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Abstract
Energy harvesting embedded platforms have emerged as a sustainable solution for
powering low-energy electronic devices, especially in IoT and remote sensing
applications. These platforms utilize ambient energy sources such as solar, thermal,
vibration, or radio frequency to replenish their energy reserves. However, energy
availability from these sources is often unpredictable and intermittent, making efficient
energy management critical. Smart scheduling techniques, which prioritize tasks based
on energy availability, device importance, and system deadlines, play a vital role in
optimizing performance while ensuring system longevity. This paper provides a
comprehensive review of energy harvesting embedded platforms with a focus on smart
scheduling strategies. It discusses recent advances in energy harvesting technologies,
task scheduling algorithms, system architectures, and applications. Challenges and

future research directions are also highlighted.
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1. INTRODUCTION

Embedded systems have become ubiquitous in modern electronics, driving applications from
wearable devices to industrial IoT networks. Traditional embedded systems rely on batteries,
which limit device lifetime and increase maintenance costs. Energy harvesting (EH) provides
an alternative by converting ambient energy into electrical energy, enabling near-perpetual

operation for low-power devices.
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However, EH sources such as solar, thermal, vibration, and RF energy are highly variable. To
address this, embedded platforms must adopt smart scheduling strategies, dynamically
allocating computational and sensing tasks based on available energy. Smart scheduling not
only extends device lifetime but also ensures reliable system performance.

This review paper explores the convergence of energy harvesting technologies with intelligent
scheduling strategies for embedded platforms. We aim to provide insights into system

architectures, optimization algorithms, and practical applications.

2. ENERGY HARVESTING TECHNOLOGIES FOR EMBEDDED SYSTEMS

Energy harvesting (EH) technologies enable embedded systems to extract usable electrical
energy from the surrounding environment. These techniques are crucial for low-power IoT
devices, remote sensing nodes, and wearable electronics, as they reduce reliance on batteries
and allow near-perpetual operation. The selection of an EH method depends on the application,
power requirements, environmental conditions, and device constraints. EH technologies are

broadly categorized based on the energy source.

2.1 Solar Energy Harvesting

Solar energy harvesting relies on converting sunlight into electrical energy using photovoltaic
(PV) cells. Traditional silicon-based solar cells have been widely used, but recent advances
include thin-film, flexible, and semi-transparent solar cells, enabling integration into
wearables, clothing, and even windows.

Working Principle:
PV cells absorb photons from sunlight, exciting electrons to a higher energy state. These
electrons flow through an external circuit, generating DC electricity. A power conditioning
circuit regulates voltage and charges energy storage units such as lithium-ion batteries or
supercapacitors.

Applications:

Outdoor environmental sensors (weather stations, agriculture monitoring)

Wearable health devices (solar-powered smartwatches, fitness bands)

Remote IoT nodes in smart cities

Advantages:
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High energy density compared to other ambient sources (up to 200 mW/cm? under direct
sunlight)

Mature technology with high commercial availability

Relatively simple integration with low-power embedded systems

Limitations:

Heavily dependent on sunlight; efficiency drops in cloudy or indoor conditions
Performance decreases under partial shading or angle misalignment

Requires energy storage and voltage regulation for consistent operation

Recent Advances:

Organic photovoltaic cells (OPVs): Lightweight, flexible, can be integrated into wearables
Perovskite solar cells: Higher efficiency (>25%) in laboratory prototypes

Hybrid solar cells: Combine photovoltaic with supercapacitors for fast energy storage

2.2 Thermal Energy Harvesting

Thermal energy harvesting exploits temperature differences in the environment to generate
electricity through thermoelectric generators (TEGs). This is particularly suitable for
industrial environments or wearable devices in contact with the human body.

Working Principle:
TEGs use the Seebeck effect, where a temperature gradient across two different materials
creates an electric potential difference. The voltage generated is directly proportional to the
temperature difference. Energy is often stored in batteries or capacitors to power embedded
Sensors.

Applications:

Industrial machines and turbines (harvesting waste heat)

Wearable electronics using body heat

IoT sensors in high-temperature industrial environments

Advantages:

Continuous power generation in presence of stable temperature gradients

Can operate in harsh and high-temperature environments

Silent, solid-state operation with no moving parts

Limitations:

Low conversion efficiency (typically 5-10%)
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Requires significant temperature differences for meaningful power output
Bulky TEG modules can be challenging for miniaturized embedded systems
Recent Research:

Nanostructured thermoelectric materials improving efficiency

Flexible thermoelectric generators for wearable applications

Integration with hybrid EH systems (thermal + vibration) for better reliability

2.3 Vibration and Mechanical Energy Harvesting

Vibration energy harvesting converts mechanical motion into electricity using piezoelectric,
electromagnetic, or electrostatic mechanisms. It is widely applied in structural health
monitoring, industrial machinery, and wearable devices.

Working Principle:

Piezoelectric materials: Produce voltage when mechanically strained or bent
Electromagnetic induction: Motion of a magnet relative to a coil induces current
Electrostatic converters: Capacitance variation from moving plates generates energy
Applications:

Monitoring rotating machinery, turbines, and bridges

Smart shoes or wearable devices that harvest energy from footsteps
Vibration-powered wireless sensor networks

Advantages:

Can generate power from existing mechanical activity

Suitable for mobile and industrial systems

Capable of continuous energy production when mechanical motion is present
Limitations:

Low output at low-frequency vibrations

Often requires tuning to resonant frequencies for maximum efficiency

Mechanical design constraints may limit miniaturization

Recent Trends:

Multi-directional piezoelectric harvesters capturing energy from complex motion
Nano-generators for ultra-low-power wearable electronics

Hybrid vibration-thermal devices for industrial IoT
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2.4 Radio Frequency (RF) Energy Harvesting

RF energy harvesting extracts energy from ambient electromagnetic waves emitted by Wi-Fi
routers, cellular base stations, TV transmitters, or dedicated RF sources.
Working Principle:

Antennas capture RF signals

Rectifying circuits (rectennas) convert RF AC signals to DC power
Stored in supercapacitors or microbatteries for later use
Applications:

Indoor IoT devices where sunlight or motion is unavailable

Wireless sensor networks in urban environments

Low-power devices in smart homes and offices

Advantages:

Non-intrusive energy source

Works indoors and in locations without sunlight or vibration

Can be combined with other EH sources for hybrid systems
Limitations:

Very low energy density (typically in yW—-mW range)

Highly dependent on proximity to RF transmitters

Conversion efficiency decreases at lower power densities

Recent Research:

Ultra-sensitive rectifiers for micro-power harvesting

Adaptive impedance matching circuits to maximize energy extraction

Integration with IoT nodes to enable battery-free wireless operation

2.5 Hybrid Energy Harvesting Systems

Hybrid EH systems combine multiple energy sources to increase reliability and power
availability. For instance, solar-vibration or solar-thermal hybrid systems ensure devices
operate continuously even when one source is unavailable.

Applications:

Remote [oT nodes requiring high uptime

Wearables combining body heat and solar power
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Industrial sensors harvesting vibration and thermal energy
Advantages:

Greater energy availability and system uptime

Can optimize harvesting based on environmental conditions
Reduces dependence on a single unpredictable energy source
Limitations:

Increased system complexity and cost

Requires intelligent energy management and scheduling

May increase device size and weight

Recent Research:

Hybrid micro-harvesters integrating piezoelectric, photovoltaic, and RF sources
Multi-source power management ICs optimizing energy distribution

Al-based controllers for adaptive source selection and smart scheduling

3. EMBEDDED PLATFORM ARCHITECTURES FOR ENERGY HARVESTING
Energy harvesting (EH) embedded platforms are designed to operate autonomously by
capturing ambient energy and using it to power low-energy sensors, actuators, and processors.
Unlike conventional battery-powered embedded systems, EH platforms face intermittent and
variable energy supply, requiring specialized architecture and energy-aware processing.

A typical EH embedded platform consists of three main components:

Energy Harvester

Energy Storage Unit

Energy Management and Processing Unit

Additionally, sensors, actuators, and communication modules are integrated depending on the

application.

3.1 Energy Harvester

The energy harvester is the front-end of the platform, responsible for capturing ambient
energy and converting it into electrical power. The choice of harvester depends on the available
energy source (solar, thermal, vibration, RF, etc.) and the target power range.

Design Considerations:
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Power Output: The harvester must provide sufficient voltage and current for the platform. For
low-power IoT nodes, this could range from a few microwatts to milliwatts.

Environmental Suitability: Outdoor solar panels are not suitable for indoor or wearable
applications, where RF or thermal harvesters are preferred.

Form Factor: Size, flexibility, and integration with the device are critical, especially for
wearable electronics.

Efficiency: Conversion efficiency impacts system uptime; modern harvesters target
efficiencies of 10-30% depending on source type.

Examples:

Photovoltaic cells in solar-powered sensor nodes

Thermoelectric generators (TEGs) in wearable or industrial systems

Piezoelectric strips for vibration-powered devices

Rectenna circuits for RF energy harvesting

3.2 Energy Storage Unit

Harvested energy is often intermittent and unpredictable, so an energy storage unit is
required to provide stable power for the embedded system. Common storage solutions include
rechargeable batteries, supercapacitors, or hybrid storage (combining both).

Design Considerations:

Capacity: Must store enough energy to power the system during periods of low harvesting
(nighttime for solar, idle machinery for vibration).

Voltage Stability: Energy storage must provide consistent voltage to avoid system resets or
task failure.

Charge/Discharge Rate: Fast charging and low self-discharge are essential for efficient
energy use.

Lifetime: Supercapacitors offer high cycle life but lower energy density compared to batteries.
Examples:

Lithium-ion microbatteries for wearable EH systems

Supercapacitors for industrial vibration-powered sensors

Hybrid storage combining supercapacitor for high power bursts and battery for long-term
storage

Challenges:
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Managing energy leakage in supercapacitors
Optimizing charge cycles to prolong battery life

Integrating multiple storage units with varying characteristics

3.3 Energy Management and Processing Unit

The energy management and processing unit (EMPU) is the intelligent core of the EH
platform. It ensures that tasks are executed efficiently based on available energy, task
priorities, and environmental conditions.

Functions:

Energy Monitoring: Continuously measures voltage, current, and energy stored in the buffer.
Task Scheduling: Decides which computational or sensing tasks to execute based on energy
availability and system priorities.

Power Regulation: Converts harvested energy to stable voltages suitable for processors and
sensors using DC-DC converters.

Sleep/Wake Management: Puts system components into low-power or sleep mode to
conserve energy.

Adaptive Control: Predicts future energy availability and dynamically adjusts task execution
to maximize performance and prevent energy depletion.

Scheduling Approaches:

Energy-aware scheduling: Only executes tasks when sufficient energy is available.
Predictive scheduling: Uses historical energy data to forecast available energy for upcoming
tasks.

Priority-based scheduling: Ensures critical tasks run even during energy scarcity.

Processor Choices:

Ultra-low-power microcontrollers (e.g., ARM Cortex-M0/M3, MSP430)

Energy-efficient [oT SoCs with integrated EH support

FPGAs or custom accelerators for computationally intensive tasks

3.4 Sensors, Actuators, and Communication Modules
While not part of the core architecture, embedded platforms often integrate sensors, actuators,
and wireless communication modules. The energy management unit ensures these components

operate within the energy budget:
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e Sensors: Temperature, humidity, vibration, pressure, or health monitoring sensors
e Actuators: Small motors or solenoids activated only when energy is sufficient
o Communication Modules: Low-power wireless protocols (BLE, Zigbee, LoRa) are preferred

for transmitting data efficiently

Generic Architecture of Energy Harvesting Embedded Platform
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Figure 1: Generic Architecture of Energy Harvesting Embedded Platform

Table 1: Generic Architecture of Energy Harvesting Embedded Platform

Component Function

Converts ambient energy (solar, thermal, vibration, RF) into
Energy Harvester

electricity
Power Conditioning ' )
Regulates voltage, current, and stores in battery/supercapacitor
Module
Embedded Processor Executes tasks with smart scheduling based on energy availability
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Component Function

Sensors / Actuators Collect data or perform operations based on task scheduling

4. SMART SCHEDULING STRATEGIES

Smart scheduling is essential in EH-based embedded systems to balance energy consumption
with computational demands. Several strategies exist:

4.1 Energy-Aware Task Scheduling

Tasks are scheduled based on available energy and expected energy harvest. Approaches
include:

Greedy Algorithms: Execute tasks if energy is available; simple but may be suboptimal.
Dynamic Programming: Considers future energy availability and task deadlines to optimize
scheduling.

4.2 Priority-Based Scheduling

Tasks are assigned priorities based on importance or urgency. High-priority tasks are executed
first when energy is limited.

4.3 Predictive Scheduling

Predictive algorithms use historical energy harvesting data and environmental sensors to
forecast available energy and schedule tasks proactively.

4.4 Duty-Cycling

Embedded nodes switch between active and sleep modes to conserve energy. Smart scheduling

determines optimal duty cycles based on task deadlines and energy forecasts.

4.5 Reinforcement Learning-Based Scheduling

Recent works apply machine learning to adapt scheduling strategies dynamically.
Reinforcement learning allows the system to learn optimal policies for energy management
under varying environmental conditions.

Table 1: Comparison of Smart Scheduling Techniques

Technique Advantages Limitations

Greedy Scheduling Simple, low overhead May miss optimal scheduling
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Technique Advantages Limitations

Dynamic Programming ||Optimizes energy usage High computational complexity

Priority-Based o ) o
_ Ensures critical tasks execution |[May starve low-priority tasks
Scheduling

o ‘ ‘ Requires accurate prediction
Predictive Scheduling  ||Proactive, reduces energy waste

model
) Adapts to dynamic||Needs training, higher
RL-Based Scheduling . .
environments computation

5. APPLICATIONS OF ENERGY HARVESTING EMBEDDED PLATFORMS

5.1 IoT and Smart Homes

Energy harvesting nodes can power sensors for temperature, humidity, or motion without
battery replacement, reducing maintenance costs.

5.2 Wearable Electronics

Harvesting energy from body heat, motion, or sunlight enables wearable health monitors to
operate continuously.

5.3 Industrial Monitoring

Vibration or thermal energy harvested from machinery can power wireless sensor nodes for
condition monitoring and predictive maintenance.

5.4 Environmental and Agricultural Sensing

Solar or wind-powered sensors monitor soil moisture, air quality, and water levels in remote

areas.

6. CHALLENGES IN ENERGY HARVESTING EMBEDDED PLATFORMS
Intermittent and Unpredictable Energy Sources: Variability affects task execution
reliability.

Limited Energy Storage: Energy buffers like supercapacitors have limited capacity.
Computational Constraints: Low-power embedded processors may not handle complex

scheduling algorithms efficiently.
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Integration Complexity: Combining multiple energy sources and sensors requires careful

hardware and software co-design.

7. FUTURE RESEARCH DIRECTIONS

. Adaptive and Intelligent Scheduling: Using AI/ML for predictive and adaptive task

scheduling.

Hybrid Energy Harvesting Systems: Optimizing combinations of solar, thermal, vibration,
and RF sources.

Ultra-Low-Power Architectures: Designing processors and sensors optimized for
intermittent energy supply.

Standardization of Protocols: Developing common standards for EH-enabled IoT devices to

improve interoperability.

8. CONCLUSION

Energy harvesting embedded platforms with smart scheduling represent a transformative
approach to sustainable and self-sufficient electronic systems. By combining ambient energy
sources with intelligent task management, these platforms achieve extended operational
lifetimes and improved reliability. While challenges related to energy variability, storage
limitations, and computational overhead remain, advances in adaptive algorithms, hybrid
energy sources, and low-power architectures continue to drive the field forward. Future
research focused on intelligent scheduling, hybrid EH systems, and optimized low-power
embedded designs will play a crucial role in realizing fully autonomous, energy-efficient IoT

and embedded systems.
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