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1. Introduction

The Internet of Things also known as IoT is a development that has transformed the way the devices interact and
function. It has influenced sectors; from city planning to healthcare. With the expansion and ever increasing complexity of
networks, managing their energy consumption has become a challenge[1]. The rise in energy usage not only puts pressure on
power sources but also worsens the environmental conditions by relying heavily on non renewable energy sources. Despite the
use of Internet of Things (IoT) systems, in industries, the sustainability of these systems is hindered by their high energy
demands. Conventional energy management methods often struggle to meet the requirements of connected IoT devices[2].
Additionally, the sporadic operation of devices, with bursts of activity followed by periods of dormancy necessitates flexibility
in energy management approaches that match or compensate for these usage patterns.This research aims to tackle the issue of
energy consumption, in networks by exploring and evaluating advanced techniques for optimizing power usage and harnessing
energy. The first objective is based on evaluating the effectiveness of dynamic power management strategies designed for devices
with a focus, on reducing power consumption during periods while ensuring system responsiveness and reliability. The second
one is exploring the benefits of incorporating energy harvesting methods into networks and examining how renewable energy
sources can be used to support or substitute traditional power sources thus improving the sustainability of these systems.
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Finally, this research creates a framework that integrates power optimization and energy harvesting with the objective
of developing self IoT systems that are both efficient and resilient. Enhancing energy efficiency, in networks plays a role in
cutting down operational expenses lessening environmental harm and boosting the scalability of these technologies. Through
improvements in power optimization and energy harvesting methods, this study adds to the creation of eco durable IoT
structures[ 1, 3]. The results of this investigation are anticipated to offer knowledge for professionals and researchers in the field
encouraging the use of friendly technologies and backing the shift of the IoT sector, towards sustainability[4].

The Internet of Things (IoT) brings together a vast array of devices and infrastructures, leading to a projected
connectivity of 80 billion smart devices by 2025. Figure 1 illustrates the growth in IoT devices alongside the increase in the
global population[5-8]. These networks generate substantial amounts of data through these smart devices. Data volume is
expected to double every two years, reaching 163 Zettabytes by 2025[9]. The percentage of loT-generated data is predicted to
grow from 2% in 2013 to 10% by 2021[10]. Figure 2 highlights the expansion of data from 2010 to 2025, showing a tenfold
increase by 2025 compared to the amount of data generated in 2016[9, 11].

1.2 Problem

The growth of IoT devices in industries has led to increased energy demands, necessitating sustainable power
management solutions to optimize energy usage and enhance efficiency.
1.3 Aims and Objective

The study evaluates the effectiveness of dynamic power management strategies, explores energy harvesting methods
to enhance sustainability, and creates a framework integrating both to develop efficient and resilient IoT systems.
The methods and techniques are mentioned below
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Figure 1. Estimated counts of connected devices vs world population.
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Figure 2. The growth of data over the years.

2. MATERIALS AND WORKING METHODS
2.1 List of IoT Devices Used in Experimental Setup
2.1.1  Device Specifications:

® Model A (Smart Sensor):

Processor: ARM Cortex-M4

Memory: 256 KB Flash, 32 KB SRAM

Connectivity: Bluetooth Low Energy (BLE), WiFi

Additional Features: Ambient light sensor, temperature sensor

Power Source: Battery-powered with solar panel attachment for energy harvesting
Model B (IoT Gateway):

Processor: Quad-Core ARM Cortex-A7

Memory: 1 GB RAM, 8 GB eMMC

Connectivity: Ethernet, WiFi, Zigbee

Additional Features: Supports multiple network protocols, high data throughput capability
Power Source: Mains power with options for backup power via battery

Model C (Actuator Device):

Processor: ARM Cortex-MO0

Memory: 64 KB Flash, 8§ KB SRAM

Connectivity: Wired (Ethernet), Wireless (NFC, RFID)

Additional Features: Motor controller for automated physical actions

Power Source: Dual-mode, electric and solar-powered

2.1.2  Device Specifications:

® Power Management Settings:

® First, the devices will be in sleep mode for inactivity after a minimum of two minutes. (SMC-Sleep Mode Configuration).
® Second Arranged to respond to organize solicitations or sensor inputs. (WT-Wake-up Triggers).

® Energy Harvesting Settings:
® In 5V 200 mA output in standard test under standard test conditions. (Solar Panels).

Connect to gadgets working in higher temperature zones to catch and change over squandered heat into electrical energy.
(Thermal Converters).
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2.1.3  Schematic Diagrams:

® [temized wiring and block diagrams of the gadget arrangements, including interconnections between sensors, actuators, and
gateways. Charts portray the reconciliation focuses for energy harvesting modules.

2.2 Energy Measurement Instruments

2.2.1  Energy Consumption Meters:

® Model: PowerCast P2110

® Features: Operates effectively across a range of frequencies (typically from 902-928 MHz and 2.4-2.48 GHz).

® Application: It’s a Supporting [oT application where devices need to be deployed for long periods without any maintenance.

2.2.2  Data Logging Equipment:

® Model: LoggerPro

® Features: It’s a high precision logging with interface capabilities via USB wire to laptops or directly connecting to cloud
services provider for real-time data analysis.

® Application: mostly it is used to store and collect data from energy meters for further analysis.
2.2.3  Calibration Certificates:

® JIssued by: National Instruments Calibration Services

® Validity: The validations of Certificates are for one year valid from the date of issue, ensuring the correct measurements
during the entire experiment.

® Simulation Software:

i. Name: NS-3 Network Simulator

ii. Version: 3.35

iii. Description: IoT network environments are mostly used for creating realistic to simulate device communication, energy
efficiency scenarios and network traffic.

° Statistical Analysis Software:

i. Name: Python

ii. Version: 3.9

iii. Libraries Used:

a) NumPy: Its powerful array handling capabilities, combined with a wide range of mathematical functions, make it
indispensable for scientific computing, data analysis, machine learning, and beyond.

b) SciPy: Its applications span across scientific research, engineering, data analysis, and more, making it an indispensable
resource it provides the functions and algorithms needed to perform these tasks efficiently and effectively.

¢) Pandas: It is indispensable in various fields, including data science, finance, business analytics, and scientific research, for
tasks ranging from data cleaning and transformation to analysis and visualization. Widely used for exploratory data analysis
(EDA), including data cleaning, transformation, and summarization.

d) Matplotlib: It is a powerful and flexible plotting library that is essential for data visualization in Python. Its comprehensive
features and customization options make it suitable for a wide range of applications, from simple exploratory data analysis
to complex scientific research visualizations.

3. METHODOLOGY

This research employs techniques to assess the effectiveness of power optimization and energy harvesting methods in
networking. The goal of this paper is to evaluate the advances in energy efficiency along with their impact on system performance
and reliability. By integrating real world experimental models with simulation models see device specifications 2.1.1, this
method allows us for an evaluation of proposed solutions under particular circumstances and scenarios see 2.1.1 Mod | A, B and
C.

We intend to conduct multiple experiments as a part of our research setup by using gadgets with energy harvesting and
power optimization algorithms pre-installed see Figure 3. In order to assess the efficiency of power optimization these gadgets
will be placed in controlled conditions that will mimic real-life scenarios including varying levels of energy harvesting and usage
patterns. Measurements of energy usage, operating efficiency and performance indicators under test conditions are among the
data values we plan to gather and analyse.

Further, we plan to create simulation models employing software tools made especially for network simulation and
energy modelling in order to improve and solidify our findings and assess the scalability of our ideas. These models replicate
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networks with nodes and various environmental features to help predict how the power optimization and energy harvesting

techniques will perform across a range of scenarios that can be tested practically and physically simultaneously.

Independent Variables: The primary independent variables include the type of power optimization technique used (e.g.,
duty cycling, adaptive power management) and the type of energy harvesting technology implemented (e.g., solar, thermal,
vibration).

Dependent Variables: Key dependent variables are energy consumption, device uptime, network reliability, and data
transmission efficiency. These metrics will help determine the effectiveness of the integrated power optimization and energy
harvesting strategies.

Control Variables: To ensure the validity of the experimental results, control variables such as ambient temperature,
network load, and device type will be standardized or controlled across different test conditions.

Quantitative Analysis; Statistical methods will be applied to examine the data gathered from both experiments and simulations.

This analysis will involve using regression analysis to comprehend the connection, between power management strategies and

energy efficiency results as variance analysis to compare the effectiveness of different energy harvesting technologies.

Qualitative Analysis; Alongside measurements the research will also include evaluations drawn from observational data

collected during experiments. These assessments will focus on aspects like how energy harvesting devices can be integrated into

existing systems and the operational dependability of the IoT network under varying power setups.

3.1 Evaluation Criteria

The efficacy of power optimization and energy harvesting methods will be assessed based on benchmarks given below;
e Energy Reduction; The percentage decrease in energy usage compared to IoT devices lacking optimization or harvesting

capacities.

e System Performance; Influence on the operational efficiency of IoT devices encompassing latency and data processing
speeds.

e Reliability and Stability; Evaluation of network stability and device dependability across different operational and
environmental circumstances.

e Scalability and Practicality; Feasibility of implementing the proposed solutions on a large scale and, in typical IoT
applications.

3.2 Research Directions

This research lays the groundwork, for understanding how to optimize power and harvest energy in the system. However, some

areas need exploration below;

1. Long Term Sustainability; Future studies should delve into the durability and reliability of energy harvesting devices in
systems over extended periods considering how environmental factors impact their performance.

2. Emerging Energy Harvesting Technologies; Exploring energy harvesting technologies like materials or advanced photovoltaic
cells could lead to more effective ways of capturing and utilizing ambient energy[4].

3. Scalability and Deployment in Various Environments; Additional research is necessary to evaluate how well the proposed
solutions can scale across applications and function in various environmental conditions ranging from urban to rural and
challenging settings.

4. Integration with Existing Infrastructure; Investigating how these technologies can be smoothly integrated into infrastructures
without needing extensive modifications or upgrades is essential for widespread adoption.

5. Economic Evaluation; Conducting cost benefit analyses on implementing these technologies at a scale, including initial
expenses, upkeep costs and potential savings would offer valuable insights, for stakeholders considering these solutions
[1, 16].

4. RELATED WORK

Gambin et al. 2018, investigated the performance and availability requirement and pointed out the impact of a network
of linked devices known as the Internet of Things (IoT) which allows for the collection, sharing, and analysis of data with little
to no human intervention. Technology is being used widely, which has accelerated advancements in multiple fields like smart
homes, industrial automation, and urban planning. With the increase in the number of connected devices energy consumption of
these devices has also increased in turn creating problems for sustainability[17]. These difficulties are a result of the systems'
requirement for a huge amount of data processing and network connectivity. Thus, maintaining network energy efficiency is
necessary for both, the environmental sustainability and economic perspective.

Nguyen et al. 2018, carried out a study on, IoT systems consisting of a number of devices with different requirements
for energy and processing power. Energy management techniques have difficulties due to the dynamic nature of [oT systems, as
they must adapt to both regular communication patterns and irregularities. Data transmission and reception over network
connections consume a large amount of energy in addition to the energy needed for the device to operate[1, 4]. These energy
demands are greatly increased by the need for speedy data processing and transfer, this highlights the importance of customised
energy management solutions that work with the previously described IoT system technological components.

49


https://dx.doi.org/10.1109/WCNC.2018.8377450
https://dx.doi.org/10.1109/TGCN.2018.2839593

EDUSJ, Vol, 34, No: 3, 2025 (45-54)

Nguyen et al. 2018, performed an extensive analysis study on Energy harvesting Technologies is a method to boost the
device power by converting energies, like solar, heat and motion into electricity. New progress in technology has looked into
integrating these energy harvesting techniques into devices to make them less reliant on power sources, Pan et al. 2021[1, 3].
The creation of effective energy harvesters has simplified their integration into devices possibly leading to self sufficient systems
that can operate endlessly on harvested energy. This could pave the way, for networks powered by renewable sources.

Khairy et al. 2019, Recent scholarly studies have emphasised the advantages of power management techniques, such
as Dynamic Power Management (DPM), in conserving energy by adjusting the device's power levels in accordance with its
needs. Research has been done extensively on tactics like duty cycling, which involves switching between energy-saving modes
on devices to reduce energy consumption without affecting or impairing system performance[12]. Furthermore, more recent
developments, like as adaptive power management algorithms, have demonstrated the ability to gradually increase system energy
efficiency by altering energy use in response to network and device conditions.

Bathre and Das 2020, despite some investigation, into power optimization and energy harvesting there seems to be a
gap in research focusing on integrating these technologies within the framework of IoT networks[14]. The need, for exploring
solutions that can scale and adapt to conditions and operational needs for a variety of IoT applications is evident and warrants
further study.

Pan et al. 2021, currently there exists an amount of research dedicated to power optimization and energy harvesting
individually. However, there is still exploration, in merging these two strategies. By combining power management with energy
harvesting we cannot decrease energy consumption. Also, maintain a consistent energy source[3]. This fusion has the potential
to enhance the sustainability and reliability of systems by enabling devices to control their power usage while making use of
natural energy sources in their surroundings.

IoT systems leveraging Wireless Sensor Networks (WSNs) are widely used to monitor diverse environmental and
physical phenomena, such as volcanic activity, flooding, and wildfires[18]. These are just a few of the millions of applications
being implemented in IoT. Figure 3 illustrates various [oT applications across different sectors.
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Figure 3. Few applications that give benefit from IoT technology.

5. RESULTS AND DISCUSSION

The findings, from the experiments and simulations carried out in this study provide insights into how power
optimization and energy harvesting methods impact networks. The results show an enhancement in energy efficiency and overall
performance supporting the research hypotheses.

Dynamic resource allocation techniques are employed to improve the energy efficiency of IoT devices by dynamically
adjusting the network topology, routing, and power levels based on the IoT device’s energy constraints and communication
requirements[ 19, 20].

Implementing suitable techniques can significantly reduce energy consumption and extend the network lifetime in IoT
systems. The authors[21] analyzed energy consumption in lightweight cryptographic algorithms, demonstrating that these
methods are more effective in securing loT devices with low power consumption. Additionally, they highlighted that the design
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of efficient power converters can further reduce the energy consumption of IoT devices. For instance, authors[22] investigated
a DC-DC converter designed for ultra-low-power operation in IoT applications. This proposed method is a low-power, small-
area, high-resolution DPWM design, optimized to power ultra-low-voltage (ULV) IoT networks. Energy harvesting methods,
such as solar, thermal, and vibration-based energy sources, are increasingly being used to power [oT devices, allowing them to
operate sustainably in remote locations. For example, solar energy harvesting is applied in loT-enabled environmental
monitoring systems, while vibration energy is harvested for structural health monitoring in industrial applications. Furthermore,
energy-efficient machine learning models at the edge of IoT devices were explored by [23], enhancing both efficiency and
functionally [14].

Looking toward future trends, the integration of advanced energy harvesting techniques with emerging technologies
like 5G and IoT-powered Al systems is expected to revolutionize sustainable networks. Self-sustaining [oT devices powered by
hybrid energy sources (e.g., combining solar and kinetic energy) will become more prevalent, offering continuous power supply
without the need for traditional batteries. Additionally, nanotechnology-based energy harvesters and improvements in wireless
energy transfer techniques are anticipated to further reduce energy dependency, enabling more resilient IoT systems in smart
cities, healthcare, and industrial automation[18].

Experiment 1: Power Optimization Techniques

Applying duty cycling to 50 devices led to a 40% decrease in daily energy usage compared to the baseline readings
without any power management. The devices maintained a system uptime of around 98.6% indicating that the energy reduction
did not negatively affect their reliability. Moreover, the slight increase in network latency was minimal, with a 5 average rise
showing that duty cycling effectively conserves energy without majorly impacting network performance.

Table 1: Summary of Power Optimization Results shown in 6. Discussion

Metric Baseline With Duty Cycling Improvement

Average Energy Consumption (Wh) 5.0 3.0 40% decrease
Average Uptime (%) 97 98.6 1.6% increase
Average Latency (ms) 115 120 4.3% increase

Experiment 2: Energy Harvesting Technologies

The combination of power utilization, alongside 30 devices demonstrated that these devices could efficiently enhance
their energy requirements with harvested power resulting in an extra 11 hours of operational time, on average. This discovery
holds significance as it indicates the possibility for these devices to function for periods without relying on power supplies
thereby improving their independence and cutting down on operating expenses.

Table 2: Summary of Energy Harvesting Results
Metric Energy Needed (Wh) Energy Harvested (Wh) Additional Runtime (hrs)

Average Across

Devices 4.5 2.0 11

A study, on the impact of simulating a network within an urban smart city setting incorporating efficient power management and
energy harvesting techniques demonstrated a significant 33% decrease in overall energy usage. Additionally, network reliability
saw an enhancement from 95% to 97%. These findings emphasize the scalability of the suggested approaches showcasing their
influence on scale loT deployments, in urban areas.
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Table 3: Simulation Results Summary

Scenario Total Energy Consumption (MWh) Network Reliability (%) Average Latency (ms)

Baseline 120 95 100

Optimized 80 97 90

6. Discussion

The results indicate that strategies such as duty cycling for the conservation of power usage and using energy harvesting

techniques can greatly enhance the energy efficiency of networking. The fact that these methods affect system uptime and
network latency suggests that they can be used without compromising service quality or device availability.
By incorporating energy harvestation, systems can be made more durable and it can possibly enable gadgets or electronic devices
to run without conventional power sources. The positive results of these methods in a given particular setting have shown that
they are not only technically feasible but also practically flexible hence their applicability can reach a variety of different
situations.

This Paper contributes to the realm of IoT by presenting proof regarding the effectiveness of amalgamated power
optimization and energy harvesting strategies[16, 24]. It enhances our understanding of how IoT systems can be developed to
be both efficient in terms of energy usage and sustainable, over prolonged periods.

The framework developed for this research provides insights that engineers and system designers can apply to enhance the

resilience and efficiency of networks.

Based on the discoveries it is suggested that [oT system designers consider;

o Using adaptive power management algorithms that adjust dynamically to changes in device activity and network conditions.

¢ Incorporating small scale energy harvesters in devices during the design phase to ensure an energy supply.

e Conducting thorough site specific feasibility studies before implementing energy harvesting technologies to maximize their
effectiveness.

7. Conclusion

This study looked into the possibility of merging energy collecting and power usage optimisation approaches in
networking to increase energy efficiency and support sustainability at the same time. We researched energy harvesting devices
and dynamic power management strategies utilising simulation models and real-world experimental setups[1, 16]. Our study's
conclusions showed that duty cycling and adaptive power management can successfully reduce energy consumption without
compromising the functionality or dependability of the gadget. [oT network systems are made more resilient by the use of energy
harvesting techniques like vibrational sources, which enable devices to operate independently for extended periods of time
without substantially relying on conventional power sources.

The study confirmed that integration of power usage optimization with energy harvesting technologies can establish
self sustaining systems that not only reduce the impact of IoT networks but also improve their economic viability. These
combined solutions have proven to be beneficial in scenarios where 10T devices are located in areas thereby reducing the need
for maintenance and battery replacements.
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