
    
 
 

53 Page 53-63 © MANTECH PUBLICATIONS 2021. All Rights Reserved 

 

Journal of Embedded Systems & Its Applications 

Volume 6 Issue 1, January-June 2021 

 

 

 

Energy Harvesting Techniques for Self-Powered Embedded Nodes 

 

Upender Dhawan¹, Arjun Kale², Mahesh Patil³, Sushil Rathor4 

Associate Professor, Assistant Professor 

Department of Embedded Systems 

Vidyavardhan College of Engineering 

upenderdhawan59@gmail.com, Arjunkal1e@yahoo.com, mahesh922p@rediffmail.com 

 

Abstract 

Embedded systems are widely used in modern applications such as wireless sensor 

networks, IoT devices, healthcare monitoring, environmental sensing and industrial 

automation. One of the major limitation of these systems is dependency on batteries 

which require periodic replacement or maintenance. In many cases like remote 

monitoring or hazardous areas, replacing batteries is difficult and costly. Energy 

harvesting provides a promising solution by converting ambient energy from 

environment into electrical energy to power embedded nodes. This paper reviews 

different energy harvesting techniques suitable for self-powered embedded systems 

including solar, thermal, vibration, RF, and wind energy harvesting. It also discusses 

power management strategies, storage elements, and design challenges in implementing 

energy harvesting in resource constrained nodes. Comparative analysis of different 

harvesting methods is presented with advantages and limitations. The paper also 

highlights recent trends and future directions in self-powered embedded nodes. 

 

Keywords: Energy harvesting, Embedded systems, Self-powered nodes, IoT, Wireless 

sensor networks, Power management. 

 

1. Introduction 

Embedded nodes are small computing devices designed to perform dedicated functions with 

limited power and processing resources. These nodes are often deployed in large numbers in 

wireless sensor networks and IoT systems. Traditionally, they rely on batteries as primary 

source of power. However, batteries have limited lifetime, need replacement, and also cause 

environmental concerns. 
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Energy harvesting, also called energy scavenging, is the process of capturing small amount of 

energy from surrounding environment and converting it into usable electrical energy. This 

approach enables embedded nodes to operate for long duration without battery replacement. 

With advances in ultra-low power electronics, energy harvesting becomes more practical and 

useful. 

This paper reviews the main techniques of energy harvesting and their suitability for self-

powered embedded nodes. 

 

2. Need for Energy Harvesting in Embedded Nodes 

Embedded nodes are often deployed in environments where continuous power supply is not 

easily available. These nodes are expected to operate autonomously for months or even years 

while performing sensing, processing, and communication tasks. Traditionally, batteries have 

been used as the primary power source, but this approach introduces several practical and 

technical limitations. Energy harvesting emerges as a sustainable and reliable alternative that 

enables long-term, maintenance-free operation of embedded systems. 

2.1 Difficult Battery Replacement in Remote Areas 

Many embedded nodes are installed in locations that are physically hard to access such as 

forests, mountains, bridges, pipelines, underwater structures, or inside heavy industrial 

machines. In such cases, replacing batteries is not only inconvenient but sometimes nearly 

impossible without interrupting the system operation. 

For example, sensors placed on high-rise bridges for structural health monitoring or in oil 

pipelines for leakage detection may be hundreds of kilometers away from service centers. 

Sending maintenance teams frequently increases operational cost and risk. Energy harvesting 

allows these nodes to continuously draw energy from surroundings like sunlight, vibration, or 

heat, eliminating the need for manual battery replacement. 

2.2 Long-Term Deployment Requirements 

Modern IoT and wireless sensor network applications demand devices that can function 

reliably for long durations, often 5–10 years. Batteries, even high-quality ones, degrade over 

time due to charge-discharge cycles and environmental conditions. Their limited lifespan 

restricts the deployment period of embedded nodes. 

Energy harvesting supports long-term deployments by providing a continuous trickle of 

energy. When combined with efficient power management and storage elements like 

supercapacitors, embedded nodes can operate almost indefinitely without external intervention. 
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2.3 Maintenance Cost Reduction 

Battery maintenance is one of the major contributors to the lifecycle cost of embedded systems. 

Costs include: 

• Purchasing replacement batteries 

• Labor for maintenance 

• Downtime during servicing 

• Transportation to remote locations 

In large-scale IoT deployments involving thousands of nodes (such as smart agriculture or 

smart city networks), these costs multiply significantly. By using energy harvesting, the 

dependency on battery replacement is minimized, resulting in substantial cost savings over 

time. 

2.4 Environment Friendly Solution 

Disposed batteries contribute to environmental pollution due to toxic chemicals and heavy 

metals. Frequent battery replacement increases electronic waste and creates ecological 

concerns. 

Energy harvesting promotes green and sustainable technology by utilizing renewable ambient 

energy sources such as solar, thermal, wind, and vibration. This reduces battery waste and 

supports environmentally responsible engineering practices. 

2.5 Support for Sustainable IoT Infrastructure 

The vision of IoT involves billions of interconnected devices. Powering such a massive number 

of devices solely with batteries is impractical and unsustainable. Energy harvesting provides a 

scalable solution where devices become self-sufficient in terms of energy. 

Self-powered nodes reduce dependency on centralized power infrastructure and enable flexible 

deployment in smart cities, agriculture fields, forests, and industrial zones. 

 

2.6 Application Domains Benefiting from Energy Harvesting 

a) Structural Health Monitoring 

Sensors placed on bridges, buildings, rail tracks, and dams continuously monitor stress, cracks, 

and vibrations. These installations are often permanent and located in difficult-to-access places. 

Vibration and solar energy harvesting make these systems self-reliant. 

b) Wearable Devices 
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Wearable health monitors use body heat and motion for energy generation. This reduces the 

need for frequent charging and improves user convenience. 

c) Smart Agriculture 

Sensor nodes distributed across large farms monitor soil moisture, temperature, and humidity. 

Solar and wind energy harvesting ensure uninterrupted operation without human intervention. 

d) Smart Cities 

Applications like traffic monitoring, pollution sensing, and streetlight control require thousands 

of nodes across urban areas. Energy harvesting makes such large deployments practical and 

economical. 

e) Industrial Sensing 

In factories, sensors monitor machine health, temperature, and vibration. Thermal and vibration 

energy harvesting from machines can power these nodes efficiently. 

 

3. Architecture of Self-Powered Embedded Node 

A self-powered embedded node is designed to operate autonomously by collecting energy from 

its surrounding environment and intelligently managing that energy to perform sensing, 

processing, and communication tasks. Unlike conventional battery-powered nodes, this 

architecture must carefully balance energy generation, storage, and consumption because the 

available energy is often low, intermittent, and unpredictable. 

A typical architecture consists of five major blocks arranged in an energy flow path from 

ambient source to functional operation of the node. 
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Figure 1: Architecture of Self-Powered Embedded Node 

3.1 Energy Harvester 

This is the front-end of the system responsible for converting ambient energy into electrical 

energy. The type of harvester depends on the environment where the node is deployed. 

• Solar panel for outdoor light energy 

• Piezoelectric material for vibration or motion 

• Thermoelectric generator (TEG) for heat difference 

• RF antenna for electromagnetic energy 

• Micro wind turbine for airflow energy 

The output from these harvesters is usually low voltage, unstable, and sometimes in AC form 

(as in piezoelectric harvesters). Therefore, it cannot be directly used by electronic circuits. 

 

3.2 Rectifier and DC–DC Converters (Power Conditioning Unit) 

The electrical output from the energy harvester must be conditioned before use. This block 

performs: 

• Rectification: Converts AC output (from piezo or RF harvester) into DC. 

• Voltage regulation: Ensures a stable voltage level for storage and operation. 
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• DC–DC conversion: Steps up or steps down voltage as required. 

• Maximum Power Point Tracking (MPPT): Extracts maximum possible power from 

the harvester, especially important in solar harvesting. 

This unit plays a very critical role because inefficient power conditioning can waste the small 

amount of harvested energy. 

 

3.3 Energy Storage Device 

Since ambient energy is not continuously available (e.g., no sunlight at night, no vibration when 

machine stops), storage is essential. 

Common storage options: 

• Rechargeable batteries (Li-ion, NiMH) 

• Supercapacitors 

• Hybrid combination of battery and supercapacitor 

Supercapacitors are widely preferred due to: 

• Fast charging capability 

• Very high charge-discharge cycles 

• Long operational life 

• Better performance in wide temperature ranges 

The storage unit acts as an energy buffer, ensuring smooth operation of the node during periods 

when harvesting is not possible. 

 

3.4 Microcontroller and Sensors 

This block represents the main embedded system which performs sensing and computation. 

• Microcontroller (MCU): Ultra-low power MCU processes sensor data and controls 

operations. 

• Sensors: Temperature, humidity, vibration, pressure, motion, etc., depending on 

application. 

Since energy availability is limited, the MCU operates in sleep mode most of the time and 

wakes up periodically to take measurements. This technique is called duty cycling, which 

greatly reduces power consumption. 
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3.5 Wireless Communication Module 

Communication consumes the highest power in embedded nodes. This block transmits sensed 

data to a base station or cloud server. 

Common technologies: 

• Zigbee 

• LoRaWAN 

• BLE (Bluetooth Low Energy) 

• Wi-Fi (low-power variants) 

To conserve energy: 

• Data is transmitted in small packets 

• Communication is done infrequently 

• Energy-aware communication protocols are used 

 

4. Solar Energy Harvesting 

Solar energy is the most widely used harvesting technique. Photovoltaic cells convert sunlight 

into electrical energy. 

Advantages: 

• High power density in outdoor environments 

• Mature technology 

• Low cost and easy integration 

Limitations: 

• Depends on light availability 

• Ineffective in indoor or dark conditions 

Solar harvesting is very suitable for outdoor sensor nodes like agriculture monitoring. 

 

5. Thermal Energy Harvesting 

Thermal harvesting uses temperature difference to generate electricity using thermoelectric 

generators (TEG) based on Seebeck effect. 

Advantages: 

• Works in industrial machines where heat is present 

• Reliable in high temperature zones 

 

 



    
 
 

60 Page 53-63 © MANTECH PUBLICATIONS 2021. All Rights Reserved 

 

Journal of Embedded Systems & Its Applications 

Volume 6 Issue 1, January-June 2021 

 

 

 

Limitations: 

• Requires temperature gradient 

• Low efficiency 

Applications include industrial equipment monitoring and wearable health devices using body 

heat. 

 

6. Vibration and Piezoelectric Energy Harvesting 

Mechanical vibrations are converted to electricity using piezoelectric materials. 

Advantages: 

• Suitable for moving machinery 

• Good for industrial and automotive applications 

Limitations: 

• Depends on frequency of vibration 

• Complex tuning required 

 

7. RF Energy Harvesting 

RF harvesting captures electromagnetic waves from WiFi, TV signals, or cellular towers. 

Advantages: 

• Available in urban environments 

• Wireless power source 

Limitations: 

• Very low power density 

• Needs efficient rectifier circuits 

 

8. Wind Energy Harvesting 

Micro wind turbines can be used in open areas for energy generation. 

Advantages: 

• Suitable for outdoor installations 

• Continuous energy in windy areas 

Limitations: 

• Mechanical wear and tear 

• Size constraints 
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9. Comparison of Energy Harvesting Techniques 

Table 1: Comparison of Harvesting Methods 

Technique 
Power 

Density 

Best 

Environment 
Advantages Limitations 

Solar High Outdoor, daylight Mature, reliable Light dependent 

Thermal Medium 
Industrial, body 

heat 

Continuous heat 

source 

Needs temperature 

gradient 

Piezoelectric Medium 
Vibrating 

machinery 

Good for motion 

areas 
Frequency sensitive 

RF Low Urban areas Wireless source Very low output 

Wind Medium Open outdoor Renewable Mechanical complexity 

 

10. Energy Storage Options 

Energy harvested is not continuous, so storage is necessary. 

• Rechargeable batteries 

• Supercapacitors 

• Hybrid storage systems 

Supercapacitors are preferred due to long life cycles and fast charging. 

 

11. Power Management Techniques 

Efficient power management is critical: 

• Maximum Power Point Tracking (MPPT) 

• Duty cycling of sensors 

• Low power sleep modes 

• Efficient DC-DC converters 

 

12. Design Challenges 

• Intermittent energy availability 

• Ultra-low power design requirement 
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• Size and cost constraints 

• Efficient energy conversion circuits 

• Environmental dependency 

 

13. Applications of Self-Powered Nodes 

• Smart agriculture sensors 

• Wearable health monitoring 

• Industrial equipment monitoring 

• Smart buildings 

• Environmental monitoring 

 

14. Recent Trends 

• Hybrid energy harvesting (solar + vibration) 

• Nano-material based piezoelectric devices 

• Flexible solar cells for wearables 

• AI based power optimization 

• Energy aware communication protocols 

 

15. Future Directions 

Future research is focusing on improving efficiency of harvesters, reducing power consumption 

of embedded nodes and intelligent energy management. Integration with IoT and edge 

computing will make these nodes more autonomous. 

 

16. Conclusion 

Energy harvesting techniques are playing very important role in enabling self-powered 

embedded nodes. Different techniques are suitable for different environments. Solar and 

vibration harvesting are most practical, while RF and thermal harvesting are useful in specific 

cases. Proper power management and storage systems are essential for reliable operation. With 

improvement in low power electronics and materials, self-powered embedded nodes will 

become more common in future IoT systems. 
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