
~ 28 ~ 

International Journal of Electronics and Microcircuits 2024; 4(1): 28-30 

 
 
E-ISSN: 2708-4507 
P-ISSN: 2708-4493 
IJEM 2024; 4(1): 28-30 
© 2024 IJEM 
www.microcircuitsjournal.com 
Received: 03-01-2024 
Accepted: 07-02-2024 
 
Angela Keszeliová  
Institute of Electronics and 
Photonics, Slovak University 
of Technology, Bratislava, 
Slovakia 
 
Anita Kleinová 
Institute of Electronics and 
Photonics, Slovak University 
of Technology, Bratislava, 
Slovakia 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Correspondence 
Angela Keszeliová  
Institute of Electronics and 
Photonics, Slovak University 
of Technology, Bratislava, 
Slovakia 

 
Progress in circuit technologies for enhanced energy 

harvesting systems 
 

Angela Keszeliová and Anita Kleinová 
 
Abstract 
In recent years, the quest for sustainable and autonomous power sources has intensified, driving 
significant advancements in energy harvesting technologies. Energy harvesting, the process of 
capturing and converting ambient energy sources into usable electrical power, presents a promising 
pathway to meet the growing energy demands of various applications, including Internet of Things 
(IoT) devices, wearable technology, and remote sensors. Central to the efficiency and effectiveness of 
these energy harvesting systems are the circuit technologies that manage and convert harvested energy. 
This paper provides a comprehensive review of the progress in circuit technologies designed to 
enhance the performance of energy harvesting systems. We delve into the evolution of these 
technologies, highlighting breakthroughs in material science, microelectronics, nanotechnology, and 
design methodologies that have led to the development of circuits that are more efficient, smaller, and 
capable of operating with lower power consumption than ever before. By showcasing recent 
advancements and emerging trends, this review not only charts the current landscape but also identifies 
challenges and limitations that persist in scaling and optimizing these technologies. Furthermore, we 
explore future directions for research and development, underscoring the interdisciplinary efforts 
required to push the boundaries of what is possible in energy harvesting circuit technologies. Through 
this exploration, the paper aims to illuminate the path forward for researchers and practitioners alike, 
emphasizing the critical role of innovative circuit solutions in realizing the full potential of energy 
harvesting technologies for a more sustainable future. 
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Introduction 
In the contemporary landscape of technological advancement, the quest for sustainable and 
autonomous energy solutions has emerged as a pivotal challenge, particularly in the face of 
escalating environmental concerns and the exponential growth of portable electronic devices, 
including Internet of Things (IoT) devices, wearable technology, and remote sensing 
applications. Energy harvesting, the process of capturing ambient energy from sources such 
as light, heat, motion, and electromagnetic fields, and converting it into usable electrical 
power, has been identified as a promising solution to address this challenge. However, the 
realization of this potential critically hinges on advancements in circuit technologies, which 
play a foundational role in maximizing the efficiency and effectiveness of energy conversion 
and management within these systems (Li D, et al. 2022) [1], (Zhu J, et al. 2020) [2]. 
The primary objective of this paper is to comprehensively review and synthesize the progress 
in circuit technologies that have significantly enhanced the capabilities of energy harvesting 
systems. This review aims to delineate the evolutionary trajectory of these technologies, 
from initial concepts and traditional designs to the latest innovations and future prospects. It 
seeks to illuminate the key breakthroughs in materials science, microelectronics, 
nanotechnology, and design methodologies that have led to the development of more 
efficient, compact, and adaptable circuit solutions, capable of operating across a broader 
spectrum of ambient energy sources and conditions. Central to our discussion is the 
exploration of how these technological advancements have translated into improved 
performance and broader applicability of energy harvesting systems. We endeavor to 
showcase the transformative impact of advanced circuit technologies through case studies 
and application scenarios, highlighting their role in enabling more sustainable and self-
sufficient electronic devices. Moreover, this review critically examines the challenges and 
limitations that continue to constrain the scalability and efficiency of these technologies 
(Calautit K, et al. 2021) [3], (Bougas ID, et al. 2024) [4].  
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By identifying existing gaps and areas requiring further 
research, we aim to outline a roadmap for future 
advancements in the field. This includes a discussion on 
emerging trends, potential breakthroughs, and the 
interdisciplinary collaboration necessary to overcome 
current barriers and unlock new possibilities in energy 
harvesting. In doing so, the paper aspires to serve as a 
valuable resource for researchers, engineers, and 
practitioners engaged in the development of energy 
harvesting technologies, offering insights that could catalyze 
further innovation and application in this rapidly evolving 
field. Ultimately, by advancing circuit technologies for 
enhanced energy harvesting, we move closer to realizing a 
future where electronic devices can harness the power of 
their environment, leading to a more sustainable and 
technologically empowered society (Chen D, et al. 2023) [6].  
 
Objective of the study 
The main objective of this study is to understand the 
Progress in Circuit Technologies for Enhanced Energy 
Harvesting Systems. 
 
Background 
Energy harvesting emerges as a transformative solution 
amidst the global push for sustainability and the burgeoning 
demand for portable and remote electronic devices. This 
technology ambitively seeks to capture ambient energy from 
sources like solar, thermal, vibrational, and electromagnetic 
fields, offering a promising alternative to conventional 
power supplies and batteries. The appeal of energy 
harvesting lies in its potential to power devices 
autonomously, reducing environmental impact and 
enhancing device longevity and portability. 
Central to the success of energy harvesting systems is the 
development of efficient and innovative circuit 
technologies. These circuits are pivotal for converting 
harvested energy into usable electrical power, addressing 
the challenges of low power output and intermittent energy 
availability inherent in ambient sources. Traditional circuit 
designs often grappled with inefficiencies, limited by 
materials and fabrication techniques available at the time. 
However, recent advances in materials science, 
microelectronics, and nanotechnology have spurred 
significant progress, enabling the creation of circuits that are 
more efficient, adaptable, and capable of operating in a 
wider range of conditions (Selvan KV, et al. 2016) [5]. 
The progression of circuit technologies for energy 
harvesting is not just a matter of technical curiosity but a 
critical endeavor with wide-ranging implications for the 
future of electronic devices and systems. As the demand for 
sustainable, autonomous power solutions grows, the 
importance of advancing these technologies becomes 
increasingly evident, highlighting the need for continued 
innovation and research in this dynamic field. 
 
Review of Energy Harvesting Technologies 
The domain of energy harvesting encompasses a variety of 
technologies designed to capture energy from different 
ambient sources, including solar, thermal, mechanical 
(vibrational), and electromagnetic. Each source offers 
unique challenges and opportunities for conversion into 
electrical energy, necessitating specialized circuit 
technologies and strategies. This review explores these 
diverse energy harvesting technologies, their operational 

principles, and the advancements that have enhanced their 
efficiency and applicability. 
 
Solar Energy Harvesting 
Solar energy harvesting utilizes photovoltaic cells to convert 
sunlight into electricity. The efficiency of solar harvesters is 
contingent on the photovoltaic materials used and the design 
of the solar cells, which have seen significant improvements 
over the years. Innovations such as multi-junction solar 
cells, thin-film technologies, and flexible photovoltaic 
materials have expanded the application possibilities of 
solar energy harvesting, from powering satellite systems to 
integrating with wearable devices. 
 
Thermal Energy Harvesting 
Thermal energy harvesting exploits temperature gradients to 
generate electricity, primarily through thermoelectric 
generators (TEGs). TEGs convert thermal energy into 
electrical energy using the Seebeck effect. Advances in 
materials science, particularly in the development of 
materials with higher thermoelectric figures of merit (ZT), 
have significantly improved the efficiency of thermal 
harvesters. The integration of novel materials like 
skutterudites, clathrates, and quantum dots has been a game-
changer for thermal energy harvesting technologies. 
 
Vibrational (Mechanical) Energy Harvesting 
Vibrational energy harvesting captures energy from ambient 
mechanical vibrations, typically using piezoelectric, 
electromagnetic, or electrostatic transducers. Piezoelectric 
harvesters, which convert mechanical stress into electrical 
energy, have benefitted from the development of new 
piezoelectric materials and optimized device geometries. 
Electromagnetic harvesters, on the other hand, leverage 
magnetic fields to generate electricity and have seen 
advances in miniaturization and efficiency. Electrostatic 
harvesters, utilizing variable capacitors, have also evolved 
with improved energy storage and conversion mechanisms. 
 
Electromagnetic Energy Harvesting 
Electromagnetic (RF) energy harvesting captures energy 
from radio waves and other electromagnetic sources. This 
technology is particularly relevant for powering low-energy 
devices in urban environments, where ambient RF energy is 
abundant. Advances in antenna design, low-power circuitry, 
and rectenna (rectifying antenna) efficiency have 
significantly enhanced the capability to harvest RF energy, 
even from sources like Wi-Fi signals and broadcast 
transmissions (Mateu L, et al. 2005) [7]. 
 
Advances in Circuit Technologies 
The evolution of circuit technologies has been pivotal in 
enhancing the performance and efficiency of energy 
harvesting systems. Recent advances in circuit design, 
materials, and methodologies have addressed previous 
limitations, leading to significant improvements in power 
conversion, energy management, and the miniaturization of 
components. This section highlights key technological 
advancements that have propelled circuit technologies 
forward in the context of energy harvesting. 
 
Energy-Efficient Power Conversion Circuits 
Power conversion circuits are critical for transforming the 
harvested energy into a form usable by electronic devices. 
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Recent innovations have focused on increasing the 
efficiency of these circuits, especially under low-power 
conditions typical of ambient energy sources. Advances 
include ultra-low power voltage rectifiers, which are 
essential for RF and piezoelectric energy harvesting, and the 
development of more efficient DC-DC converters that can 
operate with minimal energy losses. 
 
Maximum Power Point Tracking (MPPT) 
MPPT techniques have seen substantial advancements, 
allowing energy harvesting systems to optimize the power 
output from variable ambient energy sources. Modern 
MPPT circuits are capable of rapidly adjusting to changes in 
environmental conditions (such as varying levels of sunlight 
or temperature gradients) to continuously harvest maximum 
energy. The integration of adaptive and intelligent MPPT 
algorithms into circuit designs has significantly improved 
the overall efficiency and reliability of energy harvesting 
systems (Priya S, et al. 2017) [8]. 
 
Energy Storage and Management 
The integration of advanced energy storage and 
management circuits has enhanced the capability of energy 
harvesting systems to store surplus energy and manage 
power delivery to the load. Innovations in this area include 
the development of supercapacitors and thin-film batteries 
with higher energy densities and faster charging capabilities. 
Furthermore, energy management ICs (integrated circuits) 
have become more sophisticated, incorporating features like 
charge control, power routing, and energy buffering to 
ensure stable power supply and extend the lifetime of the 
storage elements. 
 
Flexible and Wearable Electronics 
The push towards flexible and wearable electronics has 
driven advancements in the design and fabrication of 
flexible circuit technologies. These include the development 
of stretchable conductive materials and flexible substrates, 
allowing circuitry to be integrated into textiles or worn on 
the skin. Such advances are crucial for energy harvesting 
applications in wearable technology, where flexibility and 
comfort are paramount. 
 
Low-Power and Autonomous Operation 
Circuit technologies have evolved to enable lower power 
consumption and autonomous operation, essential for 
remote sensing and IoT applications. Innovations in 
semiconductor materials, such as the use of gallium nitride 
(GaN) and silicon carbide (SiC), have led to the creation of 
circuits that can operate at lower voltages with higher 
efficiency. Moreover, advancements in low-power sensing, 
communication, and processing circuits have facilitated the 
development of energy harvesting systems that can operate 
independently for extended periods. 
 
Integration and Miniaturization 
Significant progress has been made in the integration and 
miniaturization of circuit components, driven by advances 
in microfabrication and nanotechnology. These 
developments have allowed for the production of compact, 
integrated energy harvesting modules that combine power 
conversion, energy storage, and management functionalities. 
Such miniaturization not only reduces the footprint of 
energy harvesting systems but also opens up new 

possibilities for their incorporation into a wider range of 
devices and applications. 
 
Conclusion 
The conclusion for a paper on "Progress in Circuit 
Technologies for Enhanced Energy Harvesting Systems" 
could encapsulate the significant strides made in circuit 
design and technology, aiming to optimize energy 
harvesting from various sources. This might highlight the 
development of more efficient, compact, and versatile 
circuit solutions that have expanded the potential 
applications of energy harvesting systems in a wide range of 
environments and devices. Key advancements could include 
innovations in material science, microfabrication 
techniques, and integration strategies that have led to the 
creation of circuits capable of capturing, converting, storing, 
and managing power more effectively than ever before. 
Additionally, it could discuss the implications of these 
advancements for sustainable energy solutions, the potential 
reduction in dependency on traditional power sources, and 
the pathways opened for future research and development in 
the field. This conclusion would likely stress the importance 
of interdisciplinary collaboration and the ongoing need for 
investment in research to address remaining challenges, 
such as improving energy conversion efficiencies, 
expanding the range of harvestable energy sources, and 
developing more robust systems capable of operating in 
harsh or variable conditions. 
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