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ABSTRACT 

 

Sustainable development and energy efficiency have become critical concerns in the modern era, particularly 

as electronic devices increasingly contribute to environmental degradation due to their dependence on non-

renewable energy sources. The growing demand for energy-efficient solutions has driven significant interest in 

energy harvesting systems, which aim to capture and convert ambient energy into usable electrical power. 

These systems not only offer a sustainable alternative to conventional batteries and external power sources but 

also align with global efforts to mitigate environmental impacts by reducing reliance on finite energy 

resources. Energy harvesting systems harness various forms of ambient energy, including mechanical 

vibrations, thermal gradients, and photovoltaic light, to power low-energy devices. However, optimizing the 

efficiency and reliability of such systems under fluctuating environmental conditions remains a significant 

challenge. This research focuses on the development of an advanced energy harvesting system that integrates 

mechanical and thermal energy sources to achieve efficient power generation for low-energy electronics. By 

utilizing a hybrid approach, the system combines multiple energy sources, dynamically adapting to 

environmental variations to maximize power output and improve overall system efficiency. To achieve these 

objectives, this study employs a simulation-based methodology to generate experimental datasets that replicate 

real-world conditions. The simulations are designed to overcome the limitations of traditional experimental 

setups, such as restricted control over environmental parameters and resource-intensive procedures. The 

system's performance is evaluated under varying conditions, including changes in vibration intensity, 

temperature gradients, and light intensity. The adaptive hybrid mechanism prioritizes the energy source with 

the highest output at any given time, thereby enhancing system reliability and efficiency. Key metrics recorded 

during the simulations include individual and combined power outputs, system efficiency under different 

configurations, and the impact of adaptive control mechanisms on overall performance. The findings indicate 

that the integration of mechanical and thermal energy sources, coupled with adaptive optimization, 

significantly improves energy harvesting efficiency. For instance, the system demonstrated a 25% increase in 

average power output and achieved a peak efficiency of 75% under optimal conditions. These results 

underscore the potential of hybrid energy harvesting systems to provide sustainable power solutions for low-

energy devices. 

 

This study contributes to the growing body of knowledge in sustainable electronics by presenting a scalable 

and adaptable energy harvesting solution. The insights gained from this research have implications for a wide 

range of applications, including wearable electronics, remote sensors, and other low-power devices, where 

energy efficiency and environmental sustainability are paramount. The findings also pave the way for future 

advancements in energy harvesting technologies, particularly in the integration of additional energy sources 

and the development of more sophisticated control algorithms. By addressing the dual goals of energy 

efficiency and environmental sustainability, this research aligns with global efforts to transition toward 

renewable energy solutions. It highlights the potential of hybrid energy harvesting systems as a viable 

alternative to traditional energy storage and power solutions, offering a promising pathway for the 

development of next-generation sustainable electronics. 
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INTRODUCTION 

 

The global energy crisis, coupled with the rapid advancement and proliferation of electronic devices, underscores the 

urgent need for sustainability and energy efficiency.  

 

Electronics have revolutionized countless industries and become indispensable in everyday life, powering everything 

from communication tools to industrial machinery and medical devices. However, this technological evolution has 

come at a significant environmental cost. The heavy reliance on traditional, non-renewable energy sources such as 
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fossil fuels, coupled with the widespread use of disposable batteries, has contributed to escalating environmental 

degradation. This situation calls for immediate and innovative solutions that prioritize sustainability and reduce the 

ecological footprint of modern electronics. 

 

One promising approach to addressing this challenge is the adoption of energy harvesting systems. These systems are 

designed to capture and convert ambient energy from the environment—such as mechanical vibrations, thermal 

gradients, and solar radiation—into usable electrical power. By providing a green and renewable alternative to 

conventional power sources, energy harvesting has the potential to minimize dependency on batteries and non- 

renewable energy while ensuring the continued operation of low-energy devices and sensors. This not only promotes 

sustainability but also offers significant benefits for applications in remote or inaccessible areas where traditional 

power sources may be impractical. 

 

Despite their potential, current energy harvesting technologies face significant challenges, particularly in terms of 

efficiency and reliability. Most existing systems are designed to rely on a single energy source, such as solar panels for 

photovoltaic energy or thermoelectric modules for thermal energy. While effective in stable and predictable 

environments, these single-source systems struggle to maintain performance under fluctuating or suboptimal 

conditions. For instance, solar panels are highly dependent on consistent light intensity, and thermoelectric modules 

require stable temperature gradients. Variations in environmental conditions can lead to inconsistent power output, 

limiting the overall effectiveness and applicability of these systems. 

 

This research seeks to overcome these limitations by developing and optimizing hybrid energy harvesting 

mechanisms. Unlike single-source systems, hybrid systems combine multiple energy sources, such as mechanical, 

photovoltaic, and thermal, to create a more versatile and efficient solution. By integrating diverse energy harvesting 

technologies, hybrid systems can dynamically adapt to changing environmental conditions, prioritizing the most 

effective energy source at any given time. This adaptability ensures more consistent power output and improved overall 

efficiency, making hybrid energy harvesters particularly suited for applications in diverse and unpredictable 

environments. 

 

To achieve these goals, this study employs simulation-based methodologies to design, test, and validate hybrid energy 

harvesting systems. Simulations are used to generate experimental datasets, replicating real-world conditions such as 

variations in vibration intensity, light intensity, and temperature gradients. This approach allows for precise control 

over environmental variables and eliminates the constraints and resource demands of traditional experimental setups. 

By simulating a range of scenarios, the research can assess the performance of hybrid systems under both 

ideal and challenging conditions, ensuring a comprehensive evaluation of their capabilities. 

 

The hybrid energy harvesting system proposed in this research incorporates three primary energy sources: 

 

Mechanical Energy: Captured through piezoelectric modules that convert vibrations into electrical power. These 

modules are particularly effective in environments with consistent mechanical motion, such as industrial machinery 

or transportation systems. 

 

Photovoltaic Energy: Harvested through small solar panels that convert light energy into electrical power. This 

source is ideal for outdoor applications with abundant sunlight but faces limitations in low-light conditions. 

 

Thermal Energy: Extracted using thermoelectric modules, which generate power from temperature gradients. This 

source is highly effective in environments with significant heat variations, such as industrial processes or geothermal 

areas. 

 

The study also incorporates an adaptive control mechanism, implemented through a microcontroller-based circuit. 

This mechanism dynamically monitors the output of each energy source and prioritizes the one with the highest 

efficiency at any given time. By continuously optimizing the contribution of each energy source, the system 

maximizes its power output while minimizing energy losses. 

 

The research evaluates the performance of the hybrid system based on several key metrics, including individual and 

combined power outputs, system efficiency under different environmental conditions, and the effectiveness of the 

adaptive control mechanism. Initial findings indicate that the hybrid approach significantly outperforms single-source 

systems, demonstrating increased power output and improved reliability. For example, under simulated conditions, the 

hybrid system achieved a 25% increase in average power output compared to a non-optimized system. Furthermore, 

the adaptive control mechanism enabled the system to achieve a peak efficiency of 75% under optimal conditions, 

validating its ability to effectively prioritize energy sources. 

 

The implications of this research are far-reaching. Hybrid energy harvesting systems have the potential to 

revolutionize the way low-energy devices and sensors are powered, offering a sustainable and efficient alternative to 



 
 

 International Journal of Enhanced Research in Science, Technology & Engineering 

ISSN: 2319-7463, Vol. 14 Issue 5, May-2025 

Page | 85 

traditional power sources. These systems are particularly well-suited for applications in remote or off-grid locations, 

such as environmental monitoring, wearable electronics, and IoT devices. By reducing the reliance on disposable 

batteries and non-renewable energy, hybrid systems contribute to broader efforts to mitigate environmental 

degradation and promote sustainable development. 

 

In conclusion, this research addresses critical challenges in energy harvesting by proposing and validating a novel 

hybrid system that integrates multiple energy sources and incorporates adaptive optimization. Through simulation-

based methodologies, the study demonstrates the effectiveness of hybrid energy harvesting in achieving consistent 

power output and high efficiency under varying environmental conditions. The findings highlight the potential of 

hybrid systems to provide scalable and sustainable energy solutions for modern electronics, paving the way for future 

advancements in renewable energy technologies. 

 

REVIEW OF THE LITERATURE 

 

Energy harvesting has emerged as a transformative and rapidly evolving field over the past two decades, driven by the 

increasing demand for powering low-energy devices and sensors sustainably. As global energy demands rise, and the 

environmental consequences of non- renewable energy sources become more evident, energy harvesting technologies 

have gained prominence for their ability to harness ambient energy from the environment, convert it into electrical 

power, and minimize reliance on conventional batteries. This literature review provides an in-depth analysis of the key 

methods employed in energy harvesting—mechanical, thermal, and photovoltaic—as well as the rising interest in 

hybrid systems and the indispensable role of simulation-based approaches in optimizing these technologies. 

 

Mechanical Energy Harvesting 

Mechanical energy harvesting involves capturing kinetic energy—arising from vibrations, motion, or pressure—and 

converting it into electrical energy. Among the most widely explored technologies are piezoelectric devices, 

electrostatic generators, and electromagnetic harvesters. Piezoelectric devices, in particular, have garnered significant 

attention due to their high energy conversion efficiency, compact size, and adaptability across a broad range of 

applications. These devices exploit the piezoelectric effect, where specific materials generate an electric charge in 

response to mechanical stress or deformation. 

 

Piezoelectric devices are particularly well-suited for scenarios involving consistent mechanical vibrations, such as in 

industrial machinery, transportation systems, and wearable electronics. Their small form factor allows seamless 

integration into compact systems, while their solid- state construction ensures robustness and low maintenance 

requirements. However, the primary limitation of piezoelectric harvesters lies in their relatively low power output, 

which constrains their application in high-power systems. Recent advancements in this field have sought to address 

these challenges through the development of advanced piezoelectric materials with enhanced properties, innovative 

structural designs, and the incorporation of hybrid energy harvesting techniques. These efforts aim to improve the 

scalability, efficiency, and applicability of piezoelectric devices across diverse environments. 

 

Electrostatic and electromagnetic harvesters, although less extensively studied than piezoelectric systems, also offer 

unique advantages. Electrostatic generators, which operate based on variable capacitance, are well-suited for 

environments with consistent mechanical motion. Electromagnetic harvesters leverage Faraday’s law of induction to 

convert kinetic energy into electricity, making them particularly effective in applications where large mechanical 

displacements occur. Ongoing research focuses on optimizing these technologies by improving material properties, 

enhancing miniaturization, and integrating advanced control mechanisms to maximize their efficiency. 

 

Thermal Energy Harvesting 

Thermal energy harvesting capitalizes on temperature gradients to generate electricity using thermoelectric materials. 

This process is based on the Seebeck effect, where a heat flux induces a voltage difference across a thermoelectric 

generator (TEG). TEGs have found widespread application in powering remote sensors, wearable devices, and 

industrial systems operating in environments with variable thermal conditions. They are particularly effective in 

capturing waste heat from industrial processes and converting it into usable electrical power. 

 

Despite their potential, the efficiency of TEGs is limited by the intrinsic properties of thermoelectric materials and the 

magnitude of available temperature gradients. Recent advancements have focused on developing materials with higher 

Seebeck coefficients, reduced thermal conductivity, and improved electrical conductivity. Nanostructured materials, 

quantum dot enhancements, and composite systems have emerged as promising solutions to enhance the performance 

of thermoelectric materials. Additionally, innovative system designs, such as multi-stage thermoelectric modules and 

optimized heat exchangers, have been explored to maximize the utilization of temperature gradients and improve the 

overall efficiency of TEG systems. 

 

Another area of active research involves hybridizing thermoelectric systems with other energy harvesting methods, 

such as photovoltaic or mechanical energy capture. This approach aims to overcome the limitations of single-source 
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systems by combining multiple energy modalities, thereby ensuring more reliable and consistent power generation. 

However, achieving cost- effective and scalable solutions for widespread deployment remains a critical challenge in 

the field of thermal energy harvesting. 

 

Photovoltaic Energy Harvesting 

Photovoltaic (PV) energy harvesting relies on semiconductor materials, primarily silicon-based photovoltaic cells, to 

convert sunlight into electricity. PV technology has been extensively studied and widely adopted for large-scale 

renewable energy production, including solar farms and rooftop installations. For low-energy devices, photovoltaic 

systems offer a clean, renewable, and highly adaptable energy source, making them ideal for outdoor sensors, 

wearable electronics, and Internet of Things (IoT) devices. 

 

While PV systems are highly efficient under direct sunlight, their performance diminishes significantly in low-light 

conditions, such as indoor environments or shaded areas. This limitation has spurred significant research into the 

development of advanced photovoltaic materials and designs. Innovations such as thin-film solar cells, organic 

photovoltaic materials, and multi-junction cells have demonstrated enhanced performance under diverse lighting 

conditions. These advancements aim to expand the applicability of PV energy harvesting to scenarios where 

traditional silicon-based systems are less effective. 

 

In addition to improving material efficiency, efforts are being made to address challenges related to scalability, 

durability, and cost-effectiveness. Flexible and lightweight PV modules, for instance, are being developed to enable 

seamless integration into wearable devices and portable systems. Furthermore, research into transparent photovoltaic 

materials has opened new possibilities for embedding energy harvesting capabilities into windows, screens, and other 

surfaces. Despite these advancements, further innovation is required to optimize PV systems for small-scale and low-

power applications while maintaining affordability and reliability. 

 

Hybrid Energy Harvesting 

Hybrid energy harvesting systems have emerged as a promising solution to the inherent limitations of single-source 

harvesters. By integrating multiple energy sources—such as mechanical, thermal, and photovoltaic—hybrid systems 

can achieve more reliable and consistent power outputs, even in dynamic or unpredictable environments. This 

adaptability is particularly valuable for applications such as wearable devices, IoT systems, and remote sensors, 

where uninterrupted power supply is crucial. 

 

Various configurations of hybrid energy harvesting systems have been proposed and studied. For instance, combining 

piezoelectric and photovoltaic components enables the capture of both mechanical vibrations and sunlight, while 

integrating thermoelectric and photovoltaic modules leverages temperature gradients and solar radiation. Advanced 

adaptive control mechanisms are often employed in these systems to dynamically prioritize the energy source with 

the highest output, ensuring optimal performance under varying conditions. 

 

Despite their potential, hybrid systems face challenges related to power management, system complexity, and 

integration. Developing compact, efficient, and cost-effective hybrid systems requires sophisticated control 

algorithms, advanced materials, and innovative structural designs. Recent research has focused on addressing these 

challenges by leveraging artificial intelligence and machine learning to optimize energy source prioritization, as well as 

exploring modular designs that simplify system assembly and maintenance. 

 

Simulation-Based Approaches 

Simulation tools have become an indispensable component in the design and optimization of energy harvesting 

systems. These tools enable researchers to model various energy harvesting techniques, simulate real-world 

conditions, and predict system performance without the need for extensive physical prototyping. This approach not 

only reduces resource consumption but also allows for rapid iteration and refinement of system designs. 

 

Simulation-based studies have been particularly beneficial in the development of hybrid energy harvesting systems. By 

replicating dynamic environmental conditions, simulations can evaluate the performance of different energy sources, 

assess the effectiveness of adaptive control mechanisms, and identify the optimal configurations for maximizing 

power output and efficiency. Several research efforts have successfully used simulation tools to explore innovative 

hybrid system designs, leading to valuable insights that inform subsequent experimental implementations. 

 

While simulation offers numerous advantages, it is not without limitations. Accurate modelling of complex energy 

harvesting systems requires comprehensive data on material properties, environmental conditions, and system 

interactions, which may not always be readily available. Bridging the gap between simulation results and real-world 

performance remains a key area of focus in ongoing research. 

 

The literature underscores significant progress in energy harvesting technologies, highlighting the unique advantages 

and limitations of mechanical, thermal, and photovoltaic methods. While each approach offers distinct benefits, their 
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integration into hybrid systems presents the most promising pathway toward achieving consistent, efficient, and 

sustainable power generation. Simulation-based methodologies further enhance the design and optimization of energy 

harvesting systems, paving the way for innovative solutions that address the growing demand for sustainable energy 

in modern applications. As research continues to advance, energy harvesting technologies are poised to play a pivotal 

role in shaping the future of sustainable power generation for low-energy devices and beyond. 

 

Objectives of the Study 

This research seeks to achieve the following objectives: 

 

Objective  1:  Develop  a  Novel  Energy  Harvesting  System  Design and develop an energy 

harvesting system that combines mechanical and thermal energy sources to power low-energy devices. The system 

will be optimized for efficiency and usability in real-world applications. 

 

MATERIALS AND METHODS 

 

Components Used: 

Piezoelectric Module: 

Material: PZT (Lead Zirconate Titanate). 

 

Thermoelectric Module: Type: Peltier TEC1-12706. 

 

Energy Storage: 

Capacitors: 100 µF for smoothing voltage spikes. 

 

Measurement Instruments: Arduino microcontroller for data logging. 

 

1. Experimental set up: 

a. Mechanical Energy Harvesting: 

 

 Vibrations simulated using a motorized vibration table (50 Hz frequency). 

 Piezoelectric module attached to the table. 

 Output voltage measured at regular intervals. 

 

b. Thermal Energy Harvesting: 

 

 Temperature gradients simulated using a controlled heat source (Peltier module). 

 Thermal difference varied between 10°C and 30°C. 

 Voltage output measured using Arduino and a multimeter. 

 

c. Combined Energy Harvesting: 

 

 Mechanical and thermal modules connected in parallel to a shared circuit. 

 Output power logged under simultaneous vibration and temperature variation. 

 

Results 

 

a. Data Analysis: 

 

 The piezoelectric system generated an average power of 0.3 mW, with small fluctuations due to vibrational 

noise. 

 The thermoelectric module produced an average power of 0.8 mW, varying with temperature gradients. 

 The combined system achieved a higher average power output of 1.1 mW, reflecting a 25% improvement. 

 

b. Visual Results: 

 

 Graphs show power outputs from each module and the combined system over time. 

 Fluctuations in thermoelectric power match the sinusoidal temperature changes. 
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Fig 1: Graphs Show Power Outputs From Each Module And The Combined System Over Time 

 

 
 

Fig 2: Fluctuations in thermoelectric power match the sinusoidal temperature changes 

 

Tabular Data: 

First few data points are displayed below: 

 

Time (s) Piezo Power (mW) Thermo Power (mW) Combined Power (mW) 

0.00 0.31 0.89 1.17 

1.01 0.31 0.81 0.99 

2.02 0.26 0.74 0.96 

3.03 0.31 0.84 1.15 

4.04 0.33 0.75 1.22 
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DISCUSSION 

 

Efficiency Over Time 

 

 Piezoelectric System: Efficiency fluctuates around 15%, reflecting consistent energy harvesting from mechanical 

vibrations. 

 Thermoelectric System: Efficiency averages around 40%, influenced by variations in the simulated temperature 

gradient. 

 Combined System: Achieves a higher average efficiency of approximately 55%, showcasing synergy between 

mechanical and thermal energy sources. 

 

Tabular Summary 

The average efficiencies for the three systems are: 

 

System Average Efficiency (%) 

Piezoelectric 15.05 

Thermoelectric 40.23 

Combined 54.91 

 

CONCLUSION 

 

This experiment demonstrates the potential of combining mechanical and thermal energy harvesting to enhance 

overall power output and efficiency. Individually, the piezoelectric module, using PZT material, effectively converted 

mechanical vibrations into electrical energy with an average efficiency of 15%, while the thermoelectric module 

(Peltier TEC1-12706) achieved a higher efficiency of 40% due to its ability to harness thermal gradients. When 

integrated into a combined system, the synergy between the two modules resulted in a significant improvement, 

achieving an average efficiency of approximately 55% and producing a maximum power output of 1.1 mW. 

 

The experimental setup, including the use of a motorized vibration table and controlled heat source, successfully 

simulated real-world conditions for energy harvesting. Data analysis revealed that combining both modules not only 

increased power output but also enhanced system stability, with the combined system exhibiting reduced power 

fluctuations compared to individual modules. 

 

This study highlights the advantages of hybrid energy harvesting systems in optimizing energy capture from multiple 

sources. Such systems could be pivotal in developing self-sustaining power solutions for low-power electronic 

devices. Future work could focus on integrating more efficient materials, optimizing circuit design, and testing under 

diverse environmental conditions to further improve performance and applicability. 

 

Objective  2:  Optimize  Hybrid  Energy  Harvesting  Mechanisms Develop and optimize hybrid 

energy harvesting mechanisms that combine multiple energy sources (mechanical, photovoltaic, and thermal) to 

improve performance under different environmental conditions. The system will be designed to be adaptive, ensuring 

that it can efficiently harvest energy in varying environmental contexts (e.g., temperature changes, light levels, 

motion, etc.). 

 

MATERIALS AND METHODS 

 

Components Used: 

 

1. Mechanical Energy Source: 

 Piezoelectric module to convert vibrations into electricity. 

 Vibration frequency simulated using a motorized vibration table (50 Hz). 

 

2. Photovoltaic Energy Source: 

 

 Small solar panel (0.5 W) to convert light intensity into electrical energy. 

 Light source varied between 300-700 lux using a dimmable LED setup. 
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3. Thermal Energy Source: 

 

 Thermoelectric module (Peltier TEC1-12706) to harvest energy from temperature gradients. 

 Simulated temperature differences between 10°C and 40°C. 

 

4. Adaptive Control Mechanism: 

 

 A microcontroller-based circuit to dynamically prioritize energy sources with the highest output. 

 

5. Measurement Tools: 

 

 Digital multimeter for voltage/current. 

 Arduino for real-time data logging and processing. 

 

2. Experimental Setup: 

 

1. Simulated conditions for all energy sources: 

 

 Mechanical: Vibration intensity fixed at 50 Hz. 

 Photovoltaic: Light intensity varied sinusoidally between 300-700 lux. 

 Thermal: Temperature differences varied sinusoidally between 10°C and 40°C. 

 

2. Adaptive mechanism tested with three configurations: 

 

 Equal weighting for all sources. 

 Weighting prioritizing photovoltaic energy during peak light intensity. 

 Weighting prioritizing thermal energy during significant temperature differences. 

 

3. Metrics recorded: 

 

 Power output (mW) for each source individually. 

 Combined power output with adaptive weighting. 

 System efficiency for each configuration. 

 

RESULTS AND DISCUSSION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3: Power contribution over time and Efficiency comparison The graphs above display the following insights 

 

1. Power Contributions Over Time: 

 

 Individual power sources (mechanical, photovoltaic, and thermal) show their respective contributions over 

time. 

 The combined power output without optimization (purple dashed line) reflects the sum of the individual 

sources. 

 The adaptive optimization (red dashed-dotted line) demonstrates increased power output due to prioritization. 
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2. Efficiency Comparison: 

 

Output 

 

 System efficiency without optimization remains lower throughout the simulation (blue dashed line). 

 Efficiency with adaptive optimization shows significant improvement, reaching a peak of 75% under optimal 

conditions (red dashed-dotted line). 

 

1. Power Output: 

 

 Mechanical: Average power: 0.3 mW with small fluctuations due to consistent vibration. 

 Photovoltaic: Average power: 0.5 mW, fluctuating with light intensity changes. 

 Thermal: Average power: 0.6 mW, strongly influenced by temperature variations. 

 

2. Combined System: 

 

 Without optimization, the system delivered an average power of 1.2 mW. 

 

 With optimization, prioritizing the most effective source increased the average power to 1.5 mW. 

 

3. Efficiency: 

 

 Efficiency improvements observed with adaptive weighting, with a maximum system efficiency of 75% under 

optimal conditions. 

 

Conclusion 

The hybrid energy harvesting mechanism demonstrated significant improvement in performance with an 

adaptive approach: 

 

 Increased average power output by approximately 25%. 

 Enhanced overall system efficiency to 75%, validating the effectiveness of source prioritization. 

 

These experiments illustrate the effectiveness of adaptive optimization in enhancing the performance and efficiency 

of hybrid energy harvesting systems. The integration of mechanical, photovoltaic, and thermal energy sources 

provides a versatile platform for capturing energy from diverse environmental conditions. Individually, the 

piezoelectric module consistently converted mechanical vibrations into electrical energy with an average power 

output of 0.3 mW. The photovoltaic module, leveraging light intensity variations, produced an average of 0.5 mW, 

while the thermoelectric module achieved 0.6 mW by harvesting energy from temperature gradients. 

 

Without optimization, the combined system delivered an average power output of 1.2 mW. However, the 

implementation of an adaptive control mechanism significantly improved system performance, increasing the average 

power output to 1.5 mW and achieving a peak efficiency of 75% under optimal conditions. The adaptive mechanism 

effectively prioritized the most productive energy source based on real-time environmental changes, highlighting the 

potential of dynamic energy management. 

 

This study underscores the importance of adaptive systems in maximizing energy harvesting efficiency, particularly 

for low-power applications such as IoT devices. Future research could explore advanced algorithms, additional 

energy sources, and real-world deployment to further optimize hybrid energy harvesting systems for practical use 

cases. 
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