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Abstract 

Recent works on self-charging power technologies mainly focused on the low energy harvesting 

component, while its integration with the energy storage system was usually not further evaluated or 

discussed. This was addressed in the present work by providing a comprehensive state-of-the-art review 

on different types of energy storage used for self-sufficient or self-sustainable power units to meet the 

power demands of low power devices such as wearable devices, wireless sensor networks, portable 

electronics, and LED lights within the range of 4.8 milliwatts to 13 watts. The paper presents the 

relevant scientific studies and recent developments on incorporating low energy harvesting with energy 

storage and power management systems. Recent advances on seven types of low energy harvesting 

technologies or transducers and eight types of micro/small-scale energy storage systems from farads to 

amps were examined to assess the integrated design's overall efficiency. The study focused on the 

design, distribution management networks, efficiency, compatibility with other components, costs, and 

environmental impact of self-sustainable power unit. To effectively assess the most suitable energy 

storage for the self-charging power unit, assessing its technical characteristics, economical, and 

environmental impact is discussed. Finally, the review identified the challenges and further research 

that must be carried out to achieve a more sustainable and stable integrated technology, moving from 

the proof of concept or laboratory to actual applications. 

 

Highlights 

 There is a lack of literature evaluating both/combined low energy harvesting and storage 

 Recent advances on seven types of low energy harvesting technologies were examined 

 Eight types of micro/small-scale energy storage systems for energy harvesting were examined 

 Assessment of integrated design of low power energy harvesting, energy storage, and power management 

 Techno-economic analysis, environmental impacts of low energy storage were discussed 
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ABBREVIATION AND NOMENCLATURE 

EHS  Energy Harvesting System 

ESS  Energy Storage System 

WSN  Wireless Sensor Network 

MEMS  Micro Electro Mechanical Systems 

PMFC  Plant Microbial Fuel Cells 

kWh  Kilowatt-hour  

MFC  Microbial Fuel Cell 

PCM  Phase Change materials 

kW  Kilowatt  

kWh  Kilowatt per hour  

µW  Microwatt 

Hz  Hertz  

mAh  Milliamp Hour 

µA  Microampere 

MPPT  Maximum Power Point Tracking 

RF  Radiofrequency  

ms  Milliseconds 

CAES  Compressed Air Energy Storage 

MOSFET  Metal oxide semiconductor field effect transistor    

SEM  Scanning Electron Microscopy 

FEP  Fluorinated Ethylene Propylene 

TES Thermal Energy Storage 

µ Micro 

RF Radiofrequency  

ms Milliseconds 

mF Microfarad 

F Farad 

PZT Lead Zirconate Titanate (piezoelectric ceramic material) 

NIMH Nickel metal hydride 

mW Milliwatt 

W Watt 

V Volt 

Wh/kg Watt-hours per kilogram 

Wh/L Watt-hours per litre 

Ah/g Ampere hour per gram 

mAh g−1 Milliampere hours per gram 

TES Thermal Energy Storage 

Li-ion Lithium-ion 

RMS Root Mean Square 

SIB Sodium-ion battery 

PMS Power Management System 

mW/cm2 Milliwatt per cubic centimetre per second 

dBm Decibels 

CWMC Cockcroft-Walton Voltage Multiplier  
 

1. Introduction 



Rapid growth and production of small devices such as micro-electromechanical systems, wireless 

sensor networks, portable electronics, and other technologies connected via the Internet of Things (IoT) 

have resulted in high cost and consumption of energy [1]. This trend is still projected to grow as the 

demand for connected technologies such as wireless sensors, processors, wearables, smart home, health 

monitors, and connected technology in agriculture continues to increase [2]. The report by [2] projected 

that by the end of the year 2020, there would be 20 billion IoT connected technologies. This challenge 

has motivated engineers and researchers to develop sustainable and highly efficient low energy 

harvesting technologies [1]. Low energy harvesting systems have been a promising solution for the 

rapid developments in smart and IoT technologies that require a continuous supply of power [3]. This 

technology is also highly beneficial in places where conventional power sources are not accessible; it 

eradicates the need for running wires to end applications [4]. However, the main concern with this 

system is its intermittent nature of energy source, and hence the power generated by energy harvesters 

is not continuous and sometimes limited. For an uninterrupted power supply, energy storage and power 

management systems are needed to improve the efficiency of low energy harvesters and capture 

maximum power [5]. 

 

The main challenge for wireless sensor networks, wearable technologies, and portable electronics are 

batteries. Batteries are insufficient in providing enough energy for long term applications, which lead 

to inconvenient frequent charging or replacement. With the pursuit of the greater energy density of 

energy storage systems, an alternative strategy that has been drawing much attention from the research 

community is self-sustainable technology, which incorporates low energy harvesting, energy storage, 

and power management technologies [6]. Many studies [5-9] have demonstrated different solutions to 

increase output power and provide a continuous supply of energy, such as efficient charge boosting 

techniques to meet the power and continuous demands. Cheng et al. [5] highlighted the use of charge 

boosting to extract more charge from triboelectric nanogenerators (TENG) to enhance performance. 

Zhao et al. [6] focused on optimizing the storage materials of nanogenerator-based self charging 

devices.  

 

Several recently published review papers, including [4, 7-14] have focused on the low energy harvesting 

or transducer such as triboelectric nanogenerators [5-6] and piezoelectric energy harvesters [7-8,11]  

rather than the energy storage system, as shown in Table 1. Li et al. [8] focused on low energy harvesting 

transducer’s overall efficiency, while the topic of energy storage was not further examined. Similarly, 

[15-18] reviewed the different energy harvesting devices for wireless sensor network systems. While 

the review paper [12] evaluated electromagnetic and piezoelectric acoustic energy harvesting system in 

terms of feasibility at a low-level frequency range. Likewise, Priya et al. [11] mainly focused on the 

performance of energy harvesting transducer. Adu-Manu et al. [12] reviewed low energy harvesting for 

environmental monitoring wireless sensor networks. Pozo et al. [4] reviewed different low energy 



harvesting systems focusing on their operation, efficiency, and maturity of state of art, without any 

detailed information about the storage devices. While Khalid et al. [14] discussed the recent challenges 

and progress of human movement energy harvester. The study focused on evaluating the performance 

of piezoelectric, electromagnetic, and triboelectric in harvesting biomechanical energy from human 

motion. Particular focus was given to strategies such as ultrathin flexible single-electrode, double 

pendulum system, core-shell structure, liquid metal electrode, air-cushion mechanism, and sprung 

eccentric rotor. The study also reviewed the different human biomechanical motions such as finger 

movement, walking, running, typewriting, and even minute displacements inside the human body, 

which possess an abundant amount of wasted energy that can be harvested. 

On the other hand, Pandey et al. [7] focused more on improving the technique used for impedance 

matching and the design of a power management circuit for optimized piezoelectric energy harvesting 

to charge Li-ion batteries. Similarly, Newell and Duffy [13] concentrated more on the voltage step-up 

energy management strategies, such as the challenges with a cold start and maximum power point 

tracking (MPPT). The present review aims to fill the unexplored gap in self-sufficient technologies by 

evaluating different integrated designs of low powered energy harvesting systems with energy storage 

and power management system. Studies such as [17-18] evaluated hybrid energy harvesters with storage 

but focused more on the energy harvester and power management. The work [19] proposed the 

integration of triboelectric with a keyboard to power an electronic thermometer. Although the study 

specified that a supercapacitor was employed, its integration and performance were not detailed. A 

triboelectric energy harvester was also used in the studies of [20-21]. It was suggested that it could be 

incorporated with storage and power management system for better performance, but no further details 

were given.  

To the author's knowledge, there has been no comprehensive review paper on self-sustainable 

technology that specifically focuses on the design of the energy storage system for micro-scale energy 

harvesting systems. Therefore, detailed technical analysis and evaluation of each micro-scale energy 

harvester, energy storage, and power management systems will be carried out. Particular focus will be 

given to studies that attempted to solve the impedance mismatch issue, which is one of the main barriers 

of self-sustainable technologies [22-28]. 

 

Table 1: The emphasis of relevant review papers published between 2014 to 2021. 

 Components Types of Analyses  Application 

[Ref] Transducer Power 

Management 

Storage Technical Economic Environmental 

 [16] ☑ ❌ ❌ ☑ ☑ ☑ Wireless Sensor Networks 

[8] ☑ ❌ ❌ ☑ ☑ ❌ 
Wearable Electronics 

[10] ☑ ❌ ❌ ☑ ❌ ❌ 
Wireless Sensor Networks 



[11] ☑ ☑ ❌ ☑ ☑ ❌ 
Wireless Sensor Networks 

[7] ☑ ☑ ❌ ☑ ❌ ❌ 
Recharging Battery 

[13] ☑ ☑ ❌ ☑ ☑ ❌ 
Wireless Sensor Networks 

[12] ☑ ❌ ❌ ☑ ☑ ❌ 
Wireless Sensor Networks 

[14] ☑ ❌ ❌ ☑ ☑ ❌ 
Wearable Electronics 

[4] ☑ ❌ ❌ ☑ ☑ ☑ Low Power Electronic 

Devices 

[17] ☑ ☑ ❌ ☑ ☑ ☑ Supercapacitor energy 

storage 

[18] ☑ ☑ ❌ ☑ ❌ ❌ 
Supercapacitor energy 

storage 

[19] ☑ ☑ ❌ ☑ ☑ ☑ Wearable Device 

[20] ☑ ❌ ❌ ☑ ☑ ☑ Wearable Device 

[21] ☑ ❌ ❌ ☑ ☑ ☑ Wireless Sensor Networks 

 

Low energy harvesting and energy storage systems are certainly both important components for the 

development of self-sustainable technologies. However, in this study, the focus is on energy storage 

technologies used for micro/small-scale devices since low energy harvesting systems have been 

examined extensively for many years, and this technology cannot consistently work alone effectively 

[29-32]. There is still further improvement needed for it to be widely adopted. This review examined 

recent developments on different types of energy storage used for self-sufficient or self-sustainable 

technologies to meet the power demands of low power devices within the range of 4.81 milliwatts to 

13 watts. The study assessed and compared different types of energy storage systems such as 

electrochemical, electrical, thermal, and mechanical energy storage. Also, the technical, economic 

analysis, environmental impacts, advantages, and disadvantages were evaluated to know which energy 

storage devices are most suitable, efficient, cost-effective, and environmentally friendly for integrated 

design of self-sustainable technology. The research on small-scale energy storage systems used for self-

sustainable technology identified the challenges and further research that must be carried out to achieve 

a more sustainable and stable integrated technology, moving from the proof of concept or laboratory to 

actual applications. Furthermore, the study evaluated how integrated designs of the self-charging power 

system can fulfil the needs of IoT and portable electronic devices in terms of power supply as it is a 

bottleneck for the micro/small scale technologies.  

2. Low Energy Harvesting and Energy Storage Systems 

This section discussed the current developments, benefits, and limitations of low energy harvesting and 

energy storage systems. Figure 1 shows the concept of energy/electricity production and storage 

solutions reviewed in this study. The most used energy sources for micro/small-scale devices include 

solar, wind, wave, human motion, and vibration. To enhance renewable energy systems' performance 



and efficiency, different technologies, including transducer and energy storage, are usually integrated 

into one device [33]. 

 

 

Figure 1: Concept of low energy/electricity generation and storage solutions. 

 

2.1. Low Energy Harvesting Devices 

Harvesting energy from the environment is an attractive alternative to battery-operated systems, 

particularly for low-power, long-term and self-sustaining devices. Moreover, using the power near the 

source can eliminate the requirement for long cables and transmission losses [34]. A few of its 

applications are for powering wireless sensor networks, wearable devices, charging mobile phones, 

lighting LED, and cloud-based data transfer systems [35]. However, there are several challenges when 

assessing and selecting an optimum low energy harvesting technology for specific applications  [36]. 

 

Studies [37-39] have shown the capabilities of low energy harvesting systems such as piezoelectric, 

electromagnetic, electrostatic, and triboelectric transducers in providing electrical power ranging from 

a few tens to hundreds of μW. However, challenges still exist, such as materials development, matching 

with the ambient vibration frequencies, which may differ depending on the time, usage location, 

scalability, mass production, and energy conversion rate [37-39]. The main concern is whether energy 

harvesting systems can produce enough power considering the energy sources' intermittency. Also, the 

implementation costs and production of low energy harvesting systems are important challenges that 

hamper technology development [40]. Therefore, more research is necessary to improve technology 

adoption [41]. 

 



The enhancement of the performance of self-sustainable technologies is an important challenge. 

According to Luo et al. [42], the significance of selecting the suitable battery or supercapacitor energy 

storage system must not be underestimated. The capacities and impedances of energy storage system 

must match the pulsed output of the energy harvesting device. In Luo et al. [21] study, a triboelectric 

nanogenerator integrated with an energy storage system to supply power to commercial wireless sensors 

and other smart connected technologies was examined. Another design of self-sustainable technology 

was introduced in Luo et al. [43] study. The system consists of a flexible self-charging power film 

(SCPF) that operates either as a self-powered information input matrix or power generator integrated 

with an energy storage unit. The system can harvest mechanical energy from finger movements based 

on the coupling between the interaction of electrification and the effects of electrostatic induction whilst 

storing the harvested energy. With Luo et al.  [36], a strategy of using a cost effective and simple laser 

engraving approach was implemented for flexible self-charging micro-supercapacitor power unit 

(SCMPU). The SCMPU was incorporated with a triboelectric-nanogenerator and electrochemical 

storage system into a single device. Results have shown significant benefits, including high durability 

and self-charging capability. The laser-induced graphene (LIG) showed a 0.8 W/m2 peak power density 

at a loading resistance of 20 MΩ. The micro-supercapacitors (MSCs) showed a ~10.29 mF/cm2 high 

capacitance at the current density of 0.01 mA/cm2. 

 

Table 2 shows the comparison of different transducers that are commonly utilized for low energy 

harvesting systems. The advantages and disadvantages of each technology are summarized. This will 

help recognize the key factors that can be improved. The technologies mentioned in Table 2 are the 

most used type of transducers found in research works and applied in the industry or available in the 

market. Based on existing research, piezoelectric, triboelectric, and thermoelectric energy generators 

are easily combined with other technologies due to the size and compactness [34, 44-46]. These energy 

harvesting systems are usually integrated into existing technologies such as wireless networks and low 

powered electronic devices through producing usable power from movement, vibration, and waste heat 

[47]. Piezoelectric and triboelectric energy generators are usually integrated into 

microelectromechanical systems, wireless sensor networks, and other low powered electronic devices 

[48-49]. While others use thermoelectric energy systems for wearable devices and sensors for health 

monitoring [50].  

Since the piezoelectric energy generators have the greatest density and output, and more flexibility in 

terms of incorporating into existing devices, piezoelectric materials are well applied and investigated 

both theoretically and experimentally [51-56]. While triboelectric energy generators also have their own 

benefits, such as highly efficient energy harvesting at low-frequency sources [34, 45-47]. While the 

thermoelectric energy generator is known for its high reliability, scalability, and compact size [47, 57]. 



There are limited studies on their lifespan; the study [58] indicated that a PZT ceramic (lead zirconate 

titanate), which generated 8.4 mW had a lifespan of 20 years. Whereas for the triboelectric, it is expected 

to be 2 years based on the research of [59]. While thermoelectric energy harvesters that are made of 

inorganic materials with various dimensions have 5 years lifespan. 

 

The impedance mismatch between energy harvesting devices and energy storage devices is extremely 

important to the self-charging power system. The internal resistance of each energy harvesting systems 

varies according to their design, components, and environmental conditions. A piezoelectric harvester 

internal resistance was investigated in [60]. The internal resistance was measured in different 

frequencies through the impedance meter. The result of the experiment revealed that the internal 

resistances of piezoelectric energy harvesters have a frequency dependent property. It also mentioned 

that the internal resistance of this energy harvester depends on the number of cycles of input sinusoidal 

wave. While for the electromagnetic harvester, Hendijanizadeh et al. [61] installed an intelligent control 

device to switch between cubic and linear load resistance to optimise the power output of the 

electromagnetic energy harvester in different frequencies and amplitude excitations condition in the 

actual environmental state. The result of the study showed that the internal resistance of the 

electromagnetic plays a significant role in choosing the maximum load resistance for the energy 

harvesting system and it must be recognized in the control technique design. 

 

To assess the internal resistance of triboelectric, a test was conducted in the study of [62] at a particular 

cyclic load with 100 N force with various external resistance with up to 142MΩ. The findings 

demonstrated that the current curves and voltages intersect at R = 58 MΩ optimal resistance.With 

microbial fuel cell (MFC) energy harvester, the fixed external resistance is not always matching the 

energy harvester’s internal resistance and recapture the optimal power output in microbial fuell cell 

working condition due to internal resistance of the energy harvester which always depends on changes 

in MFC operations and operational parameters including pH, temperature, and substrate concentration. 

 

An AM-RF energy harvester was examined in [63]. The energy harvester operates as power sources, 

hence, this behaves an energy source in series with the internal resistance. It was stated in the study that 

the load resistance should match with the internal resistance of the system to measure the optimal power 

provided by the AM energy harvester, this is in agreement with the maximum transfer of power 

theorem. In the study [64], it demonstrated that at the time when the thermoelectric generator is 

connected electrically in cycles, the overall internal resistance is proportional to their number. This 

means that even if a great number of thermoelectric increases, the voltage supplied from the 

thermoelectric generator’s effect on the internal resistance is still undesirable. The PV modules in the 

research [65] stated that the effectiveness of to generate electric energy is identified through parasitic 



internal impedance, which contains series of parallel resistance. The increase in the internal resistance 

means that there is a reduction in the output quality systematically. 

 

Table 2: Comparison of different transducers used for micro/small-scale technologies.  

Ref. Technologies Advantages Disadvantages 

[34, 44, 66-

67-69] 
Piezoelectric 

 

Compact and simple structure; 

high output; high configuration 

compatibility; easy to scale down 

to the nanoscale 

High cost for high energy 

output; brittle material; easy 

fatigue and crack; coupling 

coefficient linked to material 

properties 

 [34, 44-46, 

68]  Triboelectric 

 

High conversion efficiency, 

simple fabrication, low cost 

Impedance mismatch; low 

durability; low current at high 

voltage;   

[34, 44]  Electromagnetic 

 

Small size; does not require smart 

materials; high durability and long 

life; high output currents 

Low voltage output; low 

efficiency in low frequencies; 

Size is often larger than 

piezoelectric and triboelectric 

nanogenerator; inevitable coil 

losses; complicated to 

miniaturized  

 [70-73]  
Microbial Fuel 

Cell 

 

Flexibility, higher efficiency; low 

cost; simple maintenance; direct 

conversion of organic substrate to 

electricity  

Low power density; low 

capacitance; limited surface 

area of the electrode; activation 

losses; bacterial metabolic 

losses 

 [34, 74] Radiofrequency 

 

 Portable; low installation cost; 

easy to install; prolong the lifetime 

of electronics and WSNs; long 

effective energy transfer distance 

Low power density; low 

efficiency; ultra-low output 

power 

[47, 57] Thermoelectric 

 

 

 

Wide applicability; easily 

combined with other technologies; 

simple maintenance; no additional 

power sources; performance 

output highly scalable; small 

space requirement; does not need 

maintenance for longer periods 

High cost per unit; low 

efficiency; uneven temperature 

distribution on the plate may 

lead to inefficiencies; low 

energy conversion efficiency 

rate; requires relatively constant 

heat source; structure failure of 

thermoelectric at high 

temperatures 



[29] 
Small 

photovoltaic cells 

 

High energy output; works well 

for long periods with no 

maintenance 

Can only harvest with the 

presence of light 

 

 

2.2. Micro or Small-Scale Technologies  

Energy storage system (ESS) plays an important role in the future of energy technologies, particulary 

on electrical devices, as it can enhance the distribution management networks, improve efficiency, and 

lower costs [75]. Energy storage systems such as capacitors and supercapacitors are usually applied for 

reactive power compensation in distribution channels [76]. The goal of energy storage devices is to 

reduce energy and power losses and maintain improved voltage regulation for load buses and enhance 

the security system. The level of compensation supplied to the storage devices, which are installed in 

the distribution channel, varies on the size, location, and kinds of energy storage system integrated with 

the energy harvesters [77]. The energy can be stored in different forms, including chemical, electrical, 

thermal and mechanical [78]. The scalability, cost, and size of this system mainly rely on the form of 

the stored energy. According to [78], a few types of energy storage are more suitable for micro/small 

scale devices. For instance, chemical batteries are more appropriate for small-scale technologies. ESS 

systems have different operational parameters and designs, which creates constraints to when each is 

suitable to use. These systems have their benefits and limitations that are ideal in different applications 

and situations. 

 

Although the conventional EES systems are already well known, this field's growth is still fast and vast 

[79]. According to Sabihuddin et al. [33], storage devices can be compared based on 14 parameters such 

as efficiency, specific power, power density, specific energy, energy density, cycle life, lifespan, scale, 

self-discharge rate, application, power and energy capital cost, technical maturity, and environmental 

impact. It was also suggested that a combined database analysis of energy storage and production 

devices should be developed.  

 

Chemical energy storage strategies remain the most studied and developed field [33]. Most conventional 

electrochemical batteries have high performance and showed to be highly suitable for small-scale 

technologies. Li-ion batteries have demonstrated not only to have great power and energy efficiency 

but also an exceptional life cycle. However, Li-ion batteries are expensive with charging and safety 

problems, and the scarcity of lithium reserves limits their applications. The abundance of materials and 

long-life span has demonstrated great potential for a storage solution. However, these technologies 

experienced high self-discharge rates and suffered from poor performance. Most conventional batteries 



also suffer from reduced capacities and life with high discharge rates, overcharging or complete 

discharge, and improper storage environments [33]. 

 

Currently, capacitor and supercapacitor are competing with batteries and observe to be widely used for 

small-scale applications. It can easily be integrated into different types of systems, deliver electrical 

energy in a short time, and provide long shelf life [80]. Capacitors are easier to use and suitable storage 

for powering portable electronics, sensors, wearable devices, and others. However, if the application 

requires higher energy density and a long lifespan, then capacitor storage would not be feasible. As an 

alternative supercapacitor; secondary batteries; and thermal energy storage can be employed [33]. The 

major concern with a small-scale energy storage system is its image on creating environmental issues 

from toxic remains [81]. In general, energy storage technologies are environmentally inert waste at the 

time of operation, but negative impacts are observed through construction and decommissioning. Users 

must understand accurate information on batteries' recycling; hence a proper recycling channel must be 

operated [81]. 

 

2.3. Power Management 

The incorporation of low energy harvesting, energy storage and power management system can take 

advantage of its potential and provide an optimal solution for high efficiency and energy savings 

through the statistical circulation of load durations. One of the most important technical issues 

encountered by the self-sustainable technology is to store harvested energy into an energy storage 

device efficiently. Since energy harvester technologies have naturally high impedance, the design 

usually experiences great impedance mismatch mainly when the energy sources are at low frequency 

[82]. Also, each incorporated system's actual deployment rarely achieves its optimal performance when 

the self-charging power unit is out of the ideal operating conditions [83]. Figure 2a shows the concept 

of a self-sustainable technology incorporated with energy harvesting, power management, and energy 

storage system. Figure 2b demonstrates the energy management cycle for low energy harvesting 

systems. 

 



 

Figure 2. (a) A self-charging power unit incorporated with energy harvesters, power management, 

and energy storage, (b) energy management for low energy harvesting systems Cheng [5]. 

 

3. Recent Advances on Energy Storage for Self-Sustainable Technologies 

This section examined the different energy storage types incorporated with low energy harvesting and 

power management systems for self-sustainable technology used in micro/small electronics including 

wireless sensor networks, cloud-based data transfer, wearable electronics, portable electronics, and 

LED lights. The energy storage technologies are classified into electromechanical, electrical, thermal, 

and mechanical. It is sequenced from the early studies to recent developments to overview how the 

technology has progressed over the last few years.  

 

3.1. Electrochemical energy storage 

Batteries were the first energy storage systems to be integrated with low energy harvesting technologies 

[84-86], and the most used power storage system in conventional portable electronic devices [87].  

3.1.1. Lead-acid battery  

Lead-acid battery accounts for the highest battery market share worldwide [33]. It has also been 

extensively utilized for recharging the battery and powering small scale technologies [88-89]. It is 

known for its fast charging and discharging process. However, it has a short life cycle and provides low 

energy density [90]. Ashwathi et al. [91] investigated a lead-acid battery incorporated with a 

piezoelectric energy harvesting system. To prevent lead-acid from overcharging, a high cut-off voltage 

was employed. While a low-cut, off relay was applied to prevent the battery from deep discharge. For 

the relay to work, a relay driver circuit was applied, which performs as a current amplifier. The output 

voltage was stored in 2 lead-acid batteries with 6 V, 5 Ah attached in series. This design was chosen 

due to its cost, maintenance requirement, and long life. Also, another application was performed for 



powering AC load of 3-13 W bulb, the DC voltage of 12 V transformed into 12 V AC through producing 

50 Hz using resistor, inductor, and capacitor network.  

 

The design was improved in [92] by incorporating a control technique of power management to design 

a lead-acid battery with a piezoelectric transducer and rectifier. An efficient control technique was 

conducted for the voltage, including a mode control technique to regulate the DC-to-DC buck converter 

and ensure a smooth DC voltage output. This can later be utilized to charge the lead-acid battery for 

future low power operations. Moreover, the study confirmed that the technology could charge the lead-

acid battery with 40 V stable output rectified voltage by allowing a linear increase with state of charge 

(SoC) from 0-18 per cent after 4 seconds lead-acid is completely charged.  

 

A better result was observed in the study of [93] with another configured design and application method. 

The study showed that the force applied to piezoelectric crystals could be transformed into electrical 

energy and store the voltage into the lead-acid battery. An inverter was used to convert 12V to the 230V 

AC voltage. Later, the 230 V AC was used to activate the loads. A microcontroller was used to 

demonstrate the battery charge when the foot was placed on the piezoelectric energy harvester.  

 

As observed in this study, only a few recent studies for lead-acid battery were incorporated with low 

energy harvesting and power management systems. This shows that recent developments are more 

concentrated on advancing other types of energy storage systems that are more environmentally friendly 

with long term cycles and cost-effective technologies. 

 

3.1.2. Lithium-ion batteries (LIB) 

In the last few decades, Li-ion batteries have been recognized as the powerhouse for digital electronic 

innovations in modern mobile technology. It is usually used in electronics such as smartphones and 

laptops [94]. Pu et al. [84] have examined the first flexible self-sustainable technology by incorporating 

a triboelectric nano-generator and li-ion battery, simultaneously capturing and store ambient mechanical 

energy. The study improved the study [95] by adding a power management system into the integrated 

design of lithium-ion and low energy harvesting system. The system consists of lithium-ion with a smart 

solar energy harvesting system and MPPT circuit. A monitoring device was employed for charging the 

lithium battery that improved the performance of the system. The experiment showed that the 

technology could provide a continuous power supply with 5V output voltage via a universal serial bus 

interface. This self-sustainable technology technique can prevent numerous charge-discharge cycle; 

therefore, the lithium-ion battery lifetime can be prolonged. The experiment also showed that 

technology could turn on the power supply automatically.  

 



As the development of the self-sustainable technology progressed, different components are being 

introduced and integrated into the technology to improve its efficiency, high configuration 

compatibility, and great output. Since piezoelectric transducers are known for these capabilities, a 

lithium-ion battery configuration and a piezoelectric stack energy harvester were proposed in [96]. The 

purpose of the study was to match the parameters of a piezoelectric stack transducer with lithium-ion 

for supplying power to LED lamps. The piezoelectric stack transducer has shown great characteristics 

such as high electric capacitance with a considerable impact on the device's harvested electric energy 

flow.  The study proposed a modelled dynamic of the battery, and the input battery impedance was 

observed when charging at 12 mA steady current, which demonstrated that the impedance relies on the 

actual state of charges. The recommended models' excellent characteristics are their ability to discharge 

and charge simultaneously at each state of the battery charge.  

Gao et al. [86] have improved the design of [84] by embedding flexible lithium-ion into a triboelectric 

transducer but in a more advanced configuration and technique for simultaneously capturing wind 

energy and storing it into chemical energy. This system comprises of a reliable lithium-ion battery, two 

Cu electrodes, and FEP film. The triboelectric transducer's operation was based on the effective 

combination of electrostatic and triboelectrification induction in periodical contact of Cu foils and FEP 

film. The developed design can provide a 135 V output voltage and 12 μA output current, which can be 

used to efficiently charge from 1.5 V to 3.5 V with the assistance of a rectifier and transformer to plug 

the triboelectric nanogenerator. The results have proven that the design can efficiently harvest and store 

energy for self-sustainable technologies.  

 

It has been observed in this study that lithium-ion battery integrated with a piezoelectric or triboelectric 

generator and power management have provided great results with efficiently harvesting and storing 

energy for self-sustainable technologies. The design and method prolonged the life cycle with higher 

power performance. 

 

3.1.3. Nickel metal hydride (NiMH) battery  

NiMH battery storage is the best alternative for Li-ion batteries [97]. It utilizes negative electrodes 

which use hydrogen-absorbing alloy and positive electrodes of nickel oxyhydroxide. NiMH batteries 

are used in daily consumer electronics, including portable electronic devices and cameras [98]. 

However, only two studies found in the recent literature used NiMH battery for a self-sustainable 

technology.  

 

A nickel-metal hydride battery integrated with a piezoelectric low energy harvesting system was used 

to harvest energy from ambient vibration and store captured energy in the battery [99]. The study's 

findings have demonstrated that the energy harvesting system charged 550 mAh batteries to a maximum 



voltage in less than 7 hours driven by an ambient vibration corresponding to the generator output of 2 

roots mean square voltage. The harvesting system could not charge the 2200 mAh batteries at a 

maximum voltage of 1.2 V. It is due to the low output current of the system. It also showed that this 

technology could charge the standard low capacity battery with 40 and 80 mAh.  

 

Sodano et al. [97] proposed an improved design of a nickel-metal hydride battery charging circuit with 

a full-wave rectifier. The integrated design has more functions, including supplying power to WSNs 

and portable electronic devices. Figure 3 shows the time needed to charge different batteries using a 

piezoelectric energy harvester. A typical charge cycle of NiMH battery was 80 mAh. The results can 

further provide guidelines on selecting the optimal piezoelectric system and assessing the level of time 

needed for it to recharge a NiMH battery storage. The simplicity of the circuit enables it to be built very 

efficiently and no additional materials can lead to power dissipation. 

 

Figure 3: Time needed to charge different nickel-metal hydride batteries size using piezoelectric [97]. 

 

Based on the examination of this study, it is very rare to see these combined nickel hydride metal 

batteries with energy harvesting and power management systems in the literature, and the only available 

studies are not very recent. The reason may be because researches are switching to more 

environmentally friendly components for the self-sustainable technology. 

 

3.1.4. Sodium-ion battery (SIB)   

Due to the relative abundance of the sodium elements and numerous minerals compared to lithium, 

scholars started to show interest in a sodium-ion battery to develop a more sustainable technology [100]. 

Also, it demonstrated a promising performance to achieve the high demands of electrical energy 



systems. This type of battery is already commercialized for stationary use and consumer electronics 

[100-101]. However, their main disadvantages are its high operating temperature of up to 300°C, which 

minimizes the cells' round-trip energy efficiency and causes safety hazards [101]. According to Mahlia 

et al. [102], this harmful hazard problem can lead to the battery potentially blowing up when interacted 

with air. 

 

Hou et al. [87] proposed a durable solid-state SIB with safe and stable performance for effectively 

storing pulsed energy captured through the triboelectric nanogenerator. The SIB showed a high 1000 

cycles in cycling performance with an 85 per cent capacity retention at a high charge and discharge 

current density of 48 mA g-1. The results showed 62.3 per cent energy generation efficiency when 

charged by the triboelectric nanogenerator system. The incorporation of all-solid-state SIBs and 

triboelectric nanogenerators demonstrated promising performance for offering more steady-state power 

output for self-powered technologies.  

 

The design was improved in [69] by integrating an elastic film and sodium-ion battery that represents 

wide-ranging mechanical energy harnessing efficiency and excellent flexibility and self-charging 

capability, which is necessary for the advancement of future electrochemical power devices for soft 

wearable electronics. It can be charged to 0.65 V through palm patting under 300 s, but also showed 

self-charging features even with quasi-static pressing. It is noticed that the sodium-ion can deliver 

64 milliampere hours per gram (mAh g−1) 64 mAh g−1 after fifty cycles. The capacities of the sodium-

ion battery were examined at several current densities. High reversibility was observed when the current 

density reverts to 11.7 mA g−1, the sodium ion battery can regain 72 mAh g−1.  

 

It is well recognized that these types of batteries are cost-effective, so researchers are now considering 

moving from li-ion to SIBs to offer an inexpensive option that is less prone to supply risks and resources. 

However, studies on sodium-ion batteries integrated with low energy harvesting systems are still not 

widely available in the literature [103].  

 

3.2. Electrical Energy Storage   

Currently, these devices are competing with batteries and observe to be widely used for small-scale 

applications as it can easily be integrated into different types of systems, deliver electrical energy in a 

short period time, and provide long shelf life [80]. Electrical energy storage is considered a reinforcing 

technology for solving issues with impedance mismatch for distribution networks wherein energy is 

stored in a particular state and transformed into electrical energy. Capacitor and supercapacitor are an 

example of these systems  [36]. 

3.2.1. Capacitor 



During the early studies, the capacitor was placed as a fit-and-forget solution. As time progressed, 

researches have focused more on switchable capacitors that allow active management of network losses 

[98]. With the advances in energy harvesting, using inexpensive and easy to process low-profile 

transducers incorporated with energy storage has attracted significant attention [105].  

 

Zi et al. [105] proposed a triboelectric nanogenerator transducer integrated with a more efficient design 

of capacitor with random-pulsed output power. To effectively power small scale devices by capturing 

mechanical energy utilizing nano-generators, energy storage is necessary to deliver a stable and 

regulated electric output usually achieved through a direct connection among the two elements using a 

rectifier. The study focused on designing a charging cycle that can optimize the capacitor's efficiency 

by adjusting the flow charge in the device observed on the triboelectric nanogenerator by installing a 

motion sensor. The theoretical and experimental analysis demonstrated that the proposed design could 

enhance the maximum efficiency of energy storage with up to fifty per cent and boost the saturation 

voltage. This demonstrates that the proposed technology can successfully store the energy generated 

from nanogenerators using ambient mechanical energy to power implantable, wearable, and portable 

electronics.  

  

Wearable devices have also emerged to an innovative kind of human to computer interaction with the 

fast advancement of information and communication technology [17]. A wearable triboelectric energy 

harvesting device with a capacitor was proposed and tested in [106]. The configured design was 

intended to power wearable sensors and electronics with ultra-low-cost material. Findings revealed that 

the wearable triboelectric device could generate energy with more than 70 V output voltage, which can 

power fifty-two LEDs simultaneously with a 9 × 9 cm2 area. Moreover, it can produce 4.81 mW at 

maximum power from hand-clapping under 4 Hz. Several capacitors were chosen to examine for 

charging under various frequencies. Results have demonstrated that a capacitor with a capacity of 47 

µF can capture a maximum power of around 4.8113mW, from 4 Hz movements. The study noted that 

capacitors with higher capacitance increase gradually and more stable.  

 

Chung et al. [107] have enhanced the early design of [105] by adding a metal to metal contact for current 

amplification to the triboelectric nanogenerators transducer with a capacitor under manual input to 

improve its efficiency. Figure 4a shows the capacitor's design incorporated with a capacitor 

incorporated with a triboelectric nanogenerator (CI-TENG) rolled inside a cylinder case. Figure 4b 

demonstrates the movement of the sheet composite when contracted and released through external 

input. The operation of open-circuit voltage and closed-circuit current is demonstrated in Figure 4c. 

This system can produce 156 V open-circuit voltage and 4.3 mA closed-circuit current for one device. 

It can charge the capacitor three times faster as compared to a traditional triboelectric nanogenerator. 



The design has proven its potential to produce a considerable amount of power and an ultimate power 

source for wearable and portable devices.  

 

Figure 4: (a) Schematic design of a capacitor incorporated with triboelectric nanogenerator. (b) The 

movement of the sheet material at the time of contraction and release. (c) operating mechanism [107]. 

 

Lan et al. [108] introduced a different integrated design of capacitor and kinetic-powered wearable 

sensors to detect and track human movements. The capacitor's main benefit with sensing features is that 

it prevents sampling the movement signal at the time of the activity detection period, which can 

significantly save the wearable system's power use. The challenge encountered with these capacitors is 

usually non-linear energy accumulators, which result in high fluctuations in charging rates at various 

times varying on the current charge rate of a capacitor. This issue was resolved by combining the 

capacitor's parameters and its harvesting circuits that enable it to work on charging roughly linear 

cycles. The design of kinetic powered shoe sole was investigated through conducting experiments with 

ten different subjects. Results demonstrated that the capacitor with sensing features could identify five 



different daily activities with 95 per cent accuracy, whereas using 73 per cent less power than traditional 

movement signals with activity detection [108]. 

 

Advances on self-charging power designs also include radio frequency integrated with a capacitor. 

Radiofrequency is another emerging low energy harvesting technology due to its self-sustainable 

strategy. It can offer limitless energy supply and install in remote areas to power micro/small scale 

technologies [109]. In the study [63], an amplitude modulated (AM) broadcast radio frequency with a 

capacitor was developed for low powered, portable calculators placed 2.5 km apart from the device. 

The highest radio frequency power generated was reached through 10 capacitors with full-wave 6 stage 

Cockcroft–Walton voltage multiplier (CWMC) based on BAT85 diodes with efficiency up to 90.6%. 

This means that the output resistance of the system greatly varies on stage capacitors. The device 

efficiency was measured by evaluating the highest power distributed into the load through its output 

resistance. The device with an output resistance of 1.5 milliohms (MΩ) distributes the highest power of 

62 µW into the calculator. Even though the power rate appeared to be low, it was still capable of 

powering a portable calculator, weather monitoring stations, and LEDs. This study showed that the 

capacitors integrated with low power internet connection sharing eradicate the demand for batteries, 

eliminating the challenges towards developing networks, including the Internet of Things, smart cities, 

and smart skins. Figure 5 shows the proposed structure of AM broadcast radio frequency for energy 

harvesting integrated with capacitor and Cockroft-Walton multiplier [63].  

 

Figure 5: Structure of the energy harvesting system with a variable capacitor. Reproduced with 

permission from [63]. 

 

Another design of radiofrequency harvesting device incorporated with the capacitor was investigated 

in [11076] to improve the output performance. The configuration of the system includes radio frequency 



with an Archimedean spiral antenna and Cockcroft-Walton multiplier circuit. The antenna showed that 

it could function from 350 MHz to 16 GHz with an excellent presentation. The frequency displacement 

in the circuit was modified to consider the various parasitic components of the printed circuit board and 

modules. When the input power was dBm, the produced circuit demonstrated a modified 30 per cent 

efficiency. The capacitor had more than 1.25V charge, which is sufficient to operate a temperature 

sensor. 

 

With modern innovation, a smaller radiofrequency energy harvester incorporated with capacitor energy 

storage and circuits for powering WSN was proposed in the study [111]. The recommended integrated 

circuit includes a low dropout voltage regulator, RF DC rectifier, charge control circuit, and over-

voltage protection circuit. For the direct radiofrequency current, a 6-stage Dickson multiplier was 

applied to enhance the radiofrequency signal received to direct current voltage through utilizing 

MOSFET with a low-threshold voltage. The charging current was increased a few times by applying 

the current mirror for a stable and fast charge with the recommended charge control circuit. Findings 

proved that this system configuration's optimal power conversion efficiency was 40.56 per cent for 1.5 

V output voltage, the input power of −6 dBm, and a load of 30 kΩ.  

 

Recently, microbial fuel cells (MFCs) are also drawing significant attention due to their potential in 

producing renewable energy from organic matter [25]. The integration of an energy harvesting system 

and plant MFC produces a maintenance-free replacement to hazardous batteries. On the other hand, 

there are also a few major difficulties with the system, including low-energy supply, dynamic charging 

rates, and power supply. To further examine MFC's potential for efficient low energy technologies, 

Sung et al. [111] proposed a new design of MFC integrated with energy harvesting circuits, capacitor, 

and power management system. A single power management system (PMS) is attached to a parallel-

connected MFC or single MFC with boosted voltage from 0.2-3.3V, many single PMS are then attached 

in series which improved to 6.6V when using 2 PMS. When one MFC provides low power to the PMS 

in series, the capacitor's voltage reversal happens in the series-connected PMS, not in MFC. However, 

the influences of this reversal are compensated through the advantages of protecting the MFC from 

breakdown. This method can be useful for using MFC and PMS as a power source in electronic systems' 

actual applications. 

 

Many works have been conducted on capacitor's integrated design with high-temperature dielectric 

ceramics, radiofrequency, microbial fuel cells, or low-profile transducer. The efficiency of each 

proposed design showed great potential in terms of charging and output voltage. These designs have 

demonstrated great potential in applications of wearable electronics, wireless sensor networks, 

implantable devices, and weather monitoring stations and LEDs. Moreover, its low cost, high capacity, 



and portability improve the overall value of the technology. Impedance mismatch is the most common 

concern of this technology. 

 

3.2.2. Supercapacitor 

Recent innovations have turned supercapacitors a safer and viable charging alternative [70]. Also, these 

storages have drawn much attention in the energy storage field, primarily due to their long life cycle, 

low maintenance cost, fast charging capabilities, and high power density [112]. 

 

In the past decade, a global drive towards waste management, and researchers are taking advantage of 

by-products in different ways by using it for energy storage and harvesting materials [113]. There are 

many various forms of organic and inorganic waste resources that exist in the environment, which 

resulted in pollution, degradation of ecosystems and human quality life [114]. The capability of the 

supercapacitors with peptide materials is still lagging behind its inorganic counterparts. The long term 

cycling steadiness is an issue, specifically with alkaline or acidic electrolyte, due to catalyzed hydrolysis 

of the peptide bond [112-11685]. To improve peptide supercapacitors' capability, [117-120] introduced 

a novel atomic layer deposition (ALD) to cover the peptide structure with a conformal coating of Co9S8 

to handle a Co9S8 nanoparticles core/shell structure.  

 

In the last few years, there has been growing interest [121] on the topic of self-powered environmental 

sensors incorporated with supercapacitor to monitor and examine environmental situations for safety 

purposes. Zhu et al. [121] designed a self-powered wireless smart sensor node (SSN). The system 

diagram is demonstrated in Figure 6a. Figure 6b shows the configuration and components, including 

supercapacitor, sensors, power conditioning unit, and radiofrequency transmitter. A supercapacitor with 

0.55F utilized 4.5V to offer suitable charging time. It could store 5.57J maximum energy if the input 

voltage were directly connected to the supercapacitor. When the regulator attempted to work before 

achieving the required voltage of 0.9V, this resulted in a regulator dropping its current from the 

supercapacitor at a level that improved with utilized voltage. Thus, the voltage of supercapacitor stops 

increasing further than 0.5V, which requires increasing at 0.9V for the regulator's assured performance. 

To resolve this issue, a cold start circuit which comprises of low-power voltage detector and MOSFET 

was proposed. The results demonstrated that the regulator could effectively switch on and deliver 3.3V 

when the supercapacitor attained to 2V.  



 

Figure 6: Self-powered wireless smart sensor network (a) system diagram (b) arrangement of the 

actual device integrated with sensors, supercapacitor, power conditioning, generator, microcontroller, 

and radiofrequency transmitter [121]. 

 

Studies [122] aim to develop lightweight, flexible full electrode elements to enhance energy storage 

performance for applications including implantable medical devices, portable and wearable electronics, 

smart clothing, and electronic skins. Dubal et al. [122] reviewed the current developments on the 

different cathode and anode elements and innovative cell designs of a flexible supercapacitor. The 

current study found that flexible, supported novel electro-active elements with controlled structural 

design showed great potential towards significant improvement in the electrochemical performance 

with its cycling stability, power densities, and high energy density.  

 

Microbial fuel cell technologies have recently shown great promising features in converting organic 

substrates in wastewater into electricity using a bioelectrochemical [123]. In the study [71], a plant 

micro fuel cell energy harvesting device was incorporated with supercapacitor energy storage, as 

demonstrated in Figure 7. The design was suggested for the application of automatic self-powered WSN 

and cloud-based transfer service. The PM circuit is incorporated with output voltage (VOUT) Select Pin 

1 (VS1) connected to Auxiliary low voltage input (VAUX) and VOUT Select Pin 2 (VS2) to ground (GND), 

delivering a controlled VOUT of 3.3V to the wireless sensor network. This circuit was developed to 

generate and regulate energy for long term applications. Results showed that the technology achieved 

a maximum power of 0.71 V, and power density of 3.5mW/cm, and a current density of 5 mA/cm. Also, 

the phase change microbial fuel integrated with energy harvester enabled an autonomous real-time data 

processing of the internet of things from powered wireless sensor devices. 



 

Figure 7: Conceptual plant micro fuel cell (MFC) energy harvesting system for IoT applications. 

Reproduced with permission from [71]. 

 

Another configuration of MFC was proposed in the work of [25]. The proposed design includes an 

ultra-low power energy harvester for MFCs, and it was intended to use for wide-range wireless 

communication and environmental sensing. To capture useable energy from micro fuel cells, an energy 

harvesting system is required, which can store energy in a supercapacitor and improve the microbial 

fuel cell output voltage. Results showed that the minimum requirement for input power from a micro 

fuel cell to ultra-low-power energy harvester for charging the supercapacitor to 3.3V was merely 2.09 

microwatt (μW), and this is less compared to any other input power recorded for any energy harvesting 

system up to date [25]. 

 

As observed in this subsection, many studies focused on the improvement of inexpensive materials for 

supercapacitors and took advantage of high-performance electrode materials of a supercapacitor using 

waste materials as a precursor. The supercapacitors have very adjustable features of materials, which 

makes them an excellent option for a wide scale of applications with great power demand. This 

technology's main drawbacks are its requirement for series connections to achieve high voltages and 

low energy density compared to the electrochemical energy storage systems. 

 

3.2.3. Thermal energy storage (TES) 



TES systems enable users to store energy generated in the heat or cold state for later applications. These 

systems have been a great contributor to energy efficiency in large-scale applications for decades [124]. 

Recently, there has been increasing attention to energy storage for small scale applications [125].  

 

Nakagawa and Suzuki [126] proposed a highly efficient thermoelectric transducer component for 

sensing and detecting the sewer water level monitoring system. However, this study used a maintenance 

hole cover as the source of heat with PCM. To improve the temperature variation around the 

thermoelectric transducer, a PCM was employed as latent thermal energy storage for storing heat via a 

thermoelectric generator from the maintenance hole cover. Figure 8a shows the structure of the 

thermoelectric generator with phase change material. Figure 8b demonstrates the actual installation of 

thermoelectric equipped to the maintenance hole cover. Figure 8c illustrates the amount of electricity 

produced daily. With 50.4 Joules per day, the standard level of power produced by using paraffin-based 

latent heat is six times higher than natural air-conditioning, which is 7.8 Joules per day. The power 

produced was sufficient to power the wireless sensor unit, which has reached 38 Joules per day while 

working at sensing and transmission intervals of once every 5 minutes.   

 

Figure 8: (a). The thermoelectric unit configuration with phase change material, (b) phase change 

material with the thermoelectric system placed in a manhole cover, (c). The power produced per day 

and comparison between natural air-cooling and heat storage [126] 

 

Similar work was studied in [127]; however, the design was improved to provide a more efficient and 

higher output for thermoelectric transducer integrated with sensible and latent heat energy storage to 



power sensors for monitoring the water level and regulate the power production target required for radio 

transmission and sensing to 38 Joules per day. To produce power, it is highly efficient to position the 

thermal heat storage on the thermoelectric generator's cold side. The experiments' results demonstrated 

the difference between the experimental and simulated data to be within 20 per cent for latent heat and 

sensible heat energy storage devices. According to the simulated results, the average power produced 

was roughly 58.5 Joules per day, which is higher than the expected value of 38 Joules per day.  

 

PCM has also shown a promising performance to satisfy and meet the increasing demands of smart 

thermal energy management and portable thermal energy technologies [128]. The latent heat storage 

system is characterized as energy storage components with excellent performance for several innovative 

residential and industrial use. However, shape-instability and low thermal conductivity in the phase 

change process transition were the major challenges of these materials [128]. Yadav and  Sahoo [125] 

proposed a system that comprises of thermal energy storage with lauric phase change and proven its 

significant development in exergy and energy efficiency for lauric acid phase change material having 

0.4-kilogram mass, which grew by 57.5-68 per cent compared with stearic acid phase change material 

thermal energy storage system incorporated with a diesel engine. This study indicated that lauric acid 

phase change materials could be utilized as thermal heat energy storage for exhaust heat recovery from 

machines at high temperatures and as an alternative for green devices [125].  

 

This study demonstrated the efficiency of latent heat thermal energy storage technology with the phase 

change material and proved to produce a continuous supply of voltage. Also, the study confirmed that 

the proposed design could be utilized in low power applications, including sensors and monitoring 

systems. The main limitation of this technology is low thermal conductivity in the transition of the 

phase change process. 

 

3.2.4. Mechanical energy storage 

This type of energy storage technology utilizes gravitational forces to store energy [129]. It is usually 

used for large-scale applications, for instance, grid support or back up power that requires high power 

for a short period [130]. A compressed air energy storage technology (CAES) is an example of this 

technology. It is well known for promising features of high efficiency, long service life, and at the same 

time protecting the environment [131]. This study is focused on small-scale CAES used in rural off-

grid areas [132]. 

 

Researchers [130-134] have been interested in the CAES system due to its potential to increase round 

trip efficiency and long-life cycle by operating in polygeneration mode, which minimizes pollution and 

energy costs and simultaneously mitigate the relatively low efficiency of this technology. [132] 

investigated a small-scale CAES system by developing a 400L storage tank, and round-trip efficiency 

https://www.sciencedirect.com/topics/materials-science/thermal-conductivity
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Yadav%2C+Chandrmani
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Sahoo%2C+Rashmi+Rekha
https://www.sciencedirect.com/topics/materials-science/thermal-conductivity


as measured by performing various charging and discharging testing. Results have demonstrated that 

the compressor works with almost 62 per cent average efficiency, although the efficiency rating was 85 

per cent, as a result of part-load operation at the charging time. While the charging efficiency showed 

only 32.3 per cent and the remaining 67.7 per cent was converted to heat energy, and with the process 

of storing and using the energy before thermal expansion, it can significantly boost the round-trip 

efficiency.  

 

Alami et al. [133] proposed a smaller form of micro-CAES as compared to early studies. The study 

presented modular CAES technology's structure and testing working at low pressure and intended for 

wind energy applications, specifically in remote areas. Figure 9a demonstrates the system diagram of a 

micro-CAES, while a small micro CAES technology prototype is shown in Fig 9b. The device's 

capabilities were assessed by regulating the discharge from the modular systems that could simply be 

integrated into almost any capacity needed. The study results demonstrated that even when regulating 

the application to the low-pressure area of the device ability (without surpassing 5 bars), the overall 

maximum efficiency achieved 97.6 per cent and 95.6 per cent for the highest mechanical efficiency. 

The low-pressure working condition can store compressed air without temperature increase and offer 

operation flexibility by regulating different modules affixed and working cycles. The system also has 

minimal capital and operational costs and easier to install and use, with off-the-shelf parts [102]. 

 



 

Figure 9: (a) System diagram of a micro-CAES (b) Prototype of micro-CAES [133] 

 

As observed in this study, there are limited recent studies on micro CAES, which causes a great 

challenge for researchers to assess the device's potential. The disadvantage of this technology is that it 

needs high-pressure devices.  

 

4. Assessment of Integrated Design of Low Energy Harvesting, Energy Storage, and Power 

Management  

This assessment is based on recently available studies on the fully integrated self-sustainable technology 

self-charging power unit, which comprises low energy harvesting, energy storage, and power 

management systems. Figure 10a demonstrates the different designs of self-sustainable technology. 

Previous works showed that the technology could simultaneously capture energy using transducers and 

store energy into the energy storage systems. As shown in Figure 10a, the majority of the applications 

were for self-powered sensor networks, followed by LED/bulb light, electronic devices, and wearable 

technologies. The researches with the same configured components were not mentioned twice from the 

summary in Figure 10a.  

 

Figure 10b demonstrates the different types of transducers with power values between 0.27 mW/cm2to 

13.6 mW/cm2, while bulb requires more, roughly 3-13 W. While for energy storage, eight different 

types were used such as a capacitor, super capacitor, li-ion, sodium-ion, nickel-metal hydride, lead-acid 

battery, micro-CAES, and latent heat energy storage. As demonstrated in Figure 10b, the capacitor's 

nominal capacity ranges between 0.22 µF to 100 μF under different conditions for microscale 

applications. While supercapacitors have a greater nominal capacity of around 0.22 F to 100 F. For 

electrochemical energy storage systems such as lead-acid, li-ion, sodium-ion, and NiMH have a nominal 

capacity ranges between 80 to 550 mAh for lower density and 0.15 Ah/g to 2 Ah/g used for higher 

energy density. While for a micro CAES to store 360 Wh, it requires a size of 18 m3 storage reservoir.  

 



As shown in Figure 10b, the power management components and systems typically used in the studied 

researches are buck converter, regulator, microcontroller, full-wave Cockroft Walton multiplier, and 

MPT. These systems have proven to resolve issues on impedance mismatch, efficient charge boosting 

technique, increase productivity, power management circuits that monitor, charge, and maintain energy 

storage performance. In [82], a power management circuit has achieved 90 per cent efficiency and 60 

per cent overall efficiency, which is an excellent enhancement as compared to directly charging.   

It has been observed that there is a lack of recent literature that focused on both the energy harvesting 

system and energy storage. Existing studies have shown more detailed information about the low energy 

harvesting or transducer than the energy storage system, which results in uncertainties about the 

technical data and certain limitations when these systems are combined. More studies must be 

conducted on integrated technologies to further investigate how these devices can efficiently and 

effectively work together. Information about the efficiency of integrated design is very vague and 

limited. Furthermore, the performance, design, and strategy of configured low energy systems and 

energy storage are difficult to assess because of limited sources of data. The energy storage role is 

usually not detailed based on the reviewed research on combined low energy harvesting transducer and 

power management systems. 



 

Figure 10:  Summary of studies on low energy harvesting system incorporated with energy harvesting transducer, power management, and energy storage [25, 

69-70, 75, 87, 92-93, 96-97, 100, 105, 106, 104, 112, 121-122, 126-128, 132-133] 



 

Figure 11 demonstrates the focus or priority of recent studies on the developments of self-sustainable 

technologies.  Since there is a lack of recent literature in the field of the self- self-sustainable technology 

that provided detailed information about the full system, only 30 recent research studies were assessed. 

Other available studies do not provide detailed information about the full system, it is either one of 

energy storage system or low energy harvesting was the focus of the research. According to the 

reviewed studies, the majority were focused on compatibility, low carbon emission, simple structure, 

low cost, and efficiency/distribution networks of the technology. While only 17% of the researches 

were focused on efficient distribution management networks. The technology readiness was not 

discussed from all reviewed studies on the self-sustainable technology. Reasons may be because self-

sustainable technologies are still at an exploratory stage and need more improvement. 

 

 

Figure 11: Priority of reviewed studies (% of studies) on integrated design of low energy harvesting, 

energy storage and power management technologies 

 

In this study, different research methods were used for examining the performance and efficiency of a 

self-sustainable technology. There are 30 reviewed studies on self-sustainable technology topics that 

provided clear results and discussions about the fully integrated design. As shown in Figure 12, most 

studies have relied on theoretical and lab experiment research methods to investigate the performance 

of different integrated designs of low energy harvesting, energy storage, and power management 

technologies. Lab experiments employed transmission electron microscope, scanning electron 

microscopy and high-resolution x-ray diffraction to examine the material properties of proposed 

integrated self-sustainable technologies. While simulation has also been used with a combination of 

either laboratory experiments or field testing for validation. On the other hand, little research was carried 

out for field testing due to the high cost and difficult setup. More field testing is needed to validate novel 

ideas' viability by conducting more realistic and standardized tests. 



 

Figure 12:  Number of the reviewed studies which employed the different research methods for the 

self-sustainable technology  

 

Figure 13 summarized the key issues and challenges experienced with developing the self-sustainable 

technology  in the existing studies. The power or energy loss has been the top challenges encountered, 

mostly due to ineffective integrated circuits and components. There has also been a technical challenge 

with efficiently storing energy harvested from electric energy to an energy storage system; this creates 

low battery current leakage [82]. Also, since energy harvesting technologies have naturally high 

impedance, this design usually experiences a great impedance mismatch, mainly when the energy 

sources are at low frequency. The lifespan of batteries has been one of the concerns for many years, so 

researchers have focused on finding different ways to store energy with a greater life span to avoid 

constant replacements. Also, their disposal creates another problem. High capital cost appears to be one 

reason for the delay in the commercialization of self-sustainable technology . Furthermore, when low 

energy harvesting's output performance is highly boosted, it creates nearly 300 mA short circuit current 

[135]. 
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Figure 13 Percentage of the reviewed studies which observed the key issues and challenges on the 

advancement of a self-sustainable technology  

 

5. Technical Characteristics of Energy Storage Technologies 

Advancements in renewable energy have been the driving force for the continuous development of 

energy storage technologies [33]. The selection of energy storage devices is primarily influenced by the 

technical characteristics of the technologies  [36]. When investigating any energy storage systems' 

technical potential, the common factors that are mainly considered are the energy density, power 

density, self-discharge, lifetime, discharge durations, and response time [136]. Table 3 shows each 

technical features of different available energy storage systems used for micro/small-scale devices. The 

relative advantages and disadvantages of different energy storage technologies used for low power 

devices are shown in Table 4. 

 Table 3: Technical features of reviewed energy storage systems 
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25%
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Power/Energy Loss

Short-Circuit

High Capital Cost
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As detailed in Table 3, Li-ion has a higher energy density compared to standard batteries. Energy 

density depends on the brand, even though it has the same energy storage system  [36]. TES, lead acid, 

NiMH, and micro-CAES have a medium energy density. A low energy density is observed for capacitor 

and supercapacitor but has high power density, which is apt for power quality with fast responses and 

large discharge currents. The highest specific energy is NiMH and for the lowest is capacitor. The 

capacitor and supercapacitor reached the highest percentage (up to 40 percent). These systems can only 

be used for limited cycle intervals in several hours.  

 

Lead acid, TES, capacitor, and supercapacitor have an excellent efficiency of around 65-99 per cent, 

while CAES demonstrated the least efficient among all the energy storage system mentioned. However, 

micro compressed air energy storage has demonstrated a longer life span as compared to others. 

Capacitor and supercapacitor showed the fastest discharge duration and response time, but the 

compressed air energy storage needs more time (1 to 12 hrs) for discharge and 5-15 minutes with the 

response time. 

 

Table 4 shows the relative advantages and disadvantages of different energy storage technologies used 

with low energy harvesting devices. This evaluates each strength and weaknesses, which can serve as 

a guideline for further advancement of energy storage technologies. Also, it can assess which type of 

energy storage technologies are suitable and can easily be integrated and with a low energy harvesting 

system.  

 

 

ES 

Technology 

Energy 

Density 

(Wh/L) 

Power 

Density 

(W/L) 

Specific 

energy 

(Wh/kg) 

Daily Self-

Discharge 

(%) 

Efficiency 

(%) 

Lifetime 

(years) 

Discharge 

time 

Response 

Time 
Reference 

Capacitor 0.05; 2–10 15–4,500 0.05-5 40 75-90 5; 1-10 
milliseconds-
60 minutes 

<millisecon
ds 

[33, 36] 

Super 
Capacitor 

1–35 15–4,500 0.07–85.60 0.46–40 65–99 5–20 
milliseconds-
60 minutes 

<millisecon
ds 

[33, 36, 99, 
131]  

Micro-

CAES 
30–60 - - - 41-75 25–40 1 to 12 h 5–15 min 

[69, 83, 131] 

 

Li-ion 75–250 150–315 - 0.1-0.3 65-75 5-15 
minute to 

hour 
<seconds 

[ 36, 69, 83],  
 

NiMH 38.90 7.80 30-90 0.30 50-80 2-15 
second to 

hour 
seconds [33] 

Lead acid 

30–50 75–300 - 0.1–0.3 75-90 3–15 
second to 

hour 
<seconds 

[69, 83] 

 

50-90 10-700 20-50 0.0333-0.3 70-90 5-15 
second to 

hour 
minutes [131] 

TES 80-120 - - 0.50 
75.00–

90.00 
10-20 1 to 8 hours -  [33, 83] 



 Table 4: Advantages and disadvantages of the reviewed small-scale energy storage technologies 

 

6. Economic Analysis and Environmental Impacts of Energy Storage Technologies 

Table 5 summarized the current developments in the energy storage system from economic and 

environmental perspectives. These analyses can be useful for further developing energy storage 

components for the integrated design of self-sustainable technology.  

 

Table 5: Economic analysis and environmental impact of the energy storage system 

Technology 
Power 

($/kW) 

Energy 

($/kW h) 

Life 

cycle  

Capital 

Cost kWh-

per cycle 

Technology 

Maturity 

Influence on 

environment 
Reference 

Capacitor 200-400 500-1000 - - Commercial Very Low [33,75] 

Reference Type of Energy Storage Advantages Disadvantages 

 

[132-134] 

 

 Capacitor 

 Supercapacitor 

 

 

 

 Fast response time  

 Fast charge time 

 Can charge or discharge several 

times with little loss and minimal 

maintenance  

 Advanced materials used are 

expensive to manufacture 

 High energy dissipation  

 Low energy density  

 

 

[132-134] 

 

 

 Micro-Scale 

Compressed Air  

 

 

 Fast discharging times  

 High energy density  

 High storage capacity  

 No dependence on geographic 

locations 

 Long storage capabilities 

 

 Low efficiency  

 

 

[133-136] 

 

 Lead-acid 

                

 

                 

 

 Mature technology  

 Compact and economical 

 Can easily be integrated with little 

effect on neighboring architecture  

 High sustainability compared to 

other batteries  

 High potential for recycling 

 Fast response time  

 Minimal working life before 

replacement (roughly 1200–

1800 cycles)  

 Slow response times  

 Less specific energy  

 

[133-135] 

 

 

 

 Lithium-ion 

 

 

 

 Matured technology  

 Fast response time  

 

 Can be harmful when at full 

discharged 

 Sensitive voltage operating 

range 

 

 

[137-138] 

 Nickel-Metal 

Hydride 

 

 

 

 Fewer toxic metals  

 Few periodic exercise cycles are 

needed  

 

 

 Considerably less discharge 

current 

 Produces more heat while 

charging 

 Only 500 charges/discharge 

cycles 

 

[139-140] 

 Sodium-ion 

 

 

 Long battery life  

 High power density  

 Low cost  

 Earth-abundant materials  

 High efficiency with more than 

90%  

 High operating temperatures 

 Less mature technology 

 

[141-142] 

 

 Thermal Heat  

 

 High energy density  

 Low volume/weight of material  

 

 Minimal thermal conductivity  

 Minimal discharge and charge 

times  

 Limited operating temperature  

 



Super Capacitor 110-440 330-4430 104-106 2-20 Commercial Very Low [33, 75] 

Micro-CAES 440-1280  11-130 
5 x 103 - 
2 x 104   

2-4 Commercial Low [33, 75] 

Li-ion 220-1990 16-110 700-3000 - Mature High [33, 75] 

NiMH 7.80-588 38.90-300 300-3000 - Mature High  [33] 

Lead-acid 55-330 22-110 200-650 ≈50 Mature High [33, 75] 

Latent Heat TES 200–300 3-88.73 - - Commercial Low [33] 

 

6.1. Capital Cost   

The capital cost of the energy storage component is an important matter to consider in developing a 

self-sustainable technology. Since it is difficult to find detailed information about the capital cost of 

these systems, all mentioned figures are gathered from the review of Sabihuddin [33] and Nguyen [75] 

for small-scale energy storage technologies. As shown in Table 5, the costs are demonstrated in power 

($/kW), energy ($/kW h), and capital cost kWh-per cycle [75]. The per-cycle cost is the cost per unit 

energy divided by the life cycle; this measures the cost of ES in charge or discharge use cycle [75]. The 

capacitor and supercapacitor are suitable for a short duration and high-power density applications. 

However, both are costly in terms of energy storage capacity. CAES is in the low range in terms of 

capital cost.   

 

It is important to note that the capital cost of energy storage technologies could be considerably different 

from the calculations mentioned in Table 5. Reasons may be because of the different size of the system, 

time of production, and breakthroughs in systems. Therefore, this summary must be viewed as an 

exploratory analysis.  

 

6.2. Technology Maturity 

When evaluating the maturity of an energy storage device, a technology maturity model is represented 

by evaluating the technology readiness level (TRL) and market’s stage of development for each energy 

storage system [75]. According to the analyzed research papers, most energy storage systems are ranked 

similarly, and their level of maturity is almost identical to the work of [148]. The technology maturity 

of each device is shown in Table 5. Lead-acid, lithium-ion, NiMH batteries are the matured energy 

storage systems. Therefore, the deployment of these technologies is expected to experience a few 

difficulties with application and operation. These systems are followed by a capacitor, super capacitor, 

latent heat TES and micro-CAES, which have reached their growth and currently commercializing. 

While sodium-ion energy storage technology is less experienced globally and can potentially face 

difficulties during operation [33, 75]. 



 

6.3.  Environmental Impact 

In recent years, the energy storage sector has been aiming to achieve an efficient shift to a low-carbon 

future. The influences of energy storage system on the environment are compared in Table 5. It is 

noticeable that all batteries mentioned below remain to have a strong influence on the environment in 

toxicity. This has been an issue for such a long time, but it is still unresolved. Batteries have been widely 

used in various applications, but few were examined in terms of possible environmental effects for the 

overall life cycle. However, several research types have been conducted to improve efficiency in several 

methods [149]. Due to their rapid growth and production, many batteries of various sizes, types are 

manufactured worldwide, which resulted in several public health and environmental issues [149]. 

However, other forms of energy storage systems have a low environmental impact, such as micro CAES 

and latent heat TES, since these systems do not contain toxic chemicals. The capacitor and 

supercapacitor have a very low impact on the environment [33].  

 

7. Conclusion 

In this study, different configurations of low energy harvesting, energy storage, and power management 

systems have proven to offer continuous, direct current output driven by low frequency from harvested 

energy in random frequency and amplitude. This is efficient for the sustainable operation of self-

powered sensor networks, cloud-based transfer service, portable electronics, LED light, and other low 

power electronic device. The self-sustainable technology is a paradigm shift for a limitless energy 

source that cannot be obtained with only low energy harvesting systems. Moreover, the self-sustainable 

technology is highly beneficial for micro/small device applications positioned in remote areas and 

simultaneously provides great power and energy density with low-cost materials and lower series 

resistance. 

 

Although improvements are achieved with the development of incorporated low energy harvesting and 

energy storage systems, there are still a few issues that need to be considered. These issues include (i) 

The impedance mismatch between a single power system must be addressed. A mismatch of the 

impedance can lead to significant current leakage, which can greatly influence the hybrid systems' final 

output power. The capacities and impedances must meet the output power of low energy harvesting 

technology for high conversion efficiency. Furthermore, there are also challenges with easiness, safety, 

and cost to incorporate these systems. (ii) The power or energy densities of the incorporated systems 

are usually low, and their efficiency decreases with the increasing working time. Also, the life-cycle 

cost is still high for energy storage devices. (iii) No single energy storage technology meets the overall 

demands of an ideal ESS, which have high efficiency, low costs, long lifetime, high density, mature 

and environmentally friendly all in one system. Each of the available energy storage devices is suitable 

for a specific application range. CAES and thermal energy storage are suitable for energy management 



implementations. While capacitors, supercapacitors, and batteries are more suitable for a short duration 

and power quality. Also, batteries are a more promising system for power distribution. (iv) The self-

sustainable technology rarely achieves its optimal performance when it is out of the ideal operating 

conditions (v) High implementation and production cost of low energy harvesting technologies are also 

the significant challenges that hamper the development of the technology.  

 

This study's main challenge is the lack of recent literature that focused on both low energy harvesting 

and energy storage system. The majority of the research available on low energy harvesting systems 

incorporated with energy storage is either focused on one of these topics and not integrated into one 

single device. Existing studies have also shown more detailed information about the low energy 

harvesting or transducer than the energy storage system, which results in uncertainties about the 

technical data and certain limitations when these systems are combined. The role of the energy storage 

is usually not detailed more according to reviewed researches on integrated design. There are only 30 

papers that provided detailed information about the whole self-sustainable technology. It was also found 

that several types of research opted to focus more on large-scale energy systems, particularly power 

networks on power grids, power shaving, and level of support from the government. 

 

8. Recommendations for Future Works 

Further investigation should be carried out on integrated designs of low energy harvesting, energy 

storage, and power management system to investigate whether these devices can efficiently and 

effectively work together. Available information about the efficiency of integrated design is limited. 

Also, there were only a few available studies for energy storage that investigated small-scale energy 

storage applications, while most studies were focused on either medium or large-scale systems. 

Therefore, there is also a need for a detailed examination of small-scale energy storage devices to 

examine the best-suited energy storage for the self-sustainable technology for a particular application 

and situation. On the other hand, little research was carried out for field testing due to the high cost and 

difficult setup location. More field testing is needed to validate novel ideas' viability by conducting 

more realistic and standardized tests. To promote the use of self-sustainable technologies, governing 

bodies should step in by imposing rules and regulations within the market to highlight its benefits. 

Lastly, detailed cost-benefit analysis and environmental impacts must be considered when designing 

the optimal self-sustainable technology. 
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