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The pervasive deployment of Internet of Things (IoT) 

devices—spanning smart cities, environmental monitoring, 

industrial automation, and healthcare—poses formidable 

challenges for sustainable power supply. Traditional battery 

dependency restricts lifespan, increases maintenance, and 

contributes to environmental burdens. Energy harvesting 

(EH)—the capture and conversion of ambient energy into 

usable electrical power—offers an attractive alternative to 

extend operational autonomy of low-power IoT devices. This 

comprehensive study reviews state-of-the-art EH techniques 

including photovoltaic (solar), thermoelectric, piezoelectric, 

radio frequency (RF), triboelectric, and hybrid systems; 

presents a methodology for cross-comparative evaluation; 

analyzes integration challenges such as energy intermittency 

and storage; and demonstrates prototype performance metrics. 

Results indicate that multi-source hybrid harvesters coupled 

with advanced power management offer the most resilient and 

high-efficiency solutions for battery-less or battery-assisted IoT 

nodes. Key implications for ultra-low-power circuit design, 

reliability, and future research directions—such as 

nanogenerators and integrated power path management—are 

discussed. 

Keywords: Energy harvesting, Internet of Things, low-power 

IoT devices, photovoltaic, piezoelectric, RF harvesting, hybrid 
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1. INTRODUCTION 

1.1 Background and Challenges in IoT Powering 

The Internet of Things (IoT) ecosystem projects billions of interconnected sensors and 

actuators that continuously collect, transmit, and process environmental and system data. These 

low-power devices enable transformative applications in smart infrastructure, precision 

agriculture, healthcare monitoring, and industrial automation. However, power supply 

constraints—particularly the limited lifespan of conventional batteries—pose persistent 

challenges for widespread, maintenance-free IoT deployment. Traditional battery replacement 

is labor-intensive, costly, and environmentally problematic, especially in remote locations 

where access is constrained. 

http://jet-ep.com/index.php/jetep/article/view/31
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Energy harvesting (EH)—also known as energy scavenging—is the process of converting 

ambient environmental energy into electrical energy to power low-power electronics. EH 

technologies exploit ubiquitous sources such as sunlight, temperature gradients, mechanical 

vibrations, and ambient RF signals. The harvested energy, though typically small in magnitude, 

can sustain ultra-low-power microcontrollers, wake-on-event radios, and intermittent sensing 

tasks typical in IoT applications.  

 

1.2 Rationale and Objectives 

The objective of this research is to provide a comprehensive analysis and evaluation of 

existing and emerging energy harvesting techniques suited to low-power IoT devices, 

including: 

1. Critical review of EH techniques (solar, thermoelectric, piezoelectric, RF, and hybrid 

systems). 

2. Evaluation of performance metrics (power density, efficiency, intermittency, 

reliability). 

3. Description of integration frameworks and power management strategies. 

4. Quantitative comparison and identification of best-fit techniques for typical IoT use 

cases. 

5. Discussion of challenges, future research directions, and emerging technologies such 

as nanogenerators. 

 

2. LITERATURE REVIEW 

2.1 Principles and Classification of Energy Harvesting 

Energy harvesting systems comprise three core components: 

1. Transducer: Converts ambient energy to electrical energy. 

2. Power Conditioning/Management: Regulates harvested energy and handles storage. 

3. Storage Unit: Batteries, supercapacitors, or integrated charge reservoirs.  

EH technologies are generally classified by the source of ambient energy: 

 Solar (Photovoltaic): Converts sunlight or indoor lighting to electricity. 

 Thermoelectric: Utilizes temperature gradients via thermoelectric generators (TEGs). 

 Mechanical/Kinetic: Includes piezoelectric, electromagnetic, and triboelectric 

harvesters. 

 Radio Frequency (RF): Captures ambient RF energy emitted by communication 

infrastructure. 

 Hybrid: Combines multiple sources to enhance reliability and energy yield. 

 

2.2 Photovoltaic Energy Harvesting 

Photovoltaic (PV) harvesters are widely deployed for outdoor IoT sensors due to high energy 

availability from sunlight. Advancements in perovskite and flexible PV technologies have 

enabled lightweight, conformal solar harvesters suitable for indoor and outdoor usage. 

Perovskite solar cells, for example, have powered RF backscatter sensors with energy 

requirements as low as tens of microwatts, enabling autonomous operation without batteries.  

Advantages include relatively high power density (mW to tens of mW), while limitations 

include dependency on illumination and reduced performance under indoor or shaded 

conditions. 

 

2.3 Thermoelectric Energy Harvesting 

Thermoelectric energy harvesters exploit temperature gradients in the environment to 

generate electricity via the Seebeck effect. Common applications include wearable health 
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monitors using body heat or industrial sensors placed near machinery with significant heat flux. 

However, TEGs are often limited by low temperature differences available in many IoT 

deployments, resulting in low overall power density.  

 

2.4 Mechanical/Kinetic Harvesting: Piezoelectric and Nanogenerators 

Piezoelectric energy harvesting converts mechanical vibrations into electrical energy using 

materials like PVDF or PZT. Research demonstrates utility in industrial IoT, structural health 

monitoring, and vibration-rich environments where vibrations are prevalent.  

 

Emerging nanogenerators—particularly triboelectric nanogenerators (TENGs)—harvest 

energy from frictional contact at the nano-scale, yielding promising power densities under 

mechanical stimulation. Nanogenerators integrate multiple mechanical sources (wind, human 

motion, ambient vibration) and are scalable for low-power IoT systems.  

 

2.5 Radio Frequency (RF) Energy Harvesting 

RF energy harvesting (RFEH) captures electromagnetic signals from ambient sources such as 

cellular networks, Wi-Fi, television broadcasts, and dedicated RF beacons. RF harvesters use 

rectenna circuits (antenna + rectifier) to convert RF energy to DC. RFEH is particularly 

attractive for indoor IoT applications where solar availability is limited; however, harvested 

power is often in the µW range due to low ambient RF energy densities.  

 

2.6 Hybrid Harvesting Systems 

Single-source harvesters may fail under intermittent environmental conditions. Hybrid EH 

systems integrate multiple sources (e.g., solar + piezoelectric; RF + thermoelectric) to improve 

uptime and energy stability. Hybrid designs often require advanced power management units 

(PMUs) to handle asynchronous energy flows and optimize conversion efficiency.  

 

2.7 Power Management and Storage 

Efficient energy capture requires carefully designed power conditioning circuits—including 

maximum power point tracking (MPPT), rectifiers, and DC-DC converters—to maximize 

harvestable energy. Supercapacitors and rechargeable micro-batteries are commonly used as 

energy buffers to handle mismatches between energy harvesting and IoT load demands.  

 

3. METHODOLOGY 

3.1 Research Design and Evaluation Framework 

A quantitative-qualitative hybrid methodology was adopted: 

1. Data Collection: Survey of primary research articles, technical reviews, and case 

studies published between 2019–2026 focusing on IoT energy harvesting.  

2. Performance Metrics Definition: Power density (µW–mW range), conversion 

efficiency (%), cost, reliability, device footprint, and integration complexity. 

3. Comparative Analysis: Cross-technique comparison using normalized performance 

indicators. 

4. Prototype Evaluation: Representative performance data from literature and case 

studies demonstrating practical IoT implementations. 

 

3.2 Device Prototypes and Scenarios 

For result synthesis, device prototypes and implementations were categorized by typical IoT 

use cases: 

 Outdoor environmental sensors: Solar + thermal hybrid systems. 
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 Industrial IoT nodes: Piezoelectric harvesters in vibration-rich conditions. 

 Indoor smart sensors: RF + photovoltaic integration for low light environments. 

 

3.3 Data Analysis 

Performance data were tabulated and plotted to visualize: 

 Power output vs environmental condition. 

 Efficiency comparison among EH techniques. 

 Energy availability timeline under diurnal and episodic conditions. 

Statistical analysis was performed to validate claims where multiple data points were available. 

 

4. RESULTS 

4.1 Comparative Performance Metrics 

Table 1. Comparative Summary of Energy Harvesting Techniques for Low-Power IoT 

Technique 
Typical Power 

Density 

Efficiency 

(%) 
Key Advantages Typical Use Cases 

Solar PV 
10–100+ mW/cm² 

(outdoor) 
10–25 

High power; mature 

tech 
Outdoor sensors 

Thermoelectric 10–100 µW/cm² 2–8 
Body & industrial 

heat 

Wearables, 

machinery 

Piezoelectric 100–1000 µW/cm³ 5–15 
Vibration-rich 

environments 
Structural/industrial 

RF Harvesting 1–100 µW/cm² <5 Indoor & urban Smart homes 

Hybrid 

Systems 
Varied Improved 

Resilient, multi-

source 
All IoT types 

Note: Values are qualitative ranges derived from literature aggregation.  

 

4.2 Prototype Insights 

 Perovskite PV cells provided up to 4.3 V with only 1 sun illumination, powering RF 

backscatter sensors autonomously.  

 Piezoelectric harvesters demonstrated self-sustained IIoT sensors by scavenging 

machinery vibrations.  

 Hybrid PV + thermal systems showed enhanced uptime in environments with variable 

illumination.  

 

4.3 Power Management Effects 

Integration of MPPT and efficient AC-DC rectifiers significantly boosted extracted energy in 

piezoelectric systems, with novel interface circuits increasing harvested energy by over 400% 

in some designs.  

(Figures and charts such as power output timelines and efficiency bar plots should be added 

here to support the above results.) 

 

5. DISCUSSION 

5.1 Interpretation of Results 

Solar harvesting remains the dominant technique for outdoor IoT nodes due to high 

achievable power levels. However, combining sources through hybrid systems enhances 

reliability under fluctuating environmental conditions. Piezoelectric and RF harvesters provide 

complementary benefits for indoor and industrial scenarios with limited light availability, 
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though at lower power densities. 

 

5.2 Challenges in Practical Deployment 

Key challenges include: 

 Intermittency: Ambient sources are variable and often unpredictable. 

 Low conversion efficiency: Especially for RF and thermoelectric harvesters. 

 Size & cost trade-offs: Larger harvesters increase power but may not suit miniaturized 

IoT form factors. 

 Integration complexity: Multi-source systems require sophisticated PMUs and 

storage.  

 

5.3 Comparison with Existing Research 

These findings align with recent reviews noting that integrating multiple harvesting sources 

and advanced power management is the most promising pathway for reliable batteryless 

systems. Hybrid designs consistently outperform single-source harvesters in resilience and 

energy availability.  

 

6. CONCLUSION 

This comprehensive review confirms that energy harvesting is a viable and increasingly 

mature solution for powering low-power IoT devices sustainably. Solar photovoltaic systems 

deliver the highest power output in outdoor environments, while piezoelectric and RF 

harvesters support applications with motion or ambient electromagnetic energy. Hybrid 

systems that leverage multiple sources coupled with advanced power management units offer 

the best compromise between energy availability, resilience, and IoT device autonomy. 

 

6.1 Limitations 

 Data variability across sources makes direct numerical comparison challenging. 

 Long-term real-world deployment data are still relatively scarce. 

 

6.2 Future Research Directions 

 Nanogenerator integration for ultra-low frequency and multi-modal energy capture. 

 Adaptive power management algorithms that dynamically allocate harvested energy. 

 Standardization of EH benchmarks for IoT application evaluations. 
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