy with the help of a microgenerator and breath mask, respectively. The exhalation process can
generate 0.4 W energy, while BP generates 0.37 W. The MFC can produce 10 pW-2 mW energy and is
generally used in many biosensors.

5. Energy Harvesting in IoT (EHIoT)

EHIoT includes several common energy sources, along with a few transduction techniques (TT).
Figure 5 describes the EHIoT taxonomy that can be categorized into two classes, i.e., ambient-based and
human body-based. The ambient-based EHIoT is further categorized into ten different sub-categories.
The popular ambient-based EHIoT include PV energy, thermal energy, piezoelectric mechanical
vibration (MV) energy, pyroelectric energy, triboelectric MV energy, EMI-MV energy, microbial fuel
cell (MFC) energy, radio frequency (RF), wind energy (WE), and acoustic energy (AE). On the other
hand, existing wearable technologies which are based on the human-centered EHIoT include finger
motion (FM), footfalls (FF), breathing (Br.), exhalation (Ex.), and blood pressure (BP).

Ambient Human

Based

FF | Ex.

Figure 5. Taxonomy of energy harvesting in IoT (EHIoT).



Electronics 2020, 9, 1345 10 of 22

5.1. Ambient Energy Sources

Ambient energy sources can be naturally or artificially present in the environment. Various factors
are related to the productivity of these energy sources [98]. The following subsections discuss effective
and popular ambient energy sources.

5.1.1. PV or Solar Energy

Solar energy is one of the most popular green energy sources, according to the 2018 report
published by the International Renewable Energy Agency (IRENA) [99]. It is naturally present
in abundant quantities and is an affordable form of green energy which can decrease the energy
demands in the IoT area. Sunlight can be converted to usable energy with the help of thermal
conversion (TC) and photovoltaic conversion (PVC) processes. In TC, sunlight can be converted into
electric energy after the medium is warmed and the heat energy passes through the turbine generator.
In PVC, the light energy is converted into electric energy. It does not require any intermediary
energy transformation steps or moving components. On a sunny day, sunlight offers the highest
power density of ~10 and 100 mW/cm?, which makes solar energy harvesting a promising process
for developing IoT sensor applications [42,78,91,92,100-103]. Figure 6a describes the photovoltaic
effect. Whenever sunlight becomes incident on a p-n junction layer, the charges that are produced
are separated by the electron-hole pairs and are transmitted to electrodes. Assuming that the short
circuit current is represented by I, the saturation current is I, the diode ideality constant refers to 4,
series-connected cells are represented by N, T denotes the temperature of a PN junction, the Boltzman
constant is K = 1.38 X 10723 ] /K, the electric charge on the electron is ¢ = 1.6 X 1071 C, Rg denotes the
series resistance, and Ry, refers to the shunt resistance of a solar cell. Thereafter, the output current is
determined as

V + Rsl V + Rsl
[=1Ic—1, exp[ NKT ]_1 _( Rgpy ) M
q
If the thermal voltage of an array V; = quKT, Equation (1) is rewritten as
V+ RSI) ] V + Rsl
I=1Ie—1 —— -1~ 2
sc o[exp( Va Ry, (2

5.1.2. Thermoelectric Generator (TEG)

According to the Seebeck effect, smaller temperature differences occurring across p-type and
n-type materials can generate an electron flow. A TEG converts heat energy into electric energy.
With regards to the thermal properties of a device, the power efficiency is based on its Seebeck
coefficient [60,104,105]. Figure 6b describes the operating principles of a TEG. If the output voltage in
a TEG is represented by V', the temperature difference is indicated by AT and the Seebeck coefficient
is «. Therefore, the output voltage in TEG is represented by Equation (3).

Vr = aAT (©)]
Furthermore, the thermoelectric material figure of merit is represented as ZT and is determined
as follows: )
oa’T
ZT = 4
Ke + Kl ( )

where ¢ is the electrical conductivity, T is the average operating temperature, K, the
electronic-contributed thermal conductivity, and K; is the lattice-contributed thermal conductivity.
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5.1.3. Piezoelectric Effect

J. Curie and P. Curie determined the concept of piezoelectricity in 1880 [106]. In 1881, Lippmann
and the Curie siblings also determined the converse piezoelectric effect [107]. This helped in the
establishment of a two-way conversion between electrical and mechanical energies. The piezoelectric
effect can be described as the mutual coupling of electrical variables, such as an electrical field,
and mechanical variables, such as the mechanical strain, mechanical stress, etc. [2,32,47,108,109].
The mechanical energy is converted into electrical energy as it uses a symmetrical crystal structure.
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Figure 6¢ describes the piezoelectric function. Equation (5) represents the polarization charges acquired
by a piezoelectric material.

pp = dpX 5)

Here, p; is the polarization charge density, dj, is the piezoelectric coefficient, and X is the external strain
or force.

5.1.4. Pyroelectric Effect

In 2012, Wang et al. [110,111] developed the first pyroelectric nanogenerator, presented in Figure 6d.
This pyroelectric generator refers to a thermal-based source of energy. Spontaneous polarization noted
at variable temperatures generates electricity based on the pyroelectric properties. Therefore, Ppyyyo,
which is the pyroelectric coefficient, is described as

dp
Ppyro = == (6)

The spontaneous polarization is represented by p, while T denotes the temperature. The induced
charge is Q, u is the absorption coefficient, and A is the surface area. Thereafter, the pyroelectric output
current is described using the equation below:

_dQ ar

I= == = uPpyroA— @)

5.1.5. Triboelectric Effect

In 2012, Fan et al. developed the triboelectric nanogenerator (TENG) [45,112]. TENG was seen to be
a mechanical energy-related source of energy which was based on electrostatic and triboelectrification
induction [113]. The major triboelectric properties are based on its surface charge density. Figure 6e
describes the triboelectric effect. Equation (8) denotes the triboelectric potential, V7, as follows:

prd
Vrp=-— (8)
€0
Here, pr is the triboelectric charge density, ¢ is the vacuum permittivity, and d is the gap distance
between two triboelectric materials. Therefore, the triboelectric current, I, is denoted as follows:
oVt dCr

Jd
(CrVr) = CTT + VTW )

Ir==

where Cr is the capacitance and V't is the voltage.

5.1.6. Electromagnetic Induction (EMI)

Two different researchers, Michael Faraday and Joseph Henry, determined the electro motive
force (EMF) independently. EMF is induced by changing the magnitude of the magnetic field and the
magnetic flux [114]. EMI can harness the energy from the MV energy sources, wherein the magnets and
conductors are seen to be important components. Mechanical displacement from artificial or natural
objects, such as human movements or wind flow, becomes the major driving force of an EMI [115].
In one study, the researchers developed three types of electromagnetic energy harvesting system
(EMEHS) [116]. The first was the linear EMEHS, which was interfaced with a pure resistive electrical
load [117]. The second included a non-linear EMEHS that was connected to the linear circuit [118].
The third included the linear EMEHS, which was connected to the non-resistive electrical load [119].
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Figure 6f describes the EMI functions. A magnetic flux is denoted as ®g and EMF is represented as
€emg- Therefore, the EMI voltage is expressed as follows:

dp

Eemg = -N i

(10)
where N is the coil turn number.

5.1.7. Microbial Fuel Cells (MFCs)

In addition to the different energy resources, MFCs are also regarded as a major energy harvester.
In 1931, Barnet Cohen carried out primary experiments using the MFC [60,84]. The MFC is considered
to be a bio-electrochemical transducer which is generally used for wastewater treatment, in biosensors,
and for producing hydrogen fuel. MFCs make use of potential anaerobic bacteria which respire,
oxidize, and conduct electrons in the system [120-123].

5.1.8. Radio Frequency (RF)

Radio frequency (RF) EHS is a popular passive energy extraction technique. RF identification
(RFID) tags or RF tags are popular devices powered by RF propagation [124]. The RF energy harvesting
process is a prospective source of energy as it generates a lower power. These tags are helpful in IoT
sensors as the IoT nodes require a lower power [54,91,125].

5.1.9. Wind Energy Harvesting

After solar energy, wind energy is considered to be the best green energy source in the world [99].
This form of energy is being investigated for powering remote wireless monitoring systems. The wind
flow is natural and is also seen to be a vibrational energy source. The vibrations of the wind are based
on the velocity of the wind flow. Some researchers have used adaptable piezoelectric devices for
extracting energy from a constant oscillatory vibration of the wind flow [126-128]. In the cross-sectional
area between the EH devices and the wind flow, the cross-sectional area is A m?, wind flow density
is p kg/m3, and wind velocity is V m/s. Therefore, the amount of power available is determined as

follows [127]:
1

P= EApv3 (11)

5.1.10. Acoustic Energy Harvesting (AEH)

Acoustic energy harvesting (AEH) or the sound EH (SEH) process is a new technological
advancement which is being investigated due to the abundance of clean sound waves. The majority
of sound waves are semi-permanent and can become a significant alternative source of energy for
IoT-based wireless sensor networks (WSNs) [128,129]. Vibrational or sound waves can propagate
energy in the form of sound or acoustic energy. The receiver harnesses this propagated energy and
converts the vibrational energy into electrical energy. This conversion is generally facilitated by
the piezoelectric effect [130]. Figure 7 presents a schematic design of the AEH. The AEH system
usually consists of a resonator, a membrane, and piezoelectric materials. The sound oscillations are
produced by a resonator with the help of a resonant frequency. A membrane is placed between the
resonator and piezoelectric material. Lastly, the piezoelectric material converts mechanical energy into
electrical energy.
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Figure 7. A schematic design of a general acoustic energy harvesting (AEH) system.

5.2. Human-Based Energy Harvesters

Energy can be generated from the human body in different ways, such as through finger motions,
footfalls, breathing, blood pressure, etc. In the past few years, a wireless body area network (WBAN)
has been used for deploying various sensors for monitoring human organs [39]. Figure 8 describes the
amount of energy that is harvested from a human body. Table 5 lists a comparison of the available
power and the minimal usable power that can be harvested from a body. A few EHS derived from the
human body have been reviewed here.

® » Exhalation (Ex.) 1.0 W
® » Blood Pressure (BP) 0.93 W
> Breathing (Br.) 0.83 W
” Finger Motion (FM) 6.9-19 mW

Footfall (FF) 67 W

v

Figure 8. Different EHS that can be developed from a human body.

Table 5. A summary of the power generated from human body-driven sources (HBDS).

HBDS Available Power Usable Power
Finger Motion 6.9-19 mW 0.76-2.1 mW
Breathing 0.83W 042 W
Footfall 67 W 5.0-83W
Exhalation 1.0W 0.40 W
Blood Pressure 093 W 037 W

The finger motions (FM) can be seen to be effective energy sources for IoT sensors. It can be seen
that for the Handy Key’s Twiddler keyboard, a 130 g finger pressure was needed for pressing the button,
which helps in generating ~ 6.9 mW power. In the case of a QWERTY keyboard, 40-50 g of pressure is
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needed for producing 19 mW power [96]. An average person, who weighs 68 kg, produces 324 W
power when taking two footsteps per second. The basic fall of a heel generates 67 W power on a 5 cm
space [96]. Furthermore, energy can also be harvested from the breathing function. This requires an
external mask. A few professionals, such as military aircraft pilots, astronauts, etc., can harness a lot of
energy from masks which are used in the services. Breathing helps in generating 0.83 W power when
a band is tightened around their chest [96]. A person who weighs 68 kg requires ~ 30 L of air every
minute while breathing. Therefore, 1 W of energy can be harvested during exhalation [96]. It may
seem that it is not possible to harness energy from the blood pressure; however, a person with a normal
BP (100 mm of Hg) produces 0.93 W energy/min [96].

6. Challenges and Recommendations

Due to the decrease in traditional energy sources, many EH mechanisms have been initiated.
Additional power generation is also desirable, since there has been an increase in the number of
IoT sensors and devices. However, it is not easy to maintain the level due to the various power
sources and an increase in the IoT sector. Most of the ambient energy sources have a low power
efficiency and are unable to transmit or distribute the harvested energy to the IoT sensor nodes.
Therefore, the transduction processes and EH efficiency must be improved. The wide bandwidth
and the stochastics of the ambient energy sources can complicate the designs of miniaturized EH
systems. Out of the different ambient EHS, the vibration EH (VEH) and the human body-based
EH (HBEH) systems have a lower output and efficiency. Since the demand for micro-scale power
generation systems is increasing, more reliable and cost-effective transduction techniques need to be
developed for fabricating the VEH. The EH processes must also take into consideration the diversity of
the flexible demands made by the user and the impact of an unpredicted emergency that can arise
in harsh environmental conditions. Therefore, a robust EH model and central energy harvesting
network (CEHN) should be developed for addressing an energy-related emergency and decentralizing
the error-base access points and user nodes. It is difficult to manage the power transmission from
the different power sources to the IoT nodes and this pathway is often plagued with challenges.
For mitigating the existing energy demand, one energy source is insufficient as it cannot provide
sufficient power to the sensors. Therefore, a multisource EH system or hybrid EH system is currently
under development. However, these systems require a lot of attention as they are not easy to implement.
Similarly, hybrid energy systems and multiple sources require an advanced power management system.
For this purpose, various researchers have recommended the use of a smart energy harvester for
fulfilling the energy requirements of single or multiple-node sensors.

The maximum power point tracking (MPPT) accuracy and efficiency need to be improved for
ensuring that energy is properly harvested. Better and intelligent battery charging processes and
algorithms have been developed owing to the absence of smart EH processes. Some researchers are
also investigating the auto EH selection process based on the presence of an energy source. Better IoT
sensors which require a smaller area and multiple inputs which can target miniaturized devices need
to be developed. This will make the IoT nodes very economical and feasible, instead of being bulky or
more large-scale. Furthermore, because of the unavailability of wired energy sources for IoT devices,
an IoT system has been developed for most battery-dependent devices. However, replacing the battery
is a laborious and complex technique. Therefore, an ambient energy-based EH system is necessary.
The availability and design of these ambient energy sources are dependent on the application and
efficiency of the systems. Indoor and artificial light systems are used for increasing the availability
of energy sources and for decreasing their dependence on batteries. The main aim of designing
a self-generated energy framework for IoT devices and sensors is to convert the global preference
for a battery-operated device to an independent EH system that solely depends on ambient power
sources. Auto prediction of the user parameters makes the customer more comfortable and needs
to be investigated further. Cheaper and readily available simulation tools can improve the research
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and application of IoT networks. Considering this, researchers have recommended the use of an
open-source simulation environment.

The adoption of HBEH systems is not easy. Despite the adoption-based limitations, the body
area network has become very popular amongst researchers. Furthermore, irregular and non-periodic
energy generation is another limitation which has affected the wide-spread implementation of the
HBEH process. An energy-efficient network protocol needs to be developed. Currently, millions of
IoT devices and sensors are being used across the globe and must be disposed of. This issue also
needs to be addressed. In the future, the disposal of IoT-related electronic waste (E-Waste) will create
many issues. Therefore, immediate investigations, policies, and initiatives need to be developed for
establishing an effective recycling protocol. IoT sensors and nodes are very reliable and sustainable
and can be used for decreasing the spread of greenhouse gas emissions and harmful battery chemicals
in the environment. For decreasing and controlling environmental pollution, the use of IoT devices
based on ambient energy harvesting systems has been recommended.

7. Conclusions

Energy harvesting (EH) systems used for IoT devices and sensors will require better EH processes
for fulfilling the energy demands in the future. Many stockholders are considering prospective EH
processes. In this paper, the prospective EH sources and strategies which can affect the energy generation
process for IoT sensor nodes, have been reviewed. The energy harnessing levels, collective structure,
estimation of the collected energy levels, and ability of a harvester of every class and subclass have also
been investigated. Each energy source should display distinctive harnessing abilities and researchers
should determine the extraordinary potential of different energy sources. Moreover, a detailed
analysis of different EH models has been carried out for determining the potential energy cycles for
tackling issues related to an interrupted power supply for powering IoT nodes. Finally, some open
questions have been addressed regarding the non-exclusive energy harvesters which are used in
different situations.
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