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Abstract:  

Recently, the demand for improving smart electrical networks has been rising 

which has increased the need for cost-effective low-power Internet of Things 

(IoT) sensors with reliable sensing and communication capabilities. However, 

traditional IoT sensors in those networks are stuck at high power, low scalability 

and low-throughput and cannot be performed in real time, which reduces its 

application scope. To overcome these limitations, this paper describes the 

development of novel low-power Internet of Things (IoT) sensors targeting smart 

electrical networks. Our approach combines the use of energy efficient 

microcontrollers, adaptive communication protocols, for power management 

strategies and energy harvesting methods, to increase the sensor lifetime 

exponentially. Compared to traditional methods that rely on periodic wake-up 

schedules or fixed communication protocols, our adaptive method utilizes 

dynamic protocol that adjusts energy usage according to network parameters and 

data importance. As experimental results show, it achieves 40% lower total power 

as well as 25% shorter latency in network responsiveness comparing to existing 

sensor framework for WSN. Finally, experimental tests in smart grid scenarios 

reflected improved performance in accuracy of monitoring and detection of 

faults in real time. The demonstrated results underline how the proposed sensors 

can radically transform future scalable, sustainable smart electrical networks. 

These findings facilitate progress in IoT technologies and underpin more robust 

energy efficient infrastructure facilitating the global (intelligent) power system 

transition. 

Keywords: electrical, networks, efficient, infrastructure, sensors, power. 

 

 

1. INTRODUCTION 

The evolution of smart electrical networks in response to sustainability, efficiency, and reliability 

demands while accelerating the required monitoring and management innovations. Smart electricity 

grids are the nucleus of contemporary power systems, allowing for energy efficient distribution with 

minimized power losses, and incorporation of intelligent fault detection and recovery capabilities. As 

more renewable energy sources, electric vehicle systems, and distributed energy systems connect, real-

time visibility, reliability of power supply, and operational efficiency for the utility have become even 
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more challenging. Relieving these challenges will take advantage of emerging solutions, and probably 

the most disruptive of them are the Internet of Things (IoT) sensors that can revolutionize network 

operations[1]. 

Traditional IoT sensors placed in smart electrical networks have been crucial when monitoring some 

significant parameters e.g. voltage, current, temperature, and frequency. However, these sensors 

typically come with major restrictions which limits wider applicability. Some of them are also have 

characteristics which leads to high power consumption, limited scalability, low throughput /real time 

not-in-operational function. However, these disadvantages restrict their usage in a dynamic, large-

scale, heterogeneous networks, which are the backbone of smart electrical grids. Traditional sensor 

technologies are unable to keep pace with the increasing demands for meter responsiveness and energy 

efficiency, given the constant increase in the scale and complexity of smart grids[2,3]. 

However, the advent of low-power Internet of Things (IoT) sensors constitutes a game-changer 

toward breaking through these limitations. Next-generation sensors with ultra-low power controllers, 

a dynamic communication protocol, and new energy harvesting solutions are expected to propel the 

functionality and lifetime of monitoring systems into new realms. It is therefore unique for these 

sensors to work very low-power, but still accurate and reliable. In addition, adaptive communication 

protocols enable dynamic tuning of energy consumption according to changing network parameters 

and the criticality of the transmitted data and consequently achieve optimal performance in different 

conditions. 

A necessary challenge for intelligent electrical networks is to optimize energy efficiency in IoT 

sensors, and a dynamic protocol that enables power-saving drivers to adapt to a dynamic optimum, 

determined by operational context, addresses this problem. Improvements on scalability and 

applicability in unknown environments, where data rates and dynamics are highly time-variant and 

typically result in a fluctuating nature of communications, is achieved by decreasing the energy costs 

while simultaneously increasing responsiveness to changes in the network[4]. 

To complement such a design, the use of a number of technologies that harvest ambient energy from 

various sources increases the operational lifetimes. Less BELT (battery energy, low energy thermal 

energy, and low energy vibrational energy tap) reliance (and associated costs) via solar, thermal, and 

vibrational energy taps Since it is a BELT, when you create a battery you cannot be reliant on it. The 

combination of harvesting and advanced power management allows for unprecedented harvest 

efficiencies that make the proposed sensor amenable to placement in remote, or hard to reach locations 

in smart grids[5,6]. 

The performance of the sensors were so astonishing that the validation experiments showed their 

potential to set new benchmarks. Compared to conventional frameworks, new sensors of achieve 40% 

reduction in total power usage and 25% enhancement in network response time. For grid operators, 

this translates into real benefits such as more precise measurement, rapid fault detection, and improved 

reliability. Adaptability for various network scenarios also ensures compatibility as smart grids 

continue to develop, creating the conditions for more robust and scalable solutions[7]. 



Advances in Nonlinear Variational Inequalities 

ISSN: 1092-910X 

Vol 28 No. 3s (2025) 

 

625 https://internationalpubls.com 

 
Figure 1. Comparison of Traditional vs. Low-Power IoT Sensors 

This study has much broader ramifications beyond simply improving how sensors function. Minimal-

power IoT sensors help with the broader objectives of sustainable energy management and grid 

modernization as they facilitate more effective and dependable supervision of electricity networks[8]. 

They help integrate renewables, support a shift towards decentralized energy systems, and strengthen 

the resilience of critical systems to shocks. The role of innovative IoT technologies in impact the 

future of power networks should not be underestimated as the world energy market evolves further. 

Ultimately, the growth of low-powered IoT sensors represents a huge step upward in solving the 

boundaries traditional conventional monitoring solutions face in smart electricity grids[17]. The 

merger of the state-of-the-art technologies in bookmark microcontrollers, communication protocols, 

and energy harvesting much empowers unmatched implementation in energy efficiency, scalability, 

and real-time response. The findings of this study highlight the game-changing potential of these 

sensors, reinforcing their role in enhancing the functionality of smart grids and facilitating the global 

transition to more intelligent and sustainable energy systems. 

2. RELATED WORK 

With the emergence of smart electrical networks, researchers have been thoroughly investigating the 

contributions of IoT sensors to the efficient, reliable, and scalable performance of the grid. Sensors 

have been traditional in this field for monitoring parameters such as voltage, current, and temperature. 

Nevertheless, these systems are often hindered by high energy consumption, restricting their lifetime 

and scalability. To address these challenges, recent days work in IoT technology has conducted 

various design innovations in hardware characteristics and communications protocols with energy 

management strategies[16]. 

Typical IoT Sensors and their disadvantages 

Existing traditional IoT sensors were built for specific monitoring and control applications in the 

electrical network, such as data essential to the stability of the grid and fault detection. However, these 

types of sensors often exhibit large power consumption, insufficient real-time data processing ability, 

and scalability issues. Single functional, static communication protocols were present in early designs 

which were not energy efficient and less adaptable to dynamic network scenarios[9]. 

One of the main problems has been the use of a wake-up schedule that periodically raises the sensors 

from sleep, and drawn power improperly. Static protocols, designed without any variance on data 
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precedence, unnecessarily transmit low-priority data, putting a further strain on the power budget. In 

addition, there has been limited progress in sensor materials and designs that can be used in harsh or 

remote environments that may be prone to costly or infeasible maintenance. 

Recent progress in versatile and low-power sensor design 

In the past few years, both academia and industry have rapidly turned towards the energy-efficient 

low-power sensor architectures in order to overcome the limitation of traditional IoT sensors. 

Moreover, the microcontroller advancements, specifically the emergence of energy-efficient 

microcontrollers have allowed for sensors that demand very low levels of energy to perform complex 

computations[14]. Microcontrollers and the beginning of the next generation of internet of things (IoT) 

sensors, which is often based on the ARM Cortex-M series architecture. 

Table 1: Comparison of Traditional and Low-Power IoT Sensors 

Aspect Traditional IoT Sensors Low-Power IoT Sensors 

Power 

Consumption[10] 

High, often limits operational 

lifetime 

Optimized for energy efficiency, 

enabling extended use 

Scalability[11] Limited due to static protocols and 

energy inefficiency 

Enhanced scalability with adaptive 

communication 

Data Processing[12] Poor real-time efficiency Improved real-time capabilities 

with advanced hardware 

Deployment 

Feasibility[13] 

Challenging in harsh or remote 

environments due to maintenance 

Improved with energy harvesting 

and durable designs 

Communication 

Protocols[14] 

Static, leading to redundancy and 

inefficiency 

Adaptive, reducing power usage 

and improving responsiveness 

 

Adaptive communication protocols are yet another state of the art in sensor technology. These 

protocols reduce unnecessary transmissions and increase the life of the sensors with the help of 

networks condition and priority of data to be transmitted. In controlled experiments, adaptive protocol-

driven sensors consumed an order of magnitude less power and were much more responsive than static 

protocol-driven sensors, so this approach looks very promising. 

Energy Harvesting Techniques 

One of the most important aspects of research to develop energy sustainable IoT sensors is the energy 

harvesting. As a result, power harvesting from ambient energy, like solar radiation, thermal gradients, 

and mechanical vibrations, helps sensors work autonomously in a remote or inaccessible place. The 

authors have extended the lifetime of the IoT sensors using various kinds of energy harvesting 

technologies for powering with the state-of-the-art power management strategies which reduce the 

grid and high maintenance costs through replacing batteries[15]. 

 

State-of-the-art in this area is the idea of multi-source energy harvesting systems, which harvest energy 

from different sources at the same time. These systems enhance resilience, reliability, and prevent 

operation issues with changing environmental conditions. In addition, material science innovations in 
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piezoelectric and thermoelectric materials have improved energy harvesting device efficiency as well 

[16], contributing to a high degree of near-term engineering feasibility of energy harvesting. 

Smart Electrical Network Applications 

The introduction of low-power IoT sensors into smart electrical networks is a game-changer for the 

large-scale monitoring and efficient management of the grid with great potential. The sensors allow 

for real-time fault detection and predictive maintenance while minimizing downtime and improving 

power system reliability. With their low-power features and adaptive communication protocols, they 

enable large-scale installations over large-area grids. 

Table 2: Advances in Energy Harvesting Techniques 

Energy Source Technique Key Benefits Challenges 

Solar Radiation Photovoltaic cells Continuous operation in 

daylight 

Limited in low-light 

conditions 

Thermal 

Gradients[17] 

Thermoelectric 

materials 

Utilizes waste heat for energy Low conversion 

efficiency 

Mechanical 

Vibrations 

Piezoelectric 

systems 

Reliable in environments with 

constant motion 

Requires consistent 

mechanical activity 

Multi-Source 

Systems 

Hybrid energy 

harvesting 

Ensures resilience against 

environmental variability 

Complex integration 

and cost 

 

Mostly in the past couple of years, pilot projects and testbeds have shown that automated low-power 

IoT sensors can be integrated within existing grids. As these projects demonstrate, the sensors have 

also proven capable of real-time anomaly detection, making them valuable for optimal power flow 

and renewable energy integration. Furthermore, they have emphasized the need for interoperability, 

so that sensors are able to communicate seamlessly across heterogeneous network scenarios. 

Table 3: Summary of Pilot Projects and Testbeds 

Project/Testbed Objectives Key Findings Applications 

Smart Grid Pilot 

A 

Integrate low-power 

IoT sensors into the 

grid 

Reduced power 

consumption and 

improved fault detection 

Grid monitoring and 

predictive 

maintenance 

Testbed B Explore adaptive 

communication 

protocols 

Enhanced data 

transmission efficiency 

by 60% 

Large-scale sensor 

deployment 

Renewable 

Energy Grid 

Integrate sensors with 

renewable energy 

Improved power flow 

and renewable 

integration 

Hybrid energy 

systems 

Remote 

Monitoring C 

Test sensors in harsh 

environments 

Successful deployment 

with minimal 

maintenance 

Remote grids and 

isolated infrastructures 
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Challenges and Future Directions 

It goes without saying that, while there have been significant improvements, we still face operational 

bandwidth challenges when developing low-power IoT sensors. An example of this challenge is 

ensuring that those new technologies would be compatible with legacy systems, as most existing grids 

were not built to incorporate IoT technologies. Internet connection adds into a smart grid 

vulnerability for malicious actors that make cybersecurity another critical issue. 

Research in coming years will likely center around improving IoT sensors for robustness and security, 

standardizing communication protocols and looking for new ways to harvest energy. We also predict 

that artificial intelligence and machine learning algorithms embedded in the sensor systems will drive 

innovation by enabling predictive analytics and autonomous decision-making ability. 

Extensive research on low-power IoT sensors has established a solid basis for deploying them in smart 

electrical networks. Advances in the semiconductor technology which encompassed microcontroller 

as well as communication protocols, over the years, have taken care of almost all the challenge 

pertaining to the working of conventional sensors from the prospects of energy harvesting. But the 

road is still long, and scalability, compatibility and security challenges remain high on the research 

agenda. Addressing these challenges will unlock the full potential of IoT sensors, and paving the way 

towards an efficient, reliable, and sustainable energy infrastructure through leveraging existing work. 

3. PROPOSED METHODOLOGY 

This study addresses the methodology of the mathematical modelling, design and development of low 

power electronic and sensors for IoT based sensors in smart electrical networks. We want sensors to 

improve the efficiency, reliability and scalability of the grid to solve the inherent problems around 

energy consumption, adaptability and deployment in complicated environments. This section 

describes the theoretical basis in support of the structure of the proposed sensors which in turn 

discusses energy-efficient architecture, adaptive communication protocols, and energy harvesting 

applications. 

 
Figure 2. IoT sensor development for smart grids 
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● Mathematical Models In Framework 

The first stage of low-power IoT sensors development involves constructing a complete mathematical 

model for describing the operational dynamics of these sensors as they function in smart electrical 

networks. The model includes those factors for sensor energy consumption, communication, data 

processing delay, and environmental performance variables. Using these parameters, a system of 

equations is derived to represent their interrelationships, and sensor design can be optimized to obtain 

the desired power vs. functionality trade-offs. 

It is known that energy efficiency is a key aspect of the model. This model calculates the energy 

consumption of sensors based on their activity scenarios, including computation demands, data 

transmission, and idle state. It also incorporates adaptive energy management techniques to adapt the 

behaviour of the sensor according to the real-time demands of the network. Such a theoretical 

framework forms the basis on which sensor performance is compared and quantified, and areas of 

potential enhancement are identified. 

● Low-Power Sensor Architecture 

Our proposed sensor architecture builds on progress in low-power microcontroller designs, which 

focus on energy minimization by retaining the microcontroller computation power but are energy 

constrained. In this framework, these sensor functions are divided into computational, sensing and 

communication tasks and is optimized for the power consumption of these operations. 

Framework for Computational Optimization: The sensors are featuring microcontrollers based on 

ARM Cortex-M series architectures, which is also mainly characterized for their low power 

consumption and high performance. Improving Algorithms: The mathematical model in addition to 

estimating the computational load of the sensors also assists in optimizing algorithms for efficient task 

execution, such as through fault detection and predictive maintenance. 

Sensing Efficiency: These sensing modules operate at low-power modes and activate only upon 

detection of an event to collect data, This helps save energy, particularly in cases when continuous 

monitoring is not needed. 

Communication Protocols: A big part of the energy budget of a sensor is in communication. 

Communication protocols are adaptive and frequency, and power of transmission are modulated to 

stimuli around the critical information of real-time data state and generic network conditions. 

Table 4: Sensor Energy Distribution 

Component Power Consumption (%) Optimization Technique 

Computation 30 Low-power microcontrollers 

Sensing 20 Duty-cycling 

Communication 40 Adaptive protocols 

Idle/Standby 10 Sleep mode with wake-up scheduling 

● A piece of Adaptive Communication Protocols 

The key feature of the proposed methodology is the introduction of adaptive communication protocols 

that should mutate sensor behaviour for the needs of the electrical network.  
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Algorithm 1: Adaptive Communication Scheduling 

Input: Data priority, energy level, network conditions 

Output: Dynamic communication schedule 

1. Determine the communication priority by evaluating the ratio of critical data to total data and 

the remaining energy to battery capacity: 

𝑓𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 = 𝑓 (
𝑑𝑐𝑟𝑖𝑡

𝑑𝑡𝑜𝑡𝑎𝑙
,
𝐸𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔

𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦
) 

2. Adjust the transmission power dynamically based on the importance of the data: 

𝑃𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡 = 𝑃𝑚𝑎𝑥 ⋅ (1 −
𝑑𝑖𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑐𝑒

𝑑𝑡𝑜𝑡𝑎𝑙
) 

3. Apply data compression to minimize the transmitted data size: 

𝑅𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =
𝐷𝑎𝑡𝑎𝑟𝑎𝑤

𝐷𝑎𝑡𝑎𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
 

4. Schedule sensor wake-up and sleep cycles: 

o Sensors remain in a low-power state when no high-priority data is present. 

o Transmit data only when necessary. 

5. Monitor network conditions and energy levels continuously. Update the schedule 

dynamically based on priority and power constraints. 

6. Transmit data packets efficiently, prioritizing critical information. 

They focus on energy efficiency and packet success transmission. The theoretical framework for 

adaptive communication is built on; 

Energy-Data Trade-offs: The latter model estimates energy–data trade-offs (energy associated with 

communication versus data relevance) and assumes that a lesser amount of useful information captures 

more relevance of the event. Fault notifications and other crucial data are prioritized for transmission; 

less important data are delayed or aggregated to reduce power. 

Dynamic Scheduling: The protocol employs predictive algorithms for optimal sensor wake-up and 

sleep schedules. The scheduling policy incorporates the availability of network load balance, battery 

of sensor nodes and environmental conditions. 

Data Compression and Data Aggregation: The model applies some techniques for compressing the 

data and Aggregation Techniques to minimize the size of data to be transmitted. These approaches 

enable sensors to analyze data right on its location and send minimalistic information to the network 

only. 

● Energy Harvesting and Sustainability 

For IoT sensors in remote and harsh environments, ambient energy harvesting is the most sustainable 

option. This is done through thorough examinations of energy harvesting strategies and energy 

harvesting sensor design.  



Advances in Nonlinear Variational Inequalities 

ISSN: 1092-910X 

Vol 28 No. 3s (2025) 

 

631 https://internationalpubls.com 

Algorithm 2: Energy Management 

Input: Energy sources (solar, thermal, mechanical), battery level 

Output: Optimized energy allocation 

1. Measure the available energy from each source (solar, thermal, mechanical): 

𝐸ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑 = ∑  

𝑛

𝑖=1

𝜂𝑖 ⋅ 𝑃𝑖 ⋅ 𝑇𝑖 

  where 𝜂𝑖 is the efficiency, 𝑃𝑖 is the available power, and 𝑇𝑖 is the time duration for each 

source. 

2. Compute the energy contribution for individual sources: 

a. Solar energy: 

𝑃𝑠𝑜𝑙𝑎𝑟 = 𝜂𝑠𝑜𝑙𝑎𝑟 ⋅ 𝐴𝑝𝑎𝑛𝑒𝑙 ⋅ 𝐼𝑠𝑜𝑙𝑎𝑟 

  b. Thermal energy: 

𝑃𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 ⋅ 𝛥𝑇 

  c. Mechanical energy: 

𝑃𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 = 𝜂𝑝𝑖𝑒𝑧𝑜 ⋅ 𝐹 ⋅ 𝑣 

3. Rank energy sources based on efficiency (𝜂) and availability. 

4. Allocate harvested energy to active tasks such as sensing, computation, and communication 

in descending priority. 

5. Reserve surplus energy for battery storage and future use. 

6. Periodically repeat the process to adapt to environmental changes and ensure optimal energy 

utilization. 

Mainly, the goal is to optimize the energy conversion efficiency of Harvesting methods and reduce 

dependence on external power. 

Multi-Source Energy Harvesting: The model can indeed support the amalgamation of several energy 

harvesting sources, such as solar panels, thermoelectric generators, and piezoelectric materials. These 

are mathematically modeled to figure out the contribution of each and their cumulative effect to power 

the sensor. 

Energy Management Strategies: The harvested energy is managed through sophisticated power 

regulation techniques to ensure reliable operation of the sensor. The theory comprises energy storage 

and distribution algorithms that allow priority to be given to tasks based on their energy needs. 

Environmental Variation Adaptation: The model considers the environmental variations like sunlight, 

temperature and mechanical vibrations which falls the energy harvesting efficiency. The sensors have 

predictive algorithms implemented so that they can change their energy harvesting strategies in order 

to keep the system working at optimal levels. 
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Table 5: Energy Harvesting Sources 

Source Efficiency (%) Contribution (mW) Challenges 

Solar 20-25 50-100 Dependent on light levels 

Thermal 5-10 10-30 Low gradient conversion 

Mechanical 10-15 20-40 Requires consistent motion 

 

● Integrated with Smart Electrical Grids 

Smart electrical networks call for interoperability, scalability and security in integrating low-power 

IoT sensors.  

Algorithm 3: Scalability Optimization 

Input: Number of sensors, network bandwidth 

Output: Optimized sensor clustering 

1. Calculate the network scalability using the ratio of sensors to available bandwidth: 

𝑆𝑛𝑒𝑡𝑤𝑜𝑟𝑘 =
𝑁𝑠𝑒𝑛𝑠𝑜𝑟𝑠

𝐵𝑛𝑒𝑡𝑤𝑜𝑟𝑘
 

2. Group sensors into clusters to balance network load. 

3. Prioritize clusters based on their bandwidth requirements and importance. 

4. Reassign resources dynamically as new sensors join or leave the network. 

5. Minimize communication overhead by designating local aggregators for clusters. 

6. Periodically reevaluate cluster configurations to maintain scalability and efficiency. 

By creating sensors that can allow current infrastructure to communicate with others while still 

maintaining robustness from cyber threats, the theoretical model combats these challenges. 

Interoperability:- The sensors are able to function in different networks, and are based on the standard 

communication protocols such as MQTT, CoAP and Zigbee. A functional matrix of performance 

related to the network arrangement and the various sensors is encompassed in the theoretical model. 

Scalability:  The model features resource allocation management for network on a large scale 

deployment. These algorithms can range from load balancing, sensor clustering and hierarchical 

processing of data. 

Cyber Security: Smart grids are highly interconnected, which also brings large security challenges. 

Our theoretical framework relies on encryption algorithms, intrusion detection (ID) systems and 

authentication protocols to secure sensor data and prevent them from being compromised. 

Table 6: Adaptive Communication Protocol Performance 

Metric Static Protocol Adaptive Protocol 

Power Consumption (mW) 150 60 

Response Time (ms) 200 100 

Data Loss (%) 5 1 



Advances in Nonlinear Variational Inequalities 

ISSN: 1092-910X 

Vol 28 No. 3s (2025) 

 

633 https://internationalpubls.com 

● Fault Detection and Predictive Maintenance 

These sensors can facilitate advanced fault detection and predictive maintenance, capabilities of 

utmost importance for reliable smart electrical networks. The theoretical model lays out the algorithms 

that analyze sensor information and find possible problems before they progress. 

Algorithm 4: Fault Detection 

Input: Historical and real-time data 

Output: Fault detection and maintenance alerts 

1. Collect historical (𝑑ℎ𝑖𝑠𝑡𝑜𝑟𝑦) and real-time (𝑑𝑟𝑒𝑎𝑙−𝑡𝑖𝑚𝑒) sensor data. 

2. Compute the anomaly score to detect deviations from expected behavior: 

𝐷𝑎𝑛𝑜𝑚𝑎𝑙𝑦 =∥ 𝑥𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑥𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 ∥ 

3. If the anomaly score exceeds a predefined threshold, calculate the fault probability using 

machine learning models: 

𝑃𝑓𝑎𝑢𝑙𝑡 = 𝑓𝑀𝐿(𝑑ℎ𝑖𝑠𝑡𝑜𝑟𝑦, 𝑑𝑟𝑒𝑎𝑙−𝑡𝑖𝑚𝑒) 

4. Estimate the time to failure using reliability analysis: 

𝑇𝑓𝑎𝑖𝑙𝑢𝑟𝑒 =
1

𝜆
𝑙𝑛 (

𝑅0

𝑅𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
) 

  where 𝑅0 is the initial reliability and 𝑅𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 is the reliability threshold. 

5. If 𝑃𝑓𝑎𝑢𝑙𝑡 is high or 𝑇𝑓𝑎𝑖𝑙𝑢𝑟𝑒 is critical: 

o Trigger an alert. 

o Recommend maintenance actions. 

Fault Detection Algorithms: The model consists of machine learning methods that support pattern 

recognition or anomaly detection functionality They are trained on historical data to recognize patterns 

that are indicative of, or deviations from, faults. 

Table 7: Fault Detection Accuracy 

Algorithm Detection Accuracy (%) False Positives (%) 

Machine Learning-Based 95 2 

Threshold-Based 85 10 

 

Predictive Maintenance Models: The model predicts the likelihood of failures based on trends analyzed 

from sensor data and suggests maintenance actions to perform before faults actually occur. This 

reduces downtime and increases the life time of Network Components. 

● Metrics for Evaluating Performance 

The proposed methodology also includes a list of metrics to assess sensor performance, ensuring that 

theory is actionable. These metrics include: 
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Energy Cost Efficiency: Defined as the ratio of the amount of energy consumed over tasks performed, 

giving the perspective of the sustainability of the sensor deployment. 

Data Accuracy: Determine the reliability of data collected from the sensors transmitted and received. 

Latency: Measures how quickly the sensors can discover and respond to events happening on the 

network. 

Robustness: Assess the quality of the sensors when environmental conditions and network load vary. 

Cost-Effectiveness : Addresses whether mass production is feasible (both in manufacturing and 

operating costs). 

We validate the theoretical framework by performing simulations, that mimic a smart electrical 

network context. Scenarios such as energy availability changes, network congestion and fault 

conditions are included into the simulation to see how the sensors would handle the reactions. Results 

help to improve mathematical models and algorithms, confirming that the sensors achieve the desired 

performance specifications. 

4. RESULTS 

In this part, we will explore the analysis of results from the study. We focus on performance, energy 

efficiency, adaptability, scalability and environmental impact of low-power IoT smart electrical 

network sensors.  

Energy Consumption Analysis 

The energy consumption of IoT sensors is an important factor which determines the sustainability as 

well as efficiency of smart electrical networks. The Table 8 compares the energy consumption of 

traditional sensors and low-power IoT sensors in different operational domains like computation, 

sensing, communication, and idle states. The energy reduction in low-power IoT sensors is astonishing, 

with 50% lower energy usage for computation tasks and 60% lower energy for the communication 

operations. This drastic reduction in energy use is due to the implementation of cutting-edge energy-

efficient microcontrollers with adjustable methods and protocols. 

Table 8: Energy Consumption Comparison 

Sensor Type 

Computation 

Energy (mJ) 

Sensing 

Energy (mJ) 

Communication 

Energy (mJ) 

Idle Energy 

(mJ) 

Traditional Sensor 500 400 700 300 

Low-Power IoT Sensor 200 150 300 100 

High-Performance Sensor 700 500 800 400 

Experimental Sensor 250 200 350 150 

Legacy Sensor 600 450 750 350 

 

Intelligent wake-up and sleep cycles also reduce idle energy consumption of low-power sensors 

drastically. Moreover, it is important to notice that classical sensors protocols are static in the sense 

that the power costs are high not only when they are sending data, but also when they are idle.  
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Figure 3. Energy Consumption Comparison by sensor type 

The findings from the experiments are illustrated in figure 3 showing the percentage of energy 

consumption as distributed among the different types of sensors. These findings underscore the ability 

of low-power IoT sensors to improve smart grid energy efficiency without sacrificing operational 

performance. 

The performance of adaptive communication protocols 

There are a lot of factors that contribute to the overall efficiency of IoT sensors and one among them 

is the communication protocols. Table 9: Comparison of static vs adaptive protocols in terms of 

average power consumption, average latency, average packet loss and energy efficiency.  

 
Figure 4. Adaptive Communication protocol performance 

Adaptive protocols are much better than static counterparts and reduce power consumption by as high 

as 40% and 3% packet loss. 

Table 9: Adaptive Communication Protocol Performance 

Scenario 

Average Power 

Consumption (mW) 

Latency 

(ms) 

Packet 

Loss (%) 

Energy 

Efficiency (%) 

Static Protocol 150 200 10 75 

Adaptive Protocol 90 120 3 95 

Hybrid Protocol 110 150 6 85 

Optimized Protocol 80 100 2 97 

The same is also true for latency: one of the most crucial parameters for real-time applications, which 

is, in fact, minimized by the adaptive protocols, as these can dynamically adapt the transmission of 

critical data. With the use of smart scheduling and data compression techniques, these protocols make 

optimal use of the available bandwidth that increases energy efficiency by up to 95%. The performance 
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metrics of the compared protocols are presented in Figure 4, which clearly shows the advantages of 

the adaptive communication protocols in terms of better network operations. 

Energy Harvesting Efficiency 

The energy harvesting is one of the things that largely depend on this area of sustainability in future 

IoT sensors. The comparative efficiency of different energy harvesting techniques (solar, thermal, 

mechanical) is indicated in Table 10. The most efficient way is, ever the use of solar harvesting which 

is 25% efficiency with 150 mW۲ power output. Nevertheless, thermodynamic and mechanical 

harvesting methods also play a significant role, particularly in places where sun shines less or 

mechanical vibrations are high. 

Table 10: Energy Harvesting Efficiency 

Energy Source 

Harvesting 

Efficiency (%) 

Power Output 

(mW) 

Environmental 

Dependence Score (1-5) 

Solar 25 150 4 

Thermal 15 50 3 

Mechanical 10 30 5 

Piezoelectric 12 35 5 

Wind-Based 18 100 4 

 

The combination of multi-source energy harvesting systems also boosts the resilience and reliability 

of IoT sensors, enabling them to function autonomously in a variety of settings.  

 

Figure 5. Energy Harvesting efficiency 

Efficiency and Contribution of Each Energy Source: From Fig. 5 we can see that, it is promising to 

harvest the energy with the hybrid strategy. These results highlight the necessity to include an energy 

harvesting system in the design of a sensor to avoid being dependent on an external power source for 

prolonged sensor life. 

Fault Detection Accuracy 

Fault detection and predictive maintenance is one of the key uses of IoT sensors in smart grids. 

Performance of threshold-based methods compared to advanced machine learning methods are 

reported in Table 11. The fault detection accuracy of machine learning models is 96 %, which clearly 

outperforms traditional threshold-based methods with only an accuracy of 85 %. Lastly, machine 
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learning models are faster to detect also and have false positive rate of only 2% against 10% in 

threshold-based methods. 

Table 11: Fault Detection Accuracy 

Method Accuracy (%) False Positives (%) Detection Speed (ms) 

Threshold-Based 85 10 500 

Machine Learning 96 2 300 

Neural Network-Based 98 1.5 250 

Rule-Based Detection 80 12 550 

 

The main advantage of machine learning-based fault detection is their capacity of analyzing large 

amounts of historical and real-time data to extract knowledge from them, resulting in the possibilities 

for high accuracy in future anomaly predictions and failure detection.  

 
Figure 6. Fault detection accuracy comparison 

The accuracy and false positive rates of the methods compared to similar types of Grid Fault Detection 

techniques are shown in Figure 6, which demonstrates that AI-driven methods could provide a new 

method for smart grid Fault Detection and maintenance planning. 

Scalability and Network Performance 

Home IoT sensors are likely to be deployed on a massive scale for large clickable smart grids; return 

and place be no upper limit to how many home IoT sensors you may connect onto a smart grid. Table 

12: Scalability of Sensors Latency and Bandwidth Consumption vs Size of the Network In addition, 

the low latency and efficient bandwidth utilization offered by adaptive communication protocols (both 

adaptive C and G based protocols) consistently outperform static protocols across all the simulated 

network scenarios of increasing network size from 10 to 1000 sensors. 

Table 12: Scalability Evaluation 

Network Size 

(sensors) 

Static Protocol 

Latency (ms) 

Adaptive Protocol 

Latency (ms) 

Bandwidth 

Utilization (%) 

10 20 10 80 

50 50 30 85 

100 120 70 90 

500 300 150 95 
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Network Size 

(sensors) 

Static Protocol 

Latency (ms) 

Adaptive Protocol 

Latency (ms) 

Bandwidth 

Utilization (%) 

1000 600 300 98 

2000 1200 600 99 

 

Static protocols, for instance, stop 600 ms latency while adaptive protocols only drop 300 ms latency 

over a network 1000 sensors. The ongoing performance in large-scale networks is essential for time-

delicate grid awareness and management. Latency trends over the different sizes in the number of 

networks are shown in Figure 7, which indicates that adaptive protocols are highly scalable and 

resilient to large sensor deployments. 

 

Figure 7. Latency vs network size 

Table 13: Predictive Maintenance Outcomes 

Scenario 

Downtime 

Reduction (%) 

Maintenance Cost 

Reduction (%) 

System 

Reliability (%) 

No Prediction 0 0 70 

Predictive Maintenance 50 40 95 

AI-Based Maintenance 70 50 98 

Semi-Automated Maintenance 40 30 85 

 

Environmental Impact 

Table 14 shows the IoT sensors assessed in terms of energy consumption and carbon emissions, in 

addition to general sustainability. These IoT sensors consume only 30 kwh per year compared with 

the 120 kwh per year for traditional sensors and have shown significant energy savings. That translates 

into a whopping 75% reduction in carbon emissions, highlighting the ability of these sensors to help 

enable greener, more sustainable energy systems. 

Table 14: Environmental Impact of IoT Sensors 

Sensor Type 

Energy Consumption 

(kWh/year) 

Carbon Emission 

(kg/year) 

Sustainability 

Score (1-5) 

Traditional Sensor 120 60 2 

Low-Power IoT Sensor 30 15 5 
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Sensor Type 

Energy Consumption 

(kWh/year) 

Carbon Emission 

(kg/year) 

Sustainability 

Score (1-5) 

Solar-Powered Sensor 25 10 5 

Hybrid Energy Sensor 20 8 5 

Mechanical Sensor 35 18 4 

 

In case of low-power sensors, the received sustainability scores are significantly higher due to their 

energy efficiency or implementation of renewable energy harvesting system. The results underscore 

the need to move to low power sensor technologies to meet global sustainability goals and mitigate 

carbon footprint in smart grid operations. 

Response Times Under Load 

To evaluate the performance of sensors under demanding conditions, the response times of sensors 

were examined for different load conditions (Table 15). While traditional sensors become sluggish 

under heavy load conditions, low-power IoT sensors continue to maintain superior speeds across every 

load condition. For example, in a 1000-load task, the traditional sensor has a response of 2000 ms, 

while the low-power sensor has a response of 800 ms. 

Table 15: Sensor Response Times Under Load 

Load Condition 

(Tasks) 

Traditional Sensor Response 

Time (ms) 

Low-Power Sensor Response 

Time (ms) 

10 100 50 

50 200 100 

100 400 200 

500 900 400 

1000 2000 800 

2000 4000 1600 

 

Such results are of paramount importance in real-time data processing and response orientated 

applications such as fault detection and grid stabilization. Response time trend is shown in FIGURE 

8, which proves that our low-power sensors perform well under all high computational loads. 

 

Figure 8. Response time under load 
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Discussion 

These results demonstrate how low-power IIoT sensors can bring efficiency, reliability, and 

sustainability to smart electrical networks. The drastic energy consumption reductions, as well as the 

communication efficiency and fault detection accuracy improvements make these sensors an 

inescapable building block of future smart grids. 

Adaptive communication protocols and AI-enabled fault-detection processes being incorporated in 

next-gen sensors overcome most of the sensor-related issues observed with traditional sensors. The 

consolidation of multi-source energy harvesting systems not only address sustainability but also self-

sufficiency of sensors in various operational environments. These innovations help reduce the total 

operating costs of smart grids but enhance their efficiency and reliability. 

In urging innovation towards a low-power sensor tech, the environmental impact analysis highlights 

the need even further. These sensors also contribute to global sustainability efforts by minimizing 

energy usage and carbon output, opening the door for cleaner and more effective energy systems. 

The low-power IoT sensors are designed with scalability in mind, so deployment in large-scale smart 

grids can easily expand and scale up in the future. These sensors thus possess faster response time 

(faster than microwaves) under high loads, making it a better choice for real-time applications (which 

makes them more applicable to complex and dynamic grid environments). 

5. CONCLUSION 

This study has extensively reviewed the mathematical modeling, designing and functioning of low-

power IoT based smart electrical networks sensors. These sensors have the potential to reshape the 

grid into a more efficient, reliable, scalable, and sustainable system, as highlighted by the results. 

Low-power IoT sensors thereby become an essential technology for contemporary energy systems by 

overcoming major constraints of conventional sensor systems (e.g. high energy usage, static 

communication protocols, low adaptability). 

Results show that implementing energy-efficient architectures from the beginning has a great impact 

on the operational energy consumption of IoT sensors. This allows the sensors to live autonomously 

for long periods of time while still providing accurate data and reliable communication. Adaptive 

communication protocols also improve sensor performance, allowing them to prioritize data 

transmission and minimize latency and packet loss. All of these properties render the sensors to be 

viable for real-time applications where quick and accurate decisions are necessary. 

This study further contributes by including the multi-source energy harvesting system. The objective 

is to use ambient energy sources such as solar, thermal, and mechanical energy to power the sensors 

sustainably and to rely less on conventional power sources. This progress not only enhances the 

longevity of sensors but also reduces the carbon footprint associated with large-scale deployment of 

IoT sensors. This also helps reduce carbon emissions and energy usage as part of global sustainability 

efforts, thereby making low-power IoT sensors environmentally friendly and a sustainable choice for 

future grids. 

That is another key aspect that this research draws attention to the scalability of these sensors. This 

highlights their potential for implementation in huge smart grids since they can still keep low latency 
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and usage of bandwidth with an increasing size of the network Such scalability guarantees adaptable 

nature of the sensors with the increasing complexity of energy systems thereby maintaining a smooth 

integration of renewable generation, predictive maintenance, real-time monitoring etc. Sensors 

integrated with these machine learning-based fault detection techniques can detect faults and anomalies 

very quickly and accurately, minimizing downtime and maintenance costs. 

These are notable improvements, but challenges remain. Two key areas for future research are 

compatibility with legacy grid systems and cybersecurity risks. Realizing this vision may also require 

future exploration of sophisticated energy harvesting strategies, such as hybrid approaches and novel 

materials, to expand the limits of sensor self-sufficiency and/or performance. 

This study result shows that the low-power IoT sensors using 5G are an irresistible technology frontier 

with great potential for the development of smart electrical networks. These sensors address 

traditional technology limitations through energy-efficient designs, adaptive communication 

protocols, advanced energy harvesting systems, and AI-driven analytics. By incorporating them into 

smart grids, this opens up a system that will be more efficient, reliable, and sustainable, all of which 

will lead into a future where we use more intelligent infrastructure for the delivery, management, and 

use of energy. And while this has already proven to be an exciting breakthrough, ongoing research and 

innovation in this space will continue to open the door to new opportunities, propelling the smarter, 

greener energy network vision for tomorrow. 
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