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Abstract: This paper outlines IoT-assimilated architecture for monitoring and control of renewable energy in smart grids 

which thereby strengthens the concept of sustainability in networked computing. Rising usage of renewable source of energies 

like solar or wind power generation needs efficient management to maintain stability, reliability and utility front in smart grids. 

The framework proposed in this paper uses IoT-based methodologies for integrating different energy sources within a sole 

architecture And those same capabilities allows acquiring information related to time-series data, the analysis of these and can 

be also implemented as a control method. Sensors networks are installed with the help of which energy generation and 

consumption is monitored, communication modules to send data as input through machine learning algorithms for 

implementing energy distribution in a streamlined manner from the master control system. Also, a dynamic load balance and 

prediction-based maintenance are provided to save the energy wastage and maintain the appliance working continuously. This 

in itself is critical because the system can respond and make decisions on-the-fly using future-state predictions of energy 

supply and demand, which improves grid resilience. The integration of IoT devices provides additional data accuracy to deliver 

specific metrics for grid performance and sustainability. The framework was validated by simulating in smart grid environment 

and showing significant improvements related to energy efficiency, cost effectiveness, and carbon footprint. The illustration 

of this study demonstrates the role IoT can play in revolutionizing renewable energy management within smart grids, fostering 

sustainable network computing techniques. 
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1. Introduction 

Given the urgent need to tackle climate change, 

energy scarcity, and the environmental footprint 

linked with traditional fossil fuel usage, the energy 

sector is facing a significant transformation globally 

as it moves to adopt renewable energy sources. 

Solar, wind, hydro and biomass energy are 

increasingly becoming popular alternatives due to 

their low carbon footprint and theoretically 

unlimited availability. But plugging these renewable 

energy sources into current power grids has created 

several obstacles. Renewable energy solar and wind 

are the more common sources of electricity different 

from the conventional ones, that is why these two 

types are variable (often unpredictable), requiring 

superior approach for their management. These 

issues are addressed by smart grids with IoT devices, 

a technique that allows monitoring and control of 

renewable energy generation in real-time to 

optimize network computing in an environmentally 

sustainable manner. 

Contrary to traditional electricity grids, smart grids 

go beyond integrating sensors into the grid 

infrastructure and relying on data analytics and 

communication systems to optimize energy 

distribution. These grids will have the necessary 

control and flexibility to balance renewable energy, 

handle two-way power flows and are intended to 

provide more intimate and direct control over what 

is being generated, distributed and consumed. 

Specifically, one of the important characteristic is to 

overcome variability and intermittency of renewable 

energy sources over its long journey which is not 

consumed at once as that generated allowing power 

supply (electricity flow) to all consumers who have 

fluctuations in their demand[1]. But with 

renewables, having many different sources and the 

need for real-time data analytics leading to very 

rapid decision-making when integrating all those 

resources can be a challenge. This is where IoT 

technology integration comes in, making energy 

networks smarter and more flexible, and supporting 

sustainability efforts. 

The Internet of Things (IoT) is now a crucial part of 

every contemporary application on diverse 
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industries such as health, transportation, agriculture 

and energy management. In the realm of renewable 

energy and smart grids, IoT brings a connected 

environment where devices, sensors, and controllers 

are able to speak together with the goal of 

maximizing how energy is produced, delivered and 

utilized. This system can work by attaching IoT-

connected sensors and devices in places within the 

grid infrastructure, which can collect data on energy 

generation, storage distribution and consumption is 

transmitted to a central control application in real-

time. They have proven to be useful in tracking the 

welfare of power systems, determining energy 

demands, detecting wastes and applying controls to 

ensure that renewable energy resources are 

effectively deployed[2,3]. 

Some of the key benefits realized by integrating IoT 

with renewable energy management are described 

below. For instance, IoT-connected devices support 

real-time monitoring of renewable energy sources 

(e. g., solar panels and wind turbines), so we can get 

data from these devices to know how well they are 

functioning and how their efficiencies can be 

upgraded. As a result of this real-time monitoring 

use case, abnormal behaviour such as equipment 

failure or reduced energy output can be detected 

allowing maintenance to occur promptly which 

minimises downtime. Second, their control systems 

can use IoT to balance energy generation and 

consumption on the fly in response to variation on 

renewable sources. For example, if the generation of 

solar power decreases due to cloud formation at a 

particular time, IoT-operated controllers can then 

switch over to using another backup form of 

renewable energy or can deliver from stored energy 

reserves so that stability is maintained in the grid. 

Third, it allows demand-side management strategies 

(e. g., load shifting and demand response) for better 

coordination of energy consumption with the 

presence of renewable power on the grid to improve 

overall grid utilization as well[4]. 

 

Figure 1. comparison graphs for the performance metrics on the Drebin dataset 

Although it offers great strengths, however, the 

incorporation of IoT in the power sector called smart 

grids for renewable energy handling is full of 

challenges. Top of the list is the massive amount of 

data produced by IoT devices, which requires 

appropriate data handling and a means to store, 

process and analyze all this information. The real-

time nature of data, the sheer volume and 

heterogeneity from myriad sensors and devices 

spread across the grid means that traditional 

methods for data management may not be 

appropriate. Therefore, processing this data at the 

source to derive actionable insights for faster 

decision-making need advances in big data 

analytics, machine learning algorithms and edge 

computing techniques. In the age of digitisation, and 

as a lucrative target for cyberattacks that could 

impact energy supply and potentially result in 

catastrophic failures, cybersecurity plays an 

essential role here big data has to be kept secure and 
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private. For the security of IoT-enabled smart grids, 

deploying robust cybersecurity practices, such as 

data encryption, secure communication protocols 

and intrusion detection systems are imperative to 

maintain the integrity and reliability[5]. 

The heterogeneity of IoT devices and 

communication protocols in smart grid 

environments represents another major issue. Smart 

grids are made up of a variety of devices smart 

meters, sensors, controllers and actuators that 

communicate using different standards and data 

formats and have different operational styles. The 

Internet of Things (IoT) integrated energy 

management system necessitates that the devices 

make seamless transition from one stakeholder to 

another without compromising on interoperability. 

The interoperability may be improved by 

standardizing the communication protocols and data 

formats with using middleware solutions for smooth 

exchange of information between different devices. 

Furthermore, network scalability and reliability are 

crucial, with the expansion of smart grid 

infrastructure to cater for an increasing number of 

renewable energy sources and connected devices. 

Against this backdrop, this study seeks to propose 

an IoT-enabled architecture that performs live 

monitoring and control of renewable energy in smart 

grid for sustainable network computing. The 

proposed IoT sensor enabled network may collect 

real-time data of the power generation, distribution 

and consumed from different sources like solar, 

wind etc. Machine learning algorithms process this 

data, optimize the distribution of energy and adapt 

alterations in both supply and demand 

conditions[6][7]. The framework also integrates 

predictive maintenance features to safeguard the 

performance of renewable energy assets, reducing 

the likelihood of sudden outages while optimizing 

operational expenditure on maintenance. 

Furthermore, the framework takes care of data 

security and privacy issues by incorporating secure 

transmission and storage of these data which 

guarantees the integrity and confidentiality of 

exchanged grid data. 

The main pillar of the framework proposed in this 

paper is dynamic load balancing and demand-side 

management in IoT. Looking continuously and in 

real-time at energy consumption patterns, predicting 

future energy demands, so that the system can 

proactively adjust energy distribution to target 

regions which has more availability of renewable 

resources. For instance, the system can be 

configured to run on solar during sunny hours saving 

surpluses into battery reserves or rerouting excess 

energy for non-critical loads when the sun is shining, 

and relying on about two-thirds of its traditional 

capacity after dark. When renewables are generating 

less, the system can ease the burden on grid by using 

demand response mechanisms which could 

moderate loads by turning off non-essential 

appliances for short periods of time or by offering 

incentives to consumers to shift their energy usage 

to off-peak times. The grid is more resilient and 

efficient as a result of this dynamic load balancing, 

and the overall energy generation mix becomes less 

dependent on fossil-fuel-based backup 

generators[8]. 

In this way, the incorporation of IoT technology into 

renewable energy management in smart grids helps 

to achieve the true "energy internet" - a 

decentralized and highly flexible system that still 

maintains stable network operation. In this 

decentralized system, energy consumers can 

become prosumers by producing their own 

renewable source of energy and sharing it with the 

grid or other users. When combined with the trading 

of energy between prosumers and the grid, or peer-

to-peer american, such data can improve the overall 

efficiency of an energy network. This decentralized 

method not only lessens the load for centralized 

power plants, but it also encourages energy 

autonomy, preparedness and sustainability down at 

the community level. 

The study also tackles how edge computing can be 

deployed as a complement to IoT in improving 

smart grid real-time processing and decision-

making. This shortens the distance that data needs to 

travel and therefore also reduces latency, shrinks 

bandwidth usage and increases responsiveness of 

the energy management system because edge 

computing processes data at or near the source. Edge 

devices can do real-time data analysis, identify 

anomalies in the generation of electricity (for 

example, measure the angle of inclination of solar 

panels or adjust wind turbine power), and make it 

autonomous thanks to local controllers installed 

directly on renewable energy sites. This distributed 

processing style works in conjunction with the 

central control system to allow for more 

comprehensive coordination of the grid, especially 

when rapid response is needed[9][10]. 
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In response to sustainable computing networks, this 

paper introduces an IoT-enabled Renewable Energy 

Management(PoREM) a framework for adding the 

capabilities of the Internet of Things (IoT). Today, 

our computing infrastructures (data centers, cloud 

services, edge networks) consume massive amount 

of energy leading to a gigantic carbon footprint in 

the IT sector. The framework will also help to create 

a more reliable and sustainable power supply for 

computing networks by improving the integration of 

renewable energy into smart grids, lowering their 

dependence on non-renewable sources of energy. 

Particularly the use of IoT will play a key role in 

real-time monitoring and controlling of energy 

resources to meet the energy demands of computing 

systems ensuring energy efficient operation even 

under varying conditions e.g., fluctuating 

availability of renewable energy sources. 

The aforementioned researches, therefore, 

concluded that the IoT technologies have been 

integrated into renewable energy management with 

smart grid as an satisfactory solution for developing 

sustainable energy system. This includes the IoT-

enabled framework developed for real-time 

monitoring, cyber-physical integration and control 

of renewable energy in smart grids, which can 

effectively resolve issues related to data processing, 

specifications barriers, security leaks and dynamic 

load-tracking regulations. The framework improves 

the efficiency, reliability and sustainability of the 

grid by combining IoT, machine learning and edge 

computing to increasingly replace brown energy 

with green one. This work is in line with the broader 

movement to intelligize energy management 

systems for the renewable era and sustainable 

network computing practices[11]. 

2. Related Work 

In the largest smart grids there has always been a lot 

of research on IoT technologies that manage 

renewable energy. There, researchers have looked at 

energy monitoring and control all the way to data 

analytics and predictive maintenance. Ultimately, 

the vision is to create smarter, more reliable, 

sustainable and efficient energy infrastructure. So 

far, the most relevant studies have been on the 

subject of improving real-time monitoring through 

IoT, optimizing energy distribution with better grid 

stability and intelligent decisions for renewable 

energy sources. This paper highlights core research 

contributions and trends associated with IoT-based 

energy monitoring systems, smart grid architectures, 

machine-learning applications, demand-side 

management methods, and security challenges in 

IoT-enabled energy networks. 

Smart IoT Powered Energy Monitoring and 

Control Systems 

The most common use of IoT technology in 

managing the generation, distribution, and 

consumption comes from renewable sources. For 

instance, IoT sensors on the grid can be used to 

collect renewable energy source data (e.g. how well 

solar panels or wind turbines are working) in the 

interest of understanding performance. Hossain et 

al. (2018) An IoT based Smart Monitoring System 

for Photovoltaic (PV) Solar Power Plants. They had 

a setup of IoT-enabled sensors to fetch the real-time 

data on solar irradiance, temperature and output 

power from the plant [12]. The data would then be 

sent to a central server that could analyze the 

information to track the operational health of solar 

panels and catch any problems. Similarly, Yang et 

al. A sensing-based IoT designed for monitoring 

wind speed, direction and turbine performance had 

been developed (Song 2017) in a smart energy 

system to optimize power generation of the farms 

according to the current environmental conditions. 

Expanding on the monitoring scenario above, this is 

where some researchers have investigated ways in 

which IoT based control can be used to dynamically 

switching on/off production and distribution of 

energy. For example, Zhao et al. For example Yang 

and Notton [13] proposed an IoT-integrated 

microgrid control system which distributed the 

available solar and wind energy among different 

loads to provide real-time demand. They used a 

decentralized control architecture (each energy 

source has its local controller which decides to 

balance the load, minimizing the need of centralized 

one). This method showed better resilience of the 

grid especially in cases with renewable sources of 

intermittent energy. That said, the study suggested 

that more complicated control algorithms from 

machine learning will be required for the system to 

make decisions on its own in real-world 

environments. 

Inclusion of IoT in Smart Grid Architectures 

The idea of the smart grid has advanced a lot with 

new IoT technologies, transforming conventional, 

one-way energy distribution networks to more 

responsive, two-way systems. The Internet of 
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Things (IoT) is helping in creating new-age smart 

grid designs which allow efficient communication, 

energy trading opportunities and grid automation all 

in real-time. Research by Gungor et al. In (2013) has 

presented a general framework for an IoT enabled 

smart grid using smart meters, sensors, and actuators 

to observe and control the power delivery over the 

grid. These frameworks laid down a basis for 

research on IoT enabled energy management 

systems which followed suit[14]. 

Previous research works have been attempted to 

incorporate renewable energy sources as a part of 

the smart grid with the aid of IoT. Hassan et al. 

author didn´t smart grid architecture combining IoT-

based Energy Management Units (EMUs) for real-

time monitoring and control of distributed 

renewable energy sources. Their mechanism 

consisted of IoT sensors for monitoring voltage, 

current and power quality at disparate locations of 

the grid[15]. This data was pre-processed by a 

central control unit that performed energy balancing 

and load shifting tasks to enable better use of 

renewable energies. Although this architecture 

enhanced the grid to operate more efficiently as a 

whole, it presented issues regarding security and 

data management of deploying IoT devices at large 

scale in smart grid environments. 

Meanwhile, IoT has been investigated for the 

decentralized energy management in smart grids. 

Luo et al. Wiker et al. 2019) introduce a 

decentralized energy management system that uses 

IoT and block chain technology to support P2P 

trading of electricity between consumers, 

prosumers. Blockchain enabled secure and 

transparent trades of energy, whereas IoT sensors 

allowed to track the production and consumption of 

each participant. Decentralized nature of this has 

improved the grid resilience and thus gave power to 

be in more control of their participation in energy 

market. The study, however, also specified that 

future research is needed in enhancing transaction 

speeds and decreasing the computational overhead 

of blockchain in IoT-enabled energy trading 

systems. 

Machine Learning and Data Analytics for the 

Internet of Things-Enabled Smart Grids 

As IoT integrates deeper into smart grids, 

researchers have begun exploring machine learning 

(ML) and data analytics to further optimize grid 

operations. By analyzing this data, we can extract 

insights to make informed decisions and for 

predictive maintenance since the IoT devices 

generate a large amount of data related to energy 

generation, consumption, grid health etc. Wu et al. 

In (2018), authors introduced a machine learning 

energy management system that employs the IoT 

sensors to capture real-time device consumption 

pattern. Another system used deep learning to 

forecast future energy demands, which regulates the 

load balance and demand-side management [3]. It 

continues that this resulted in a major increase in 

energy efficiency, as since demand was coincident 

with renewable production, less backup generation 

from fossil fuels was needed. 
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[15] ● Develop 

optimizat

ion-

based 

demand-

side 

manage

ment 

scheduler 

● Improve 

energy 

efficienc

y, reduce 

costs, 

and 

carbon 

emission

s 

● Ant colony 

optimization 

(ACO) 

● Teaching 

learning-based 

optimization 

(TLBO) 

● Jaya algorithm 

● Rainfall 

algorithm 

● Firefly algorithm 

● Hybrid ACO and 

TLBO 

optimization 

(ACTLBO) 

algorithm 

● Integration of 

RESs and BSS 

reduced energy 

bill costs, PAR, 

and CO2 

emissions. 

● Proposed DSM-

based framework 

outperformed 

existing 

frameworks in 

reducing energy 

costs, carbon 

emissions, and 

improving user 

comfort. 

● Feasibility 

analysis in 

real microgrid 

scenario 

● Integration of 

distributed 

energy 

resources to 

local power 

system 

[16] ● Develop 

real-time 

manage

ment 

schema 

for smart 

grids. 

● Facilitate 

interactio

ns 

between 

operators 

and 

demand 

response 

aggregat

ors. 

● Developed real-

time 

management 

schema based on 

Internet of 

Things solutions 

● Two algorithms 

for power 

balance and 

voltage 

regulation 

developed 

● Developed real-

time 

management 

schema for smart 

grids with 

demand response 

aggregators. 

● Demonstrated 

the performance 

of the approach 

in a real-like 

environment. 

● Limited wide-

scale 

applications 

for energy 

auditing and 

control. 

● Few studies 

incorporate 

actual 

building 

energy data 

with occupant 

participation. 

[17] ● Propose 

IoT-

based 

architect

ure for 

hybrid 

renewabl

e energy 

systems. 

● Define 

communi

cation 

models 

based on 

IEC 

61850 

standard. 

● IoT-based 

architecture for 

HRES 

● Communication 

models based on 

IEC 61850 

standard 

 

 

 

 

● Proposed IoT-

based 

architecture for 

hybrid renewable 

energy systems 

● Defined 

communication 

models based on 

IEC 61850 

standard 

● Lack of 

comparison 

with 

traditional 

demand-side 

management 

methods 

● Limited 

discussion on 

scalability 

and real-

world 

implementati

on challenges 
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[18] ● Develop 

a testing 

framewo

rk for 

distribute

d energy 

systems 

analysis. 

● Analyze 

performa

nce of 

photovolt

aic and 

energy 

storage 

systems. 

● Service-oriented 

architecture for 

modular testing 

framework 

design. 

● Key performance 

indicators for 

performance 

analysis of 

energy systems. 

● Increased self-

sufficiency from 

45.7 to 49.2. 

● Reduced grid 

dependency from 

53.9 to 50.9. 

● Lack of 

standard 

communicati

on model for 

HRES. 

● Need for real-

time 

monitoring 

improvement

s in HRES. 

[19] ● Propose a 

low-cost 

IoT 

system 

for 

photovolt

aic 

monitori

ng. 

● Enable 

real-time 

data 

acquisiti

on of 

climatic 

variables 

and 

generatio

n. 

● Low-cost IoT 

system for real-

time monitoring 

● Measures 

meteorological 

variables and 

photovoltaic 

generation data 

directly from 

plant 

● Low-cost IoT 

system for 

monitoring 

photovoltaic 

generation and 

climatic 

variables. 

● System showed 

good 

effectiveness and 

reliability in 

experiments. 

● Limited 

testing of 

mechanisms 

in working 

systems. 

● Unpredictabl

e behavior of 

end-users in 

simulations. 

[20] ● Propose 

an IoT-

based 

microgri

d state 

estimatio

n 

algorith

m. 

● Address 

packet 

dropouts 

in 

measure

ment 

data. 

● Least mean 

square fourth 

algorithm for 

state estimation. 

● IoT-based 

communication 

framework for 

microgrid 

monitoring. 

● Developed 

approach 

effectively 

estimates 

microgrid system 

states. 

● Verified through 

numerical 

simulations with 

various 

parameters. 

● Focuses on 

low-cost IoT 

system 

features. 



International Journal of Intelligent Systems and Applications in Engineering IJISAE, 2020, 8(4), 245–270 |256 

 

[21] ● Establish 

security 

framewo

rk for 

smart 

grid 

communi

cation. 

● Analyze 

performa

nce of 

LTE 

networks 

for smart 

grid 

applicati

ons. 

● Security 

framework for 

protecting smart 

grid assets. 

● LTE cellular 

networks for 

smart grid 

communication 

infrastructure. 

 

 

 

 

 

 

 

 

 

● Analyzed 

communication 

latency and 

reliability for 

smart grid 

applications. 

● Proposed 

security 

framework for 

smart grid 

communication 

infrastructure. 

● Future work 

involves 

applying 

suitable 

control 

algorithms. 

● No specific 

funding 

mentioned for 

the research. 

[22] ● Develop 

E-DNP3 

for EPS 

automati

on using 

FPGA 

technolo

gy. 

● Improve 

real-time 

communi

cation for 

distribute

d energy 

resources 

integratio

n. 

● Distributed 

Network 

Protocol over 

Ethernet (E-

DNP3) using 

FPGA 

technology 

● New technique 

for 

communication 

architecture to 

integrate 

distributed 

energy resources 

(DERs) 

● The paper 

presents the 

Distributed 

Network 

Protocol over 

Ethernet (E-

DNP3) using 

FPGA 

technology. 

● The 

experimental 

results prove the 

proposed 

architecture 

satisfies 

communication 

requirements for 

real-time 

monitoring and 

control of EPS. 

● Limited 

implementati

on of 

guaranteed 

reliability 

random 

access in 

cellular 

networks. 

● Need for 

improved 

communicati

on solutions 

for low 

voltage 

infrastructure. 

[23] ● Design 

communi

cation 

network 

architect

ure for 

renewabl

e energy 

systems. 

● Evaluate 

network 

performa

nce using 

OPNET 

Modeler 

for 

various 

technolo

gies. 

● Communication 

network 

architecture 

using wired and 

wireless 

technologies. 

● Performance 

evaluation with 

OPNET Modeler 

for end-to-end 

delay. 

● Evaluated 

network 

performance: 

ETE delay, 

reliability, 

implementation 

cost. 

● Compared 

Ethernet, WiFi, 

and ZigBee 

technologies. 

● Feasibility 

analysis in 

real microgrid 

scenario 

● Integration of 

distributed 

energy 

resources to 

local power 

system 
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[24] ● Evaluate 

building 

energy 

usage 

data for 

efficienc

y. 

● Propose 

IoT 

framewo

rk for 

automate

d energy 

control. 

● Monitoring and 

collecting 

building energy 

usage data 

● Analyzing 

relationships 

among various 

parameters for 

data analysis 

● Prototype system 

built to prove 

effectiveness of 

proposed idea 

● Results 

demonstrate 

effectiveness of 

proposed 

solution 

● Limited wide-

scale 

applications 

for energy 

auditing and 

control. 

● Few studies 

incorporate 

actual 

building 

energy data 

with occupant 

participation. 

 

Table 1. Literature review 

Similarly, a predictive maintenance for wind turbine 

using IOT with ML models to detect and analyse the 

sensor information such as vibrations, temperature, 

rotational speed of wind turbine. The system 

detected patterns which suggested imminent 

mechanical breakage, the timely maintenance of 

which not only prevented breakages but expensive 

downtime too. However, these works illustrated the 

power of ML applied to smart grid management and 

exposed the computational resources problem since 

that data comes from numerous IoT sensors 

outputting at high dimensional values in real-time. 

Thus, it has motivated researchers into the problem 

of moving data processing from such centralized 

servers to the Edge, laying out two potential 

solutions: edge computing and distributed 

analytics[26]. 

IoT-Integrated Grids and Demand-Side 

Management vs Load Balancing 

Demand-side management (DSM) in smart grid is 

an important part because of the popularity of 

renewable energy sources with a variable output 

used into the existing power grid. IoT has taken one 

of the pilot seats in DSM since it offers real-time 

data on energy consumption behaviours, and make 

it easy for automated control of electrical 

appliances. Mohammed et al. In 2017, a DSM 

framework was proposed as IoT based by Xin et al.. 

They used smart meters to monitor the energy 

consumption in different households. The system 

themselves were based on an optimization algorithm 

that allowed scheduling household appliances 

according to the presence of solar power, electricity 

tariffs and user preferences. The research has shown 

that IoT powered DSM can drastically cut peak 

demand and energy costs, whilst also maximising 

the utilisation of renewable energy. 

Moreover, IoT enabled DSM are also expanded to 

industrial siting along with residential applications. 

As an example, Al-Turjman et al., In this study [25], 

Yeoman et al. (2019) developed an IoT-linked 

Demand Side Management system in industrial 

sectors where energy usage of machinery and 

lighting systems could be monitored via sensors. 

Real-time control mechanisms were applied in the 

system to adapt the equipment operational schedules 

according to energy demand, grid conditions and 

renewable resources availability. This effectively 

managed energy consumption, had lower 

operational costs and minimised the carbon footprint 

of the site. However, the study also pointed to tasks 

belonging to DSM on a large scale and therefore 

requires algorithms of greater sophistication that can 

handle multi-objective optimization problems with 

many different optimal paths. 

Edge Computing and Real-Time Data Processing 

Smart grids incorporate myriad IoT sensors and 

generate huge streams of data, making real-time data 

processing and decision-making a daunting task. 

The problem with traditional cloud-based data 

processing approaches is that they can experience 

high latencies and be constrained by bandwidth, 

especially when accommodating large-scale IoT 

deployments. In order to deal with these problems, 

many scholars have combined edge computing and 

IoT into a smart grid [2]. Edge Computing processes 

data at the network edge, where data is generated, 

and eliminates delays to achieve a faster response. 
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IoT framework integrating edge computing for 

energy management in smart grid. Edge devices 

(i.e., local controllers here alive in renewable energy 

sites) were designed to analyze the production of 

energy data and autonomously perform control in 

their system. Edge devices sent abbreviated data to 

a central control unit, which made more strategic 

level decisions than those made on the edge. And no, 

the computational load over the central server was 

not only significantly relieved through distributed 

processing, but additionally it could serve as a more 

flexible system in response to changes in energy 

supply and demand. Nonetheless, the study did 

highlight a requirement for stronger alignment 

mechanisms between the edge and central units to 

ensure decisions are taken in coherence, and with 

less error[27]. 

Security and Privacy of the IoT-Enabled Smart 

Grid 

IoT in smart grids provides with certain security and 

data espionage issues as well. For instance, IoT 

devices are classified as sensitive targets for 

cyberattacks, thus data breaches, spoofing and 

denial-of-service attacks could undermine the 

confidentiality or integrity as well as availability of 

the energy network. There are a number of works 

that discuss improving security in IoT-based smart 

grids to safeguard the sensitive data from attacks and 

misuse. 

Zhang et al. Study by (2019) explored the security 

risks of these smart grids along with proposed a 

blockchain based safety framework for the change 

of correct knowledge. The framework harnessed 

blockchain's decentralized ability to record and 

verify the transactions for energy traded, making it 

immutable and secure against unauthorized access. 

While using blockchain to secure data improves it, 

the study points to the computational complexity 

and energy usage of blockchain operations as areas 

that need serious work before mass deployment. 

Besides, the researchers have discussed the use of 

encryption methods for securing communication 

between IoT devices in smart grids. A lightweight 

encryption method was used for energy 

management systems based on IoT that provided 

guaranteed secure data communication without 

introducing much computational complexity to the 

resource-limited IoT devices. Although this 

achieved a rather security-performance medium, it 

emphasised the necessity of employing layered-

security techniques in order to cover the multi-

faceted threats that plague IoT-enabled smart grids. 

3. Proposed Methodology 

The approach followed in this study involves the 

designing of a real-time smart grid monitoring and 

control IoT-enabled framework for renewable 

energy. This framework makes use of IoT, machine 

learning algorithms (for prediction), edge 

computing, distributed energy management 

strategies and other digital technologies to optimise 

the generation-distribution-consumption between 

renewable sources which helps in making a stable, 

reliable efficient and sustainable energy supply. The 

proposed solution targets the high dynamics and 

variability of renewable resources such as plants, 

which will be used to optimize the balance between 

energy production and consumption in real time by 

building transactional-triggered smart grids at a 

higher granularity level facilitating intelligent 

micro-grid management but. 

1. System Architecture Overview 

Here, the proposed system has a three tier 

architecture in which below 3 main components will 

be designed like IoT enabled sensor networks ⇒ 

Central energy management system (CEMS)⇒ 

Edge computing nodes. The optimal, network-aware 

operation of the renewable energy sources in the 

Smart Grid is done by collecting, processing and 

analysing data produced by each of these 

components. 

1.1 Sensor Networks with IoT Support 

This is done through IoT-based sensor networks 

embedded across the smart grid, to monitor energy-

efficiency and generation related parameters. These 

sensors are weather sensors, power meters, voltage 

sensors, current sensors and temperature sensors 

which are taken directly from the panels son solar 

park in Abu Dhabia, wind turbines of Al Hosn 

campus at Masdar city at other energy storage units 

as well as load centers wherever necessary.  

𝐸𝑡 = 𝑓(𝑊ℎ ,𝑊𝑥 , 𝑋𝑡 , 𝐻𝑡−1) + 𝑏 
These include solar irradiance, wind speed 

(anemometers), energy output (kWh), power quality 

monitoring systems and many more. Most sensors 

also measure grid voltage/current(s) and ambient 

temperature etc. 
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𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡 − 1) +
𝜂𝑐𝐸𝑐(𝑡) − 𝐸𝑑(𝑡)/𝜂𝑑

𝐶𝑚𝑎𝑥

 

 LoRaWAN and Zigbee, for instance, have long-

range wireless capabilities that can send data 

collected by the sensors directly to an edge node in 

a facility where it has its own Wi-Fi connection. 

𝐸𝑠(𝑡) + 𝐸𝑟(𝑡) + 𝐸𝑏(𝑡) = 𝐸𝑑(𝑡) + 𝐸𝑙𝑜𝑠𝑠(𝑡) 
Sensor nodes work in a multi-hop communication 

scheme for efficient data collection and transmission 

on the network. In this system, sensor nodes transmit 

data to neighboring nodes forming a big mesh 

network that gathers information at decentralized 

edge computing nodes. By taking this multi-hop 

approach, you are able to reduce the power 

consumption of any one node and also able to ensure 

that even in the presence of communication link 

failures, data can still be transmitted reliably. 

1.2 Real-Time Processing with Edge Computing 

Real-time data processing at the edge of the network 

is important to minimise latency and improve 

system responsiveness due to a large volume of data 

generated by these sensor networks. For example, 

localized edge computing nodes near renewable 

energy resources (e.g. solar farms, wind turbines) 

receive sensor data from the field, process it locally 

to infer key insights and take quick control actions 

accordingly. These edge nodes contain 

microcontrollers, edge processors (NVIDIA Jetson, 

Raspberry Pi etc) coupled with tiny and light 

weights machine learning models to analyze initial 

data. 

𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶(𝑡) ≤ 𝑆𝑂𝐶𝑚𝑎𝑥 
These edge nodes are performing tasks such as pre-

processing of data (filtering noise, normalizing 

data…), fault detection, providing local energy 

production forecast or executing immediate control 

actions (orientating solar panels or changing wind 

turbine speed). For example, a solar farm can use an 

edge node to continuously read the power output and 

solar irradiance data coming from its sensors in 

order to detect abnormal values that might indicate 

a defect on one or more of its panels. In the event of 

an anomaly detection, the edge node can 

automatically adjust its operation set points or 

inform a central energy management system about 

an issue. 

𝑚𝑖𝑛∑

𝑇

𝑡=1

𝐶(𝑡)𝐸𝑑(𝑡) 

  Subject to: 

∑

𝑁

𝑖=1

𝐿𝑖(𝑡) = 𝐸𝑑(𝑡), ∀𝑡 

In addition, edge nodes aggregate the results and 

send the aggregated data to the central energy 

management system in regular intervals.  

𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠 = 𝐸𝑠(𝑡) + 𝐸𝑟(𝑡) − 𝐸𝑑(𝑡) 

This reduces the bandwidth necessary to transmit 

this data and offloads the computational work from 

the central system so that it can focus on high-level 

decisions and global optimization of the grid. 

1.3 Central Energy Management System 

(CEMS): 

The CEMS is the brain behind the smart grid, 

executing overall operation and control of 

renewable energy resources, grid assets and 

consumer loads. It consumes data from multiple 

edge nodes, sensors, external sources (weather 

forecast) and executes more advanced type of 

analytics and optimization. With the use of machine 

learning algorithms, the CEMS can predict energy 

generation and demand, thus allowing for effective 

dynamic load balance, energy storage management, 

and even active demand side management. 

𝑄 = 𝑘𝑝𝛥𝑉 + 𝑘𝑖∫ 𝛥𝑉𝑑𝑡 
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The CEMS includes a deep learning-based energy 

generation prediction model. This model offsets 

various input features like the historical data on 

energy production, current weather conditions and 

the time of day to predict what energy solar panels 

and wind turbines will give it. To predict the output 

power generation of a wind farm, the model uses a 

recurrent neural network (RNN) with long short-

term memory (LSTM) units to capture temporal 

dependencies and seasonal variations in energy 

generation patterns that help in increasing the 

accuracy of forecasts. 

𝑚𝑖𝑛∑

𝑇

𝑡=1

(𝐶𝑠(𝑡)𝐸𝑠(𝑡) + 𝐶𝑟(𝑡)𝐸𝑟(𝑡) + 𝐶𝑏(𝑡)𝐸𝑏(𝑡)) 

Besides forecasting, the CEMS uses an optimization 

engine to prescribe the best control actions on 

energy dispatch and storage. It then uses the MILP 

(Mixed-Integer Linear Programming) method to 

optimize grid energy supply and demand in order to 

minimize operational costs.  

𝐸𝑑(𝑡) = 𝛽0 + 𝛽1 ⋅ 𝑃(𝑡) + 𝛽2 ⋅ 𝑇(𝑡) + 𝜖 
This includes optimizing in real time the energy 

flows between renewable generation sources, 

battery storage units and consumer loads. Such as 

storing surplus energy in batteries, or used to feed 

flexible loads (ie : electric vehicle charging stations) 

when an unexpected amount of solar power has been 

available. Likewise, when renewable resources are 

producing less energy than demand is calling for, the 

CEMS can extract energy from storage devices or 

curtail grid loads with demand response strategies. 

2. Real-time monitoring and control 

mechanisms: 

The proposed framework delivers a range of real-

time monitoring and control capabilities that allows 

the smart grid to adapt itself to changes in energy 

supply, demands and grid conditions.  

Algorithm 1: Real-Time Load Balancing 

1. Input: 𝐸𝑠(𝑡), 𝐸𝑟(𝑡), storage SOC, energy demand 𝐸𝑑(𝑡), grid parameters. 

2. Predict: Use Equation 1 to forecast energy production for the next interval. 

3. Compute Energy Surplus: 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠 = 𝐸𝑠(𝑡) + 𝐸𝑟(𝑡) − 𝐸𝑑(𝑡). 

4. Update Storage: 

o If 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠 > 0 and 𝑆𝑂𝐶(𝑡) < 𝑆𝑂𝐶𝑚𝑎𝑥, charge battery using Equation 3. 

o If 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠 < 0 and 𝑆𝑂𝐶(𝑡) > 𝑆𝑂𝐶𝑚𝑖𝑛, discharge battery. 

5. Load Adjustment: If 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠 < 0 and battery SOC is insufficient, implement demand response using 

Equation 5 to reduce load. 

6. Output: Adjust power flows and storage state. 

These mechanisms include: 

2.1 Energy Generation Monitoring 

IoT sensors monitor the energy produced by 

renewable sources like solar panels and wind 

turbines on an ongoing basis. Edge Processing: 

Power production, capacity factor and operational 

efficiencies are calculated on the edge nodes itself 

using the data collected by the sensors. The edge 

nodes, in this case also track metadata on external 

conditions–temperature, wind speed and solar 

irradiance-age to better predict the extent of 

renewable energy sources at different points over 

time. This may set off an alert if the energy output 

of a farm drops sharply and indicate equipment 

issues or bad weather. 

𝑃𝑐(𝑡) = 𝜂𝑐 ⋅ 𝑃𝑔(𝑡) 

Load Monitoring and Demand-Side Management 

The proposed framework combines smart meters 

and IoT sensors (installed at customer locations), 

which would track their operating habits with 

respect to energy usage, 24X7. The data code is 

analysed to detect peak demand periods, high-

consumption appliances and load flexibility.  



International Journal of Intelligent Systems and Applications in Engineering IJISAE, 2020, 8(4), 245–270 |260 

 

𝐸𝑡𝑟𝑎𝑑𝑒 = 𝐸𝑝 − 𝐸𝑐 

The CEMS will be able to use this analysis for the 

selection of demand-side management strategies 

including load shifting and demand response, in 

order to minimize energy consumption. One 

example: the users can agree that a system schedules 

the operation of energy-intensive appliances (e.g., 

washing machines, water heaters), when there is 

plenty of renewable energy available or electricity 

tariffs are low. 

𝑃𝑑(𝑡) =
𝑃𝑔(𝑡)

𝜂𝑑
 

The demand response module that the framework 

contains, also takes into account an extra level in 

order to have more control of load management by 

integrating communication with consumers using 

IoT based devices such as smart thermostats and 

smart plugs.  

Algorithm 2: Peer-to-Peer Energy Trading 

1. Input: Prosumers' energy production 𝐸𝑝 and consumption 𝐸𝑐, market price. 

2. Match Trades: Identify prosumers with surplus energy (𝐸𝑝 > 𝐸𝑐) as sellers and those with a deficit as 

buyers. 

3. Smart Contract Execution: For each matched pair: 

o Create a smart contract on the blockchain specifying the trade terms (quantity, price, 

transaction time). 

o Execute the trade and update prosumers' energy balances. 

4. Update Ledger: Record the transaction on the blockchain ledger. 

When it is high in demand or low in renewable 

energy generation, the MC level sends out 

notifications to consumers asking them to consume 

less or wait. Consumers can accept or reject the 

request through an UI, making energy management 

participatory. 

 

 

 

2.2 Energy Storage Management 

Batteries, or energy storage systems, are vital to 

stabilising the grid as they store leftover renewable 

power for use when required. This framework 

utilizes Battery Management System (BMS) which 

interacts with the IoT sensors to track the State of 

Charge (SOC), Voltage, Temperature, and health of 

the batteries. The BMS then transmits this 

information to the CEMS, which uses it for 

intelligent charging and discharging of the batteries. 

𝑚𝑖𝑛∑

𝑁

𝑖=1

𝐶𝑖 ⋅ 𝐸𝑖  

CEMS utilizes an adaptive control algorithm to 

enhance battery use according to real-time forecasts 

of energy production, grid demand, and electricity 

market prices. This may involve charging the 

batteries, for example if the CEMS knows there will 

be too much solar energy during the midday peak. 

However, in times of low renewable generation or 

heavy load, the CEMS commands the BMS to 

deliver energy from storage into the grid. The use of 

renewable energy sources is thus maximized and the 

associated pressure on fossil-fueled backup 

generators is reduced, within an adaptive control 

strategy. 

𝐸𝑙𝑜𝑠𝑠 = 𝐼2 ⋅ 𝑅 
Grid Stability: Resilience to change on the System Grid 

Ensuring the stability of the grid is a top priority for 

smart grids incorporating many renewable energy 

sources. It has an automatic voltage regulation 

(AVR) to monitor and control the grid voltage 

during run time. 

Algorithm 3: Energy Storage Management 

1. Input: Current SOC, 𝐸𝑠(𝑡), 𝐸𝑟(𝑡), 𝐸𝑑(𝑡), charging/discharging efficiency. 

2. Check: If 𝑆𝑂𝐶(𝑡) < 𝑆𝑂𝐶𝑚𝑎𝑥 and 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠 > 0: 
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o Charge battery using Equation 10. 

3. If 𝑆𝑂𝐶(𝑡) > 𝑆𝑂𝐶𝑚𝑖𝑛 and 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠 < 0: 

o Discharge battery using Equation 11. 

4. Output: Update battery SOC. 

 IoT enabled voltage sensors are installed at 

different nodes of grid so that voltage variations due 

to changes in energy generation and energy 

consumption can be blasted as detection signals with 

AVR. The AVR uses voltage measurements to 

detect potential situations and corrects the reactive 

power output from inverters at renewable sites to 

maintain grid voltage within safe operation limits. 

𝛥𝑉 = 𝑉𝑎𝑐𝑡𝑢𝑎𝑙 − 𝑉𝑛𝑜𝑚𝑖𝑛𝑎𝑙  

Furthermore, the model includes a fault detection 

and isolation routine to boost grid resilience. 

Designed with inputs from IoT sensors, this module 

identifies malfunctions such as short circuits and 

equipment failure, and isolates affected portions of 

the grid to avoid a domino effect. The module can 

also alert grid operators, so they can correct and 

rapidly act to bring the grid back into normal 

operation. 

 

3. Energy Trading Decentralized and Blockchain 

in Energy Sector 

This methodology has included a peer-to-peer (P2P) 

energy trading platform to observe the decentralized 

energy networks which enable prosumers to buy and 

sell renewable energy directly. With the help of IoT-

based smart contracts on a blockchain network, this 

platform carries out assured and traceable energy 

transactions. Each prosumer has a measuring device 

on their smart meter that tracks energy bought and 

sold to the network for use in trading. 

 

Figure 2. Evaulation metrics 

Using the Payment Gateway: Whenever a prosumer 

overproduces, he would list such excess 

interruptible energy on the P2P trading platform. 

Using the user interface of the platform, other 

consumers can issue purchase orders in the network. 

After the trade has been settled, the smart contract 

triggers a transaction of energy and updates the 

balances. By using blockchain, the transaction 

records can be trusted significantly as they are now 

verified and unchangeable which in-turn creates a 

trust relationship between all the actors from the 

decentralized energy market. 
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4. Results 

A framework which integrates IoT with a 

monitoring and control platform for renewable 

energy management in smart grids, known as the 

proposed framework has been experimented to 

assess its efficacy under different scenarios. This 

section provides the results of applying the 

framework on a simulated smart grid environment 

focusing on varying key metrics including accuracy 

of prediction of energy production, effectiveness in 

balancing load, performance with optimal use of 

energy storage, impact on demand response, and 

stability-count. Historical energy production and 

consumption data, real-time weather inputs, and 

simulated grid operations were used over several 

months to account for seasonal variation during the 

assessment. 

1. Future Energy Production Forecast 

Performance 

Performance evaluation of the Long Short-Term 

Memory (LSTM) model for predicting energy 

production from renewable resources with test sets 

In this study, an LSTM model was trained on 

historical data for solar irradiance, wind speed, 

temperature and the time of day. The model's 

performance was measured based on MAE (Mean 

Absolute Error), RMSE (Root Mean Squared Error) 

and r squared(R2) values. 

Table 2: LSTM-Based Energy Production Prediction Performance 

Time Period 

(Months) 
Actual Energy 

Output (kWh) 
Predicted 

Energy Output 

(kWh) 

Mean Absolute 

Error (MAE) 
Root Mean 

Square Error 

(RMSE) 

Coefficient of 

Determination (𝑅2) 

January 1200 1150 50 62 0.95 

February 1350 1305 45 58 0.96 

March 1400 1370 30 45 0.97 

April 1500 1475 25 40 0.98 

May 1600 1550 50 63 0.95 

June 1700 1655 45 56 0.96 

July 1650 1620 30 42 0.97 

August 1750 1725 25 38 0.98 

September 1600 1570 30 44 0.97 

October 1450 1410 40 52 0.96 

November 1300 1265 35 49 0.96 

December 1250 1205 45 55 0.95 

 

The results showed the LSTM model with good 

prediction accuracy in both variables of solar and 

wind energy production. In particular, the model 

showed a low MAE and RMSE throughout most 

time periods with respective values mostly below 

10% of average energy production. The R2 with a 

very low p-value showing that the forecasted energy 

output highly correlate with its true value. The high-

accuracy predictions were the perfect companion to 

allow the central energy management system 

(CEMS) to foresee what was about to happen with 

the generation and adjust in real time as needed to 

effectively manage energy. 

In addition, the performance of our model was 

evaluated in different weather conditions. The 
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model continues to perform well in lightly clouded 

conditions, but we saw an increase on the prediction 

error during significant cloud cover (storms or just a 

few days of completely overcast skies). However, 

even in such conditions the model was giving fairly 

accurate forecasts and helped grid to become stable. 

Primarily our results support the effectiveness of 

using LSTM-based models for renewable energy 

generation prediction in smart grid applications. 

 

 

2. Load Balancing and Demand Response 

We evaluated the load balancing algorithm to test its 

capability of dynamically determining how energy 

should be divided using live monitoring data. The 

system was then subjected to a set of simulations 

using historical load profiles and an energy 

produced in real time data output to test how well 

we can balance our demand and supply-operation 

with the IMS. The experiments showed that the load 

balancing method balances the grid operation in 

over 90% of the test scenarios minimizing the 

energy deficit and surplus. 

Table 3: Load Balancing and Demand Response Outcomes 

Simulation 

Scenario 
Peak Load 

Before 

(kWh) 

Peak Load 

After 

(kWh) 

Peak Load 

Reduction (%) 
Average 

Energy Cost 

Before ($) 

Average 

Energy Cost 

After ($) 

Cost 

Reduction 

(%) 

Scenario 1 1000 750 25 200 170 15 

Scenario 2 1200 900 25 240 204 15 

Scenario 3 1100 825 25 220 187 15 

Scenario 4 1300 975 25 260 221 15 

Scenario 5 1400 1050 25 280 238 15 

Scenario 6 1500 1125 25 300 255 15 

Scenario 7 1600 1200 25 320 272 15 

 

Additionally, the impact that demand response 

optimization made in peak load reductions and 

overall cost of energy was huge. With the 

implemented system, 25% load shifting and load 

scheduling through appliances (demand response 

strategies) were smoothly manifested on peak 

demand periods resulting a reduction of an average 

of at least 25% peak load. In this way, the load 

reduction helped maintain grid stability while 

providing consumers participating in demand 

response a 15% cost savings on their energy bills. 

These indicate that the demand-side management 

introduced by demand response can successfully 

adjust energy utilization to generate grid as well as 

transmission reliability. 

3. Battery Storage Management 

To verify the ability of battery energy stores to be 

operated safely and cost-effectively, we tested the 

battery management system (BMS) in action to 

confirm it could take advantage of charge-discharge 

cycles without exceeding safe operational limits for 

state of charge (SOC). Simulation results indicate 

that the BMS makes good use of the electric storage 

and helps to smooth high renewable energy output 

as well as low production hours. 

The batteries were charged when the sun was 

shining, and the most amount of money was being 

paid for renewable energy OR during strong wind 

generation times, and discharged when demand 

peaks proved most lucrative for renewable 

producers to sell OR when generation is less than 

instant consumption at the kilowatt-hour. Evidently, 

the average SOC was limited within ideal levels 

(20%,–80%), preventing deep discharging or over 

fulling of the battery that would reduce its life span. 

Batteries also supplied up to 30% in peak demand 
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periods  reducing the need for fossil fuel powered 

backup generators on the grid. 

Table 4: Battery Storage Management Performance 

Time Period 

(Months) 
Average 

SOC (%) 
Charging 

Cycles 
Discharging 

Cycles 
Round-Trip 

Efficiency (%) 
Energy Supplied by 

Battery (kWh) 

January 65 40 38 90 500 

February 70 42 40 91 550 

March 68 45 43 89 600 

April 72 50 48 92 650 

May 75 55 53 90 700 

June 78 60 58 91 750 

July 74 58 56 89 730 

August 76 62 60 90 770 

September 71 57 55 91 720 

October 69 54 52 90 690 

November 66 50 48 89 640 

December 68 52 50 90 660 

 

The battery charge-discharge cycles analysis 

confirms that the adaptive control algorithm was 

effective in reducing storage energy losses. The 

research also indicated that the batteries could 

achieve a round-trip efficiency of approximately 

90%, which allowed the BMS to optimize stored 

renewable energy utilization. In addition to the 

response in power flows observed, the system 

modulated charging and discharging rates with grid 

conditions providing overall increased stability. 

Peer – to- Peer (P2P) energy trading module also 

delivered good outcome in the case of dependency 

of decentralized networks for the purpose that 

shown promising results. The secure and transparent 

energy transactions among prosumers were 

performed with the help of a blockchain-enabled 

trading platform, where the overload energy 

exported from solar panels and wind turbines could 

be traded with other grid participants. 

Their evaluation of the trading platform detected 

that it squared buyers and sellers efficiently, as over 

95% of trades were carried out within a short time 

period (i.e. less than 2 minutes) with no issues Data 

Analysis The average energy traded on a per 

transaction basis was about 5 kWh with the trade 

prices to be adjusted at every time step according to 

the real-time market conditions and supply-demand 

energy imbalances. 
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Table 5: Peer-to-Peer Energy Trading Summary 

Trading 

Pair ID 
Seller 

Energy 

(kWh) 

Buyer 

Energy 

(kWh) 

Energy 

Traded 

(kWh) 

Trade Price 

($/kWh) 
Transaction Time 

(minutes) 
Cost 

Savings (%) 

1 10 8 8 0.12 1.5 20 

2 15 10 10 0.11 2 18 

3 20 12 12 0.13 1.8 22 

4 18 14 14 0.14 1.7 19 

5 25 20 20 0.10 2.2 25 

6 30 25 25 0.09 1.9 23 

7 12 9 9 0.12 2.1 20 

8 14 11 11 0.13 2 21 

9 22 18 18 0.11 1.6 24 

 

The trading activity analysis showed that prosumers 

participating in energy trading saved up to 20% on 

their energy costs, compared to consumers who did 

not participate. In addition, the decentralised energy 

trading increased the share of local produced 

renewable energy consumed locally and thus 

facilitated a more fossil free, sustainable energy 

network with decreased electricity transmission 

losses. 

Grid stability was evaluated by observing voltage 

variations and frequency deviations during steady 

state and high load scenarios. The results showed 

that the implemented AVR mechanism succeeded in 

keeping the grid voltage within the specified range 

(±5% of nominal voltage) through different 

operation modes. Reactive power output of inverters 

from renewable energy sources (RES), that were 

controlled by the AVR, was dynamically modified 

to counteract changes in voltage caused by 

variations in generation and consumption. 

During most of the simulation period, the grid 

frequency was found within normal limits (49.8–

50.2 Hz). This stability was achieved due to short 

response time by load balancing and battery storage 

management, acting immediately to match the 

energy supply with demand and preventing large 

frequency excursions. 

Table 6: Voltage Regulation Performance 

Grid Node 

ID 
Nominal Voltage 

(V) 
Actual Voltage 

(V) 
Voltage Deviation 

(%) 
Reactive Power Output 

(kVAR) 
Stability 

Status 

Node 1 230 227 -1.3 12 Stable 

Node 2 230 233 +1.3 -10 Stable 

Node 3 230 225 -2.2 15 Stable 

Node 4 230 229 -0.4 5 Stable 

Node 5 230 231 +0.4 -3 Stable 
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Grid Node 

ID 
Nominal Voltage 

(V) 
Actual Voltage 

(V) 
Voltage Deviation 

(%) 
Reactive Power Output 

(kVAR) 
Stability 

Status 

Node 6 230 234 +1.7 -12 Stable 

Node 7 230 226 -1.7 10 Stable 

Node 8 230 232 +0.9 -8 Stable 

 

In addition, the load balancing algorithm, demand 

response optimization and battery management 

system were compared with traditional grid control 

methods to evaluate their performance using 

existing method. These metrics were used for 

comparative analysis of energy cost savings, peak 

load reduction, SOC maintenance and grid stability. 

The results demonstrate that the IoT control 

algorithms provided better performance in all of the 

important metrics compared to conventional 

controls. More specifically, the load balancing 

algorithm decreased the energy deficits by 40%, the 

demand response optimization reduced peak loads 

by an average of 25% and the BMS could regulate 

SOC to be within safety thresholds for over 95 % of 

its simulation time. This highlights the benefits of 

integrating IoT systems and machine learning 

algorithms in smart grid management for sustainable 

operations. 

In the proposed framework, by incorporating edge 

computing data processing and communication 

efficiency were significantly enhanced. Results 

identified that data processing locally at edge nodes 

decreased the transmission load on central energy 

management system (CEMS) by around 70%. By 

reducing the amount of data transmitted on the 

network, this minimised network congestion and 

latency, allowing for very rapid response in real-

time monitoring and control. 

Edge nodes performed local anomaly detection and 

control actions (such as orienting solar panel angles, 

adjusting battery charging rates) ensuring 

immediate fault detection and isolation that 

improved grid reliability. The processing delays at 

the edge nodes were observed to be minimal, taking 

generally under 500ms on average which is low 

enough for real-time grid operation. 

Evaluation of the predictive models implemented in 

the framework. The predictive models used in the 

framework were carefully reviewed, and it was 

found that they capture a significant proportion of 

variance on energy production, energy demand, and 

storage status. The error rate EPF of seeding in the 

LSTM model for energy production forecasting is 

stable at a lower value below 8% according to 

different weather conditions by using MAPE. It 

implies that it can be adapted to shifts in solar 

irradiance, wind speed, and temperature. 

The performance of the linear regression models 

applied to load forecasting was also impressive, with 

or a 0.92 fitting value, which means that the actual 

and forecasted values are good with each other 

Because of this high level of load forecasting 

accuracy, the demand response module applied cost 

effective peak demand reductions by making 

optimal load adjustments to save on energy costs. 

5. Conclusion 

In accordance with this objective, the research 

introduced a detailed study of an IoT-based 

framework for nonstop monitoring and controlling 

renewable energy in smart grids to support 

sustainable network computing. The proposed 

system appropriately considers the difficult 

problems and the technological challenges 

associated with controlling the generation, 

distribution and consumption of electricity 

generated by renewable sources within a smart grid. 

The framework uses IoT technologies, machine 

learning models, edge computing and decentralized 

energy trading mechanisms to provide dynamic load 

balancing, optimized storage of green energy and 

demand side management. The simulation results 

and evaluation of the proposed framework 

demonstrate its ability to significantly improve grid 

stability, lower energy expenses and promote 

establishment of a sustainable and resilient energy 

network. 

Or, in other words, one of the key accomplishments 

of this paper is a Long Short-Term Memory (LSTM) 

neural networks based predictive energy production 
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model. This accuracy was found to be high in the 

context of energy produced from renewable 

resources such as solar & wind by the model. 

value exceeding 0.95. Smart Grid Operations 

Energy Production Forecasting is essential for Smart 

grid operations, as it helps to predict the fluctuation 

in renewable energy production and take necessary 

measure for load balancing proactively. The LSTM 

model’s good performance on different weather 

conditions also confirms that this approach can work 

well in the practical smart grid environment, and in 

which the generation of renewable energy is heavily 

affected by weather patterns. This highlights one of 

the great potential benefits that using complex 

machine learning algorithms could bring to smart 

grid management systems for predictive analysis 

and decision-making. 

The proposed framework has demonstrated high 

performance with the inclusion of IoT-enabled 

sensor networks and edge computing. IoT sensors 

enabled real-time data acquisition and edge local 

processing which accelerated the anomaly detection 

process, increased data processing efficiency and 

reduced up to 70% of the data transmission load to 

Central Energy Management System (CEMS). This 

decrease of data transmission not only eases the 

network congestion but also is a facilitator as it 

speeds up the decision-making process, so real-time 

closed loop control actions are made to maintain 

grid stability. Importantly, the capability to perform 

control actions at edge nodes, such as articulating 

solar panels or modulating battery charge rates, 

highlights the need for edge computing to provide 

responsive and resilient grid performance [28]. One 

of the most significant advances in incorporating 

edge computing into this structure is to facilitate 

real-time monitoring over IoT enabled smart grids. 

The battery management system (BMS), which 

optimizes the operation of charging and discharging 

energy, plays a key role in this research. The results 

show that, during more than 95% of the simulation 

time, the BMS prevented over-charge and deep 

discharge by keeping the state of charge (SOC) 

within a desired range from 20 to 80%. Through 

controlling how energy storage units are used, when 

service is restricted or ended, the BMS plays a role 

in lengthening battery life and enhancing the 

availability of stored renewable power during peak 

demand periods. The round-trip efficiency of almost 

90% for the batteries is evidence of this, underlining 

how the adaptive control algorithm of battery 

management system (BMS) can effectively 

minimize energy losses during storage. Such results 

reveal the relevance of energy storage in smooth 

renewable power integration into smart grids, 

particularly at high penetration levels, and give a 

solution to handle with unpredictability and 

uncertainty of renewable sources like solar and wind 

powers. 

The suggested demand response mechanisms 

provide great opportunities to the efficient 

implementation of energy consumption patterns and 

reduction in energy costs. An average of 25% peak 

load was successfully reduced by the program The 

IoT demand-side management resulted in a 15% 

energy cost savings for consumers participating in 

demand response. These results further emphasize 

the importance of demand-side management for grid 

stability, especially during peak load hours or higher 

penetration of renewable energy. The IoT-enabled 

reciprocity in energy management to and from the 

grid through devices like smart meters, thermostats 

and plugs introduced consumers pariticipatory 

approach with prosumers at the consumer level now 

share responsibility for grid stability as well as cost 

seving. Such a collaboratively based energy 

consumption and management model connects with 

the wider aims of sustainable and community 

orientated energy networks. 

Abstract: Peer-to-peer (P2P) energy trading featured 

in this paper as part of the broad framework would 

be a key enabler for decentralized energy networks. 

1 A blockchain-powered trading platform, has 

already proven it can safely enable energy 

transactions among prosumers that produced more 

than required in their own houses, but have not had 

the means to sell approval to other consumers. It 

revealed prosumers engaged in trading through a 

peer-to-peer energy marketplace saved close to 20% 

on their energy cost, and most of the trade requests 

were cleared within less than two minutes. Securing 

such decentralized trading practices would not only 

improve the use of local renewables but also lead to 

lesser energy losses experienced during 

transmission; in brief, increasing overall network 

sustainability. The smart contracts facilitated by 

blockchain secure the entire process and ensure 

transparency and credibility in the energy market, 

two considerable pains associated with data security 

and transaction authenticity in decentralized 

networks. 
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Considering the integration of various renewable 

energy sources in the grid might encounter some 

voltage fluctuation and frequency instability, this 

research focused on the voltage regulation and grid 

stability. The automatic voltage regulation (AVR) 

scheme ensured the grid voltage did not step outside 

of the permissible limits (i.e., ±5% of the nominal 

voltage), for all practical operating configurations. 

The AVR worked by altering the reactive power 

output of inverters linking renewable energy plants 

to the network in response to voltage fluctuations/ 

ensuring grid stability. Moreover, the grid frequency 

stability was restored to nominal (49.8 to 50.2 Hz) 

in most of the simulated time slot which showed that 

load balancing and battery storage management 

mechanisms were adequate measures to limit 

frequency excursions [29]. These results confirms 

the effectiveness of the proposed framework in 

supporting grid stability when confronted to the 

natural variability of renewable energy sources. 

The research illustrates positive results, but it also 

raises a number of restrictions and future 

opportunities. The proposed framework was 

evaluated in a simulated environment as first step, 

since availability of historical and synthetic data. 

While the simulation results yield important insights 

to how well the framework performs, a validation in 

real-world implementation and cross-grid testing is 

imperative in order to characterise its operation 

dynamics and challenges. Integration to real-world 

deployment would enable an extended evaluation 

beyond the capacity of our simulation to consider 

real-time communication delays, network 

scalability issues, and cybersecurity vulnerabilities. 

Otherwise, the peer-to-peer energy trading platform 

may not be scalable. Even when the blockchain 

technology can verify and ensure the fairness of 

transactions, its computation demands, and energy 

consumption overhead that entailed in terms of the 

operation in a large scale smart grid network still 

provide barriers to wide deployment. Future studies 

into other consensus mechanisms and blockchain 

architectures to enhance the scalability and 

performance of decentralized energy trading 

platforms are also necessary. Furthermore, 

advanced pricing models which respond to the real-

time market dynamics and auctioneer desires can be 

introduced into P2P energy trading on smart grids in 

order to establish a more economic feasibility. 

Most of the previous research on demand response 

optimization has targeted residential and 

commercial consumers. But dealing with demand 

response for industrial consumers who have more 

complex and larger energy consumption patterns 

still remains a research gap. Future work should 

investigate the IoT assisted demand response 

mechanism to industrial industries where Process 

Automation, equipment scheduling and load 

prioritization are the key factor in energy 

management. The breadth and depth of its reach in 

the area of grid stability and energy efficiency can 

be broadened by expanding its demand response 

strategies to include industrial facilities. 

The neuro psyche device framework further 

leverages advanced data analytics and artificial 

intelligence (AI) methodologies [30]. • In the current 

set-up, LSTM model is used for predicting energy 

production and linear regression for load prediction 

but integrating more complex models such as Deep 

Reinforcement Learning (DRL) and Federated 

learning will improve the forecasted accuracy and 

adaptability of this system. In addition, DRL can be 

used to model more flexible and smarter control 

strategies for ES in terms of battery storage 

management, demand response, and energy trading. 

In contrast, federated learning enable collaborative 

training among separated edge nodes. has no 

requirement for raw data to be centralized and 

therefore addressing the privacy of data while 

lowering inference time (i.e., mini-batch size is 

decided by distributed servers) as well as exploiting 

more comprehensive knowledge on models. 

To summarize, this study has provided an IoT-

enabled framework for real-time renewable energy 

monitoring, and control as a smart grid 

demonstration focusing on its capability to improve 

the grid stabilization, lower energy costs and 

contribute to decentralized energy network. The 

results validate the effectiveness of combining IoT, 

Machine Learning, Edge Computing and 

Blockchain in smart grid operations to provide an 

end-to-end solution over renewable energy 

management. The proposed framework, despite 

limitations identified represents an important step in 

the direction of smart grid management and can be 

considered as a pioneering work that will lead to an 

evolutionary path for sustainable network 

computing. And, in the future, IoT, AI and 

distributed ledger technologies will expand further 

together to enable a range of possibilities for 

integrating renewable energy more efficiently and 
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building increased resilience, flexibility and 

sustainability into our Highways. 
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