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Abstract 

In the recent few years, due to its significant deployment to meet global demand for smart cities, the 

Internet of Things (IoT) has gained a lot of attention. Environment energy harvesting devices, which 

use ambient energy to generate electricity, could be a viable option in near future for charging or 

powering stand-alone IoT sensors and electronic devices. The key advantages of such energy 

harvesting gadgets are that they are environmentally friendly, portable, wireless, cost-effective, and 

compact. It is significant to propos and fabricate an improved, high-quality, economical, and 

efficient energy harvesting systems to overcome power supply to tiny IoT devices at the remote 

locations. In this article, various types of mechanisms for harvesting renewable energies that can 

power sensor enabled IoT locally, as well as its associated wireless sensor networks (WSNs), are 

reviewed. These methods are discussed in terms of their advantages and applications, as well as 

their drawbacks and limitations. Furthermore, methodological performance analysis for the decade 

2005 to 2020 is surveyed in order to identify the methods that delivered high output power for each 

device. Furthermore, the outstanding breakthrough performances of each of the aforementioned 

micro-power generators during this time period are emphasized. According to the research, 

thermoelectric modules can convert up to 2500 × 10−3 𝑊/𝑐𝑚2 , thermo-photovoltaic 10.9%, 

piezoelectric 10,000 𝑚𝑊/𝑐𝑚3 and microbial fuel cell 6.86 𝑊/𝑚2 of energy. 
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1- Introduction 

Machine to Machine (M2M) communication with little or no human intervention is becoming more and more 

common. Applications for M2M communications and the IoT include smart grid automation, healthcare, agricultural 

systems, transportation systems, industrial production, housing automation, and environmental monitoring. The creation 

of complex network architectures consisting of interconnected wireless devices that make up deice-to-device (D2D) or 

more generally, M2M communication networks is a key feature of 5G networks. For example, some IoT-generating 

appliances, sensors, or portable devices. With the emerging access infrastructure, all these complex network architectures 

co-exist. Furthermore, without causing congestion problems, the traffic created by various M2M and IoT applications 

must be properly allocated to the access point. In addition, not all IoT devices [1] can be linked to a grid, so energy 

harvesting plays a key role in achieving the energy-neutral or permanent operation of a small battery wireless system. 

Energy harvesting and on-demand energy replenishment of depleted batteries [2] are two main technologies that will 

allow the IoTs to work sustainably. 

For decades, computing technology has been seen as dynamic, adaptable, and tightly connected. Kevin Ashton first 

proposed the term “IoT” in 1999 [3, 4]. A main technical component of emerging intelligence and security technologies 
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in the computing world is known to be the definition of the IoT. The IoT component architecture is focused on its 

powerful capabilities for cognition and communication. Wireless devices on the network use IoT-powered sensors and 

devices to gather statistics, data, and information from the surrounding. The IoTs can be used in several applications like 

embedded systems [5], safekeeping monitoring systems [6, 7], controllers [8, 9], transport systems [10, 11], wearable 

devices [12], energy Tracking [13], environmental monitoring System [14, 15], object tracking [16], traffic monitoring 

[17, 18], intelligent agriculture [19, 20], and human domain networks [21] has clearly increased. By end of 2020 more 

than twenty-six billion IoT devices are expected to be connected online for commercial purpose. For smart city scenarios, 

several connections are expected to be much higher, over one hundred billion, some even estimate this figures [22]. All 

IoT based devices are so small that they require less power to maintain functionality [23]. The IoTs growth can be 

constrained by the difficulty of obtaining a constant power source to power the system. Most IoTs devices are mounted 

in remote inaccessible areas with limited use of conventional energy sources, making it adversity to power IoT devices 

for service [23, 24]. Batteries are now considered the primary source of energy for IoT devices. Remote areas may face 

challenges due to limited energy resources used by batteries ecological barriers, shortened lifespan, battery maintenance.  

Energy Harvesting (EH) is considered an effective solution to overcome all these problems. EH is the mechanism by 

which energy is obtained and stored for IoT devices. Two different EHs can use the following energy sources: One is 

external energy and the other is environmental energy. Environmental EH sources typically reside within the 

environment and do not require external energy data [25]. These includes energy sources such as photovoltaic (PV) 

energy [26, 27], vibration energy (VE) [28, 29], thermal energy [30, 31], and radio frequency (RF) [32]. The hybrid 

energy harvesting system (HEHS) plays an important role due to the energy density of the surrounding energy in the 

field of IoT [33]. More than two energy sources are included in HEHS that can increase performance and system 

efficiency [34]. The most popular form of HEHS for IoT devices involves the development process of micro-

electromechanical systems (MEMS). This is referred to as a miniature or miniature device to extract energy [35, 36]. 

Thermoelectric, thermo-photovoltaic, piezoelectric, and microbial fuel cells are the four types of minute-scale power 

machines studied in this research. Micro-scale energy converters' great potential to power IoT tinny devices in smart city 

applications, low power energy harvesting system and Its research trend as well as the obstacles and limits they 

encounter, are examined in the first and second sections of the paper. After that, for each gadget, the methodology 

performance analysis and studies of the highest achievements accomplished throughout the one and half decade 2005–

2020 for the future potential of energy harvesting technology to supply power to standalone IoT devices are provided. 

2- Smart City Scenario Energy Harvesting  

Energy Harvesting is the method of converting ambient energy into electrical energy (EH). Several strategies have 

been developed throughout the years to apply this principle to a variety of sources. An EH system is made up of numerous 

interconnected subsystems, one of which is power production, which is responsible for powering IoT devices. Over the 

last decade, efficient energy harvesting for low-power devices has been achieved from sources such as thermal, solar, 

wind, radiofrequency, sound, and others. Figure 1 depicts an energy harvesting workflow based on light, temperature, 

motion, electromechanical, and electromagnetic fields. Figure 2 depicts many types of systems for various energy 

harvesting strategies, such as from AC and DC sources. 

 

 

 

 

 

  

 

 

 

 

Figure 1. A workflow of energy harvesting to power IoT tinny devices in smart city application. 

3- Sustainability of the Internet of Things 
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of the key barriers to receiving multimedia content. One of the main reasons for user frustration is battery life limitations 

on high-end cell phones. With a focus on the latest developments in energy harvesting, particularly in the field of RF 

(RF) energy harvesting, permanent IoT operations can be realized. 

4- Low Power Energy Harvesting System and Its Research Trend 

Energy infrastructure systems have made significant progress. The calculated features of each energy supplier are 

built into the IoT sensor and can improve their capabilities of energy requirements. To overcome the energy crisis, it is 

necessary to develop energy harvesting system, which is a connection between IoT devices and self-powered functions. 

Many researchers have developed a variety of technologies to mitigate future and existing energy demand. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. A Signal flow diagram for various energy harvesting strategies. 

Between 1821 and 1956, the basic principles of energy harvesting were developed. The key EH timeline, showing 

that the EH drift started in 1821, is shown in Figure 3 when the thermoelectric effect was identified by Thomas Johann 

Seeback. The thermoelectric effect was studied by Thomas Johann Seebeck in 1821, and Leopoldo Nobili and 

Macedonio Meloni later discovered the thermopile structure in the mid-19th century. Low-cost generators with stable 

energy sources and fixed blocks that are easy to scale and can conduct heating and cooling processes are thermoelectric 

generators. 

Alexander Edmond Becquerel discovered the PV effect in 1839 (PV). In addition, Pierre Curie discovered the 

piezoelectric effect with Jack Curie in 1880. Burnett Cohen invented Fuel Cell Microorganisms in 1931 (MFC). William 

C Brown established the RF concept in 1950 and later 1956 Henry Colm continued with certain modification. In the 

mid-1990s, when researchers concentrated more on self-sufficient energy systems for electronic devices to provide 

electricity for standalone devices, the popular EH movement began. 

Kymissis et al. invented a piezoelectric transducer that can be stored in sports shoes. This is the first instance of an 

ecological energy harvester for mobile device operation [37]. Since then, integrated circuit power consumption has 

continued to decline, and research has made tremendous strides and gained funding. This has further extended the scope 

of research on self-powered electronic products, such as devices such as wireless modules and replacement batteries 

[38]. Storage space and processing efficiency continue to increase due to the rapid growth of cloud technology, and 

manufacturing and production costs continue to decrease. Over the last few decades, sensor usage has increased 

significantly due to increased deployment costs. By the end of 2030, fifty to hundred billion IoT devices will be 
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connected to the Internet using a variety of information technologies. Figure 4 shows the projected increase in the world’s 

population and the expected increase in the number of smart devices connected to the Internet from 2009 to 2030. By 

the end of 2030, the number of smart devices is expected to reach 50 billion and the world population is estimated to 

reach 8.5 billion. More importantly, per person smart devices could increase from two in 2018 to about ten in 2030. 

 

Figure 3. Milestone of energy harvesting timeline during 1821 to 1956 [32, 36]. 

 

Figure 4. Number of internet of things (IoT) connected devices worldwide vs. population. 

5- Standalone Micro-scale Electricity Harvester to Meet the Requirement of IoT Devices 

Even in remote locations without the need for large storage components for powering IoT applications, small 

standalone power harvester sizes such as thermoelectric, piezoelectric, and microbial fuel cells are very useful. In 

addition, this energy removal unit, as shown in Figure 5, also offers many additional advantages that may draw more 

attention to the system's feasibility. 

For example, thermoelectric generators use the heat energy of an unused environment or humans body heat to convert 

directly into potential differences. Today, burners are also absorbed by thermoelectric devices as an alternative heat 

source. Energy harvesting technology (ETH) can turn environmental energy into electrical energy for IoT applications 

such as solar energy, thermal energy, vibration energy, and RF energy. As shown in Figure 2, in its simplest form, a 
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complete energy harvesting device includes three main components: a transducer, an interface circuit, and a load. The 

use case and the energy supply needed to decide the EHT and other electronic devices in the system to be implemented. 

EHT is a very attractive technology for different self-powered microsystems such as IoT edge applications, according 

to many researchers [39]. 

 

Figure 5. Standalone micro-scale electricity harvester to meet the requirement of IoT devices. 

Basically, energy harvesters need to remove at least mill watts of power from the environment of IoT edge devices. 

Table 1 summarizes the various EHTs and the intermittent power generated by thermoelectricity. The energy generated 

can cover many orders of magnitude. 

Table 1. Advances in thermoelectricity generators during 2005–2020. 

Method Power Density in 𝒎𝑾/𝒄𝒎𝟐 

Warmth of human body 0.0285 

ZnSb film screen-printed 0.17 

Polymer Bi-epoxy Bi0.5 Sb1.5 Te3-epoxy 1.23 

Ferromagnetic material in soft nature 3.61 

MnSi1.74/Mn0.7Fe0.3Si1.68 type Multi-layer 11.7 

Integration photovoltaic cell 13.8 

Flexible polymer Bi2Te3 20 

Wasted heat of automobile engine 51.13 

Sb2Te3 layered highly-textured 73 

Tubular module 80 

Heat transfer system of Micro-fluidic 126 

Sb-doped n-type Mg2Si Uni-leg structure 215 

Silicon combustor system 580 

Uni-couple PbTe-based quantum-dot super lattice 2200 

ErAs: InGaAs/(InGaAs)0.2 2500 
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The power required by IoT devices and sensors is in range of 0.1 to 1 μW. The feasible range of dimension-

controllable energy harvesting equipment (photovoltaic cells) for power generation has been expanded to 500mW. This 

is because IoT edge devices have a power consumption of around 100 μW/cm2. The supply and demand for self-energy 

will occur at various times. Effective energy transfers from harvesters to IoT edge devices actually involves temporary 

energy buffers (such as super capacitors) and electronics for power management. 

As shown in Figure 6, there are multiple sources of environmental energy, and the corresponding harvesting 

techniques are also depicted. These techniques are appropriate from the perspective of the size of the IoT device or the 

overall simplicity of the corresponding transducer at the time of generation. It is speculated that it can be used in an IoT 

edge device environment by supplying current directly or from energy. These sources of light, thermal energy, 

radiofrequency energy from the electromagnetic spectrum or induction range, kinetic energy, motion, vibration, rotation, 

linear motion, etc. 

 

Figure 6. The ambient energy source for future standalone IoT devices and corresponding harvesting technologies. 

6- Future Potential of Energy Harvesting Technology to Supply Power to Standalone IoT Devices 

Some technologies' power density is not optimal and the extra cost can be an obstacle to broad implementations, but 

there are possibilities and multidisciplinary topics of study for the implementation of EHT. When the number of IoT 

devices increases, so does the number of deployed EHTs, which can improve cost savings in manufacturing. The life of 

EHT is about 5 years. These EHT devices can be used for more than 5 years without replacing components. Therefore, 

there is no need to regularly maintain the power supply unit of a remote independent IoT device. Inferred from past 

transistor-driven power supply units, it includes cloud computing for data processing. Assuming further reductions in 

energy consumption, this increases the feasibility of EHT. EHT's greatest potential for energy savings is expected to be 

in building automation. In the future, it can reduce the copper wire used in buildings that can reduce material, installation, 

and maintenance costs.  

Improvements and changes in energy harvesting equipment are key points leading to more influential energy 

conversion appliances. A well-developed system must have powerful energy conversion capabilities. In this section, we 

will collect and analyze the features that each person has acquired on how to enhance the micro harvester. This is useful 

for comparing performance over the 15 years from 2005 to 2020. In addition, it focuses on the best performance and the 

features implemented by each microsystem. Numerous improvements have been recorded over the last decade to 

thermoelectric micro power harvesters that can be suitable for standalone IoT devices to meet the power supply. 

Therefore, from 2005-2020, several important methods were considered for performance analysis, as shown in Table 1. 

Today, to monitor the thermal spectral emission and photon wavelength spectrum, selective micro emitters are used 

as alternative filters. The heat source for the device is usually used for sunshine, heat combustion, or radionuclide 

radiation. High-performance thermo-optical devices are primarily designed to achieve higher energy yields with higher 

conversion rates. The absorption efficiency of the solar spectrum is closely related to this. The efficiency of photon 
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filtering is very good for micro emitters, and the photovoltaic cell's increased bandgap energy enables more photons to 

be injected. However, as shown in Table 2, the improved methods adopted between 2005 and 2020 for energy 

transmission rates have been observed. 

NaNbO3 nanowires AlN, K/ Na) / NbO3, KNN, PZT nanowires, flexible barium, barium titanate (BaTiO3) 

Nanogenerators, flexible zinc oxide (ZnO) nanowire KNN / manganese monoxide (Mn) / potassium (K) copper (C) 

tantalum pentoxide (T)-(KCT) materials are obviously also being checked for significant piezoelectric materials. 

Table 2. Progresses of thermo-photovoltaic harvesters in 2005–2020. 

Method System efficiency in % 

Porous medium swirling combustor reverse tube 1.02 

Heat recovery with an extended outlet for exhaust 2.1 

Photonic crystal thermal emitter for high temperatures 2.5 

Micro-emitter heat recovery 2.9 

Natural gas-fired radiant burners 3.2 

Silicon micro-cavity selective emitter   3.2 

Tungsten radiator combined with InGaSb 3.2 

The surface of the nano-photonic hot absorber-emitter 3.2 

Double-sided absorber/emitter of 2D photonic crystals 3.74 

GaSb Cell Closed Quartz Tube Zinc 3.9 

Heat recovery with the material of the SiC emitter wall 4.3 

Containment of optics on Ge cell 5.34 

Optimized Ge Cell back-side touch 6.3 

Micro-reformer incorporation of Quartz 8.1 

Selective absorber/emitter monolithic planer 8.3 

The p-GaAs/p-Ge/n-Ge cell structure 10.9 

In addition, there are some obvious enhancements such as electromagnetic piezoelectric hybrid technology, curved 

L-shape and changes such as anti-silicon (Si). Quality of dual-chip cantilever beams and other items of wind turbine 

actuators such as agitator sleeves with axial force and bimorphs and its comparisons of power density in 𝑚𝑊/𝑐𝑚3 are 

shown in Table 3. 

Table 3. Growth of piezoelectricity systems during 2005–2020. 

Method Power Density in 𝒎𝑾/𝒄𝒎𝟑 

Cantilever straight resonant frequency 0.16 

2-D mass cantilever beam 0.24 

Volume optimized system 0.31 

SiO2 layer on SOI 0.42 

NaNbO3 nano-wire 0.6 

Hybrid of electromagnetic-piezoelectric 1.18 

AIN material 1.4 

Curved L-shape proof mass 1.45 

Blender casing with axial force 1.51 

K/Na/NbO3 composite KNN material 1.62 

PZT nano-wire 2.8 

Si proof mass of unimorph cantilever  3.272 

Flexible BaTiO3 nano-generator 7 

Flexible ZnO nano-wire nano-generator 11 

12 bomorph actuators on windmill 17 

Bonding of bulk PZT on SOI 28.86 

Four doubly clamped beam 2000 

KNN/Mn/KCT material 10000 



Emerging Science Journal | Vol. 4, Special Issue "IoT, IoV, and Blockchain", (2020, 2021) 

Page | 123 

Table 4 compares the methodological performance achieved over the last few years by microbial fuel cell systems 

using different techniques and methods. 

Table 4. Trends of microbial fuel cell evolution between 2005-2020. 

Method Power Density in 𝑾/𝒎𝟐 

Activated carbon air cathode 1.22 

The sponge of carbon nano-tube/electrode 1.24 

Increased NaCI concentration 1.33 

Heat-acid treated fiber brushes 1.37 

PANI-ERGNO/CC anode 1.39 

Geobacter sulfur reducens/reduced anode size 1.88 

Therapy with carbon cloth anode/ammonia gas 1.97 

The catalyst of carbon brush anode/FePc cathode 2.11 

Anode treated with Nitric acid 2.07 

Felts of graphene-coated stainless steel fiber anode 2.14 

Buffer solution of fabric electrode assemblies/bicarbonate 2.77 

Felt electrodes of Shewanella oneidensis 3.00 

DSP10/graphite Cathodic electron acceptor 3.99 

Permanganate surface field combinations of anode-to-cathode 6.86 

This study analyzed the best performance over the past decade of four types of small energy harvesters: 

thermoelectric, thermoelectric, piezoelectric, and microbial fuel cells. The materials or techniques applied, the beneficial 

or relevant factors, and their subsequent effects are shown in Table 5. 

Table 5. Breakthrough performance achieved during 2005-2020 by micro-scale power devices. 

 Materials/strategies applied Advantageous Obtained results 

Thermoelectric 

[39] 

(InGaAs)0.8 / ErAs:InGaAs 

(InAIAs)0.2 

Lower scrounging electrical loss, Thermal 

conductivity reduced, Increased Seebeck coefficient 

Stable Thermodynamically super lattice, 

2500𝑚𝑊/𝑐𝑚2 at 

3.5V 

Thermo-

photovoltaic [40] 
p-GaAs/ n-Ge cell /p-Ge/ 

Allowing greater absorbency of the light source, 

compact cell layers with band-gap energy-optimized 
10.9 % 

Piezoelectric [41] KNN/Mn/KCT Material 

Along with enhanced densification. 

Lead-free content Elevated Curie temperature, 

Piezoelectric coefficient, and electromechanical 

coupling element 

10,000𝑚𝑊/𝑐𝑚3 

Microbial fuel cell 

[42] 

Surface field combinations of 

anode-to-cathode 

Smooth electrons with reduced internal resistance 

flow from anode to cathode 

6.86𝑊/𝑚2 

At 2.62 𝑚𝐴/𝑐𝑚2 

7- Results and Discussions 

From 2005 to 2020, this research looked at how to improve the performance of four different types of micro-scale 

energy harvesting devices in order to supply power to IoT sensors: thermoelectric, thermo-photovoltaic, piezoelectric, 

and microbial fuel cells. Table 5 shows the breakthrough successes as determined by the methodological performance 

analysis in the previous section. Table lists the materials or tactics used, as well as any beneficial or important factors, 

along with the related results. Thermoelectric power harvester with (InGaAs)0.8 / ErAs: InGaAs (InAIAs)0.2 materials 

have achieved 2500𝑚𝑊/𝑐𝑚2 at 3.5V. To perform better powering in thermoelectric power generation, more compact 

heat-to-power conversion systems are necessary, which include the use of more thermocouples, higher electron mobility, 

and lower heat loss from the device. More metal hybridization and heat recovery technologies should be implemented 

as well. 

The small-scale thermo-photovoltaic harvester's development is primarily focused on heat and photon energy 

management throughout its module. From 2005 to 2020, this module has seen a considerable boost in energy transfer 

efficiency of up to 10.9% by implementing the attached cell structure of p-GaAs/ n-Ge cell /p-Ge. Because the thermo-

photovoltaic generator is a promising tri-generation voltage transducer, additional efforts should be made to improve 

energy conversion efficiency through efficient thermal management. Improvements in this energy transducer are moving 

at a rapid pace, as seen by the numerous studies reported throughout the ten years examined. This signals a positive 
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response and a bright future for this little thermo-photovoltaic tri-generator, as it has sparked numerous research projects 

in the sector.  

The tiny piezoelectric system, on the other hand, is a developing MEMS power harvester with a small dimension. A 

study of lead-free materials KNN/Mn/KCT material found 10,000𝑚𝑊/𝑐𝑚3 increase in volumetric power density of 

piezoelectricity. To achieve outstanding piezoelectric performance, several factors such as thin-film piezo materials, 

small device dimensions, strain effects, micro-beam architectures, and maximized cantilever distances necessitate 

rectifications. In order to upgrade low-frequency piezoelectric devices to higher oscillation resonant frequencies with 

greater band operations, more efforts should be made in the area of frequency up- conversions. The resulting power 

density and overall energy transduction can be boosted in this manner. 

Meanwhile, in the last ten years, the bio-electro chemical-based microbial fuel cell energy converter has seen a peak 

in growth. An attempt to use a phosphate buffer with a reduced anode-to-cathode area ratio revealed a phenomenal 

anodic power density of up to 6.86𝑊/𝑚2 demonstrating the system's capabilities. As a result, additional new strategies 

for increasing the power provided by small microbial fuel cells while also increasing their potential for treating polluted 

effluents and organic wastes should be identified. 

8- Conclusion 

This study provides a comprehensive analysis of a wide range of promising environmental energy harvesting 

techniques to power standalone IoT-equipped sensor. All four types of energy harvesting microdevices show positive 

results in the methodology performance analysis described in this research. The powerful potential associated with 

energy harvesting has attracted the attention of various stakeholders involved in its design and implementation. 

Technology that meets the energy needs of the next 50 billion IoT devices by 2030. In this work, we have developed a 

comprehensive classification scheme for energy harvesting technologies to meet the power requirements of independent 

IoT devices. More specifically, it focuses on energy harvesting technology by using our surroundings' ambient and 

external resources to generate energy for independent IoT devices. Smart cities and the IoT herald a new era of urban 

life, increasing the safety, habitability, and comfort of citizens and enabling high-tech companies to achieve more 

efficient and smart urban services and management. Recently, extensive research has been conducted to investigate the 

unique power harvesting technology for IoT applications. Designing energy harvesters for stand-alone IoT devices, with 

traditional thermoelectricity, piezoelectric, thermo-photovoltaic and microbial fuel cell devices have been analyzed. It 

also examined the levels of energy harnessing, collective structure, the estimate of the energy levels obtained, and the 

capacity of a harvester of each class and subclass. In addition, a thorough study of the various EH models were carried 

out to evaluate the possible energy cycles to tackle the problems associated with the disrupted power supply for powering 

IoT nodes. Furthermore, in terms of environmental considerations, active attempts to find new techniques to manage 

heavy metal contaminated wastewaters while generating electricity may improve the microbial fuel cell system's 

capability. To provide improved capabilities in the future, more advanced approaches will be necessary to raise the 

energy conversion efficiency and generated output power from these four micro-systems. 
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