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1 Introduction 

The increasing complexity and dynamic nature of modern 
power systems demand innovative solutions to ensure 
stability, efficiency, and sustainability. As the global shift 
towards renewable energy sources accelerates, the traditional 
centralized power grid is transforming into intelligent, flexible, 
and resilient networks known as smart grids [1]. These 
advanced systems integrate diverse energy resources, cutting-
edge control strategies, and digital communication 
technologies to optimize electricity generation, distribution, 
and consumption [2,3]. 
 Recent advancements in artificial intelligence, machine 
learning, and optimization algorithms have opened new 
avenues for enhancing the operational performance of power 
systems. These technologies enable real-time data analysis, 
predictive maintenance, and adaptive control, significantly 
reducing operational costs and improving system reliability. 
Moreover, the integration of distributed energy resources and 
cyber-physical systems fosters greater flexibility but also 
introduces new challenges such as uncertainty management 
and cyber security threats [4-6]. The global transition toward 
sustainable and intelligent energy systems is reshaping the 
traditional power grid into a more flexible, decentralized, and 
resilient infrastructure. Smart grids, empowered by the 
integration of renewable energy sources (RESs), distributed 
energy resources (DERs), and advanced digital technologies, 
represent the next evolutionary step in power system 
development. As the penetration of intermittent RESs 
increases, challenges such as unpredictability in energy supply 
and demand, system stability, and cyber-physical security 
become more pronounced [7,8,20]. 
To address these complexities, recent research has focused on 
advanced optimization and stochastic energy management 
strategies, particularly in multi-microgrid systems [21-28,4]. 
These systems enhance grid resilience and operational 
efficiency by allowing local control and energy sharing. The 
use of energy hubs (EHs) as multi-carrier systems further 
improves flexibility by enabling integrated energy flow among 
different carriers (electricity, gas, heat, etc.). Despite the 
growing body of literature, there are still several research gaps 
that need to be addressed: 

1. Lack of comprehensive multi-objective frameworks 
that simultaneously consider cost, emissions, power 
losses, and system reserves while accommodating 
varying preferences across different EHs or microgrids. 

2. Insufficient stochastic modeling that fully captures the 
uncertainty from RESs, demand variability, and market 
dynamics. 

3. Limited integration of advanced techniques, such as 
AI, machine learning, and evolutionary algorithms, for 
real-time control and predictive maintenance. 

4. Challenges in cyber-security and privacy in 
decentralized control environments remain inadequately 
addressed. 

This review aims to provide an in-depth examination of 
emerging trends and state-of-the-art optimization techniques 
in power system management, with a particular focus on: 

1. Stochastic energy scheduling in multi-microgrid 
systems, 

2. Integration of multi-energy systems and P2H 
technologies to enhance energy efficiency, 

3. Multi-objective decision-making frameworks for EH 
operation, and 

4. Application of intelligent optimization tools and AI-
based methods. 

By synthesizing the latest research developments and 
identifying unresolved challenges, this paper seeks to guide 
future studies and practical implementations toward smarter, 
more adaptive, and sustainable energy networks [28-30]. 
This review aims to provide a comprehensive overview of the 
latest trends and state-of-the-art techniques in power system 
optimization, with a focus on how these innovations are 
shaping the future landscape of smart grids. By dissecting the 
most recent research efforts and identifying existing gaps, this 
paper seeks to facilitate further advancements toward resilient, 
efficient, and sustainable energy networks capable of meeting 
the growing global energy demands. 

2 Introduction to Power System 
Optimization and Smart Grids 

Power systems form the backbone of modern society, ensuring 
the reliable and efficient delivery of electricity to consumers. 
As demand for energy escalates and the complexity of power 
networks increases, the need for advanced optimization 
techniques becomes more critical than ever. Power system 
optimization encompasses a wide range of strategies aimed at 
maximizing efficiency, minimizing costs, and enhancing 
system stability and resilience. These strategies involve the 
optimal scheduling of generation resources, load balancing, 
and the integration of various energy sources under dynamic 
operational constraints [7]. 
In recent decades, the evolution of smart grid technology has 
revolutionized traditional power systems by embedding digital 
communication, automation, and real-time monitoring 
capabilities. Smart grids facilitate better coordination between 
generation, transmission, and distribution, enabling more 
flexible, reliable, and intelligent energy management. The 
integration of renewable energy sources and distributed energy 
resources necessitates sophisticated control and optimization 
approaches to handle variability and uncertainty effectively. 
The global transition toward sustainable and intelligent energy 
infrastructures has made power system optimization and smart 
grid development critical focal points for researchers, 
policymakers, and energy providers. Traditional power 
systems, historically designed for unidirectional energy flow 
from centralized generation to consumers, are evolving into 
complex, dynamic, and interactive networks. This evolution is 
driven by the integration of renewable energy sources, 
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advances in information and communication technologies 
(ICT), and the increasing participation of consumers in energy 
production and management. 
Power system optimization involves the application of 
mathematical and computational techniques to improve the 
performance, efficiency, and reliability of power generation, 
transmission, distribution, and consumption. It addresses key 
operational challenges such as economic dispatch, unit 
commitment, demand-side management, and optimal power 
flow. These optimization strategies ensure the system operates 
at minimum cost while maintaining stability, reliability, and 
regulatory compliance. 
Smart grids, as the modern incarnation of electric power 
systems, utilize a suite of advanced technologies—such as 
real-time monitoring, automated control systems, and 
intelligent decision-making algorithms—to facilitate enhanced 
grid reliability, resiliency, and flexibility. They enable bi-
directional communication between utilities and consumers, 
support distributed generation, integrate electric vehicles and 
storage systems, and promote energy efficiency. 
This introductory section highlights the importance of 
optimization in modern power systems, outlines core concepts 
and methodologies, and discusses how emerging technologies 
like artificial intelligence and data analytics are driving 
transformational changes. The continuous development of 
resilient, efficient, and sustainable power systems is pivotal for 
addressing global energy challenges and ensuring a sustainable 
future [8,9]. 

3 Artificial Intelligence and Data-Driven 
Techniques in Energy Management 

The advent of artificial intelligence (AI) and data-driven 
techniques has marked a transformative era in energy 
management and power system optimization. These advanced 
computational approaches leverage vast amounts of data 
generated by sensors, smart meters, and communication 
systems within the grid. Machine learning algorithms, deep 
learning networks, and predictive analytics enable the analysis 
of complex patterns, forecasting of demand, and optimization 
of operational parameters with unprecedented accuracy [3]. 
AI plays a critical role in enhancing decision-making 
processes across various levels of power systems. From 
predictive maintenance of equipment to real-time load 
forecasting and adaptive control of distributed energy 
resources, AI-driven solutions help improve efficiency, reduce 
operational costs, and increase system reliability. Moreover, 
intelligent algorithms can detect anomalies, predict failures, 
and automate responses to cyber threats, strengthening 
cybersecurity resilience [4,7]. 
The transformation of modern power systems toward 
decentralization, renewable integration, and real-time 
operational control has brought unprecedented complexity to 
energy management. In this evolving landscape, Artificial 
Intelligence (AI) and data-driven techniques play a pivotal role 

in enabling efficient, adaptive, and intelligent energy systems. 
These technologies utilize large-scale datasets—from 
historical consumption records to real-time sensor data—to 
extract meaningful patterns, support predictive modeling, and 
drive autonomous decision-making across all layers of the 
power grid. 
Machine learning algorithms, including supervised, 
unsupervised, and reinforcement learning, are widely adopted 
for a variety of tasks such as load forecasting, anomaly 
detection, equipment fault diagnosis, and renewable energy 
output prediction. By learning from past data and continuously 
adapting to new patterns, these models improve the accuracy 
and responsiveness of system operations under uncertain 
conditions. 
Optimization problems in power systems—such as economic 
dispatch, unit commitment, demand response, and voltage 
regulation—are increasingly being tackled using AI-based 
methods. Metaheuristic algorithms like genetic algorithms 
(GA), particle swarm optimization (PSO), and ant colony 
optimization (ACO), along with more advanced techniques 
like deep reinforcement learning (DRL), offer robust and 
scalable solutions for managing operational complexity in 
highly dynamic environments. 
In smart grids, AI facilitates real-time monitoring and control 
by processing massive streams of data to detect abnormalities, 
forecast grid behavior, and execute timely control actions. 
Intelligent control agents can autonomously regulate 
distributed energy resources, reconfigure network topologies, 
and coordinate energy storage systems, enhancing system 
reliability and flexibility. 
The application of AI extends beyond grid-level operations. In 
smart buildings and smart cities, AI-driven energy 
management systems optimize the use of HVAC systems, 
lighting, and appliances based on occupancy, weather 
conditions, and user behavior. This not only improves energy 
efficiency but also contributes to the quality of life for 
occupants [30-32]. 
AI and data analytics also play a key role in predictive 
maintenance and asset management. Through continuous 
monitoring of equipment using IoT sensors and analyzing 
degradation trends, AI systems can predict potential failures, 
estimate the remaining useful life (RUL) of assets, and 
schedule maintenance before costly breakdowns occur. 
Moreover, as power systems become more digitized and 
interconnected, cybersecurity has become a critical concern. 
AI-based security systems leverage pattern recognition and 
anomaly detection techniques to identify unauthorized access, 
cyber threats, and operational anomalies, thereby enhancing 
the resilience and security of modern energy infrastructures. 
In essence, AI and data-driven techniques are not just 
supporting tools—they are foundational enablers of the future 
energy landscape. Their integration into energy management 
systems fosters smarter decision-making, operational 
efficiency, and the ability to respond dynamically to changing 
demands, making them indispensable to the realization of 
sustainable and resilient power systems. 
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The integration of AI in energy systems also supports the 
development of intelligent control strategies for demand 
response, optimizing energy consumption according to grid 
conditions and market prices. As the penetration of renewable 
energy sources increases, AI tools are essential for managing 
variability and uncertainty, ensuring stable and sustainable 
energy supply. Overall, the synergy of AI and data analytics is 
fundamental to unlocking the full potential of smart grids and 
achieving a smarter, more resilient energy future [10]. 

3.1 The Role of Artificial Intelligence in 
Future Energy Networks: A Review of 
Recent Literature 

In recent years, Artificial Intelligence (AI) has emerged as a 
transformative force in shaping future energy networks, 
particularly as power systems evolve toward decentralization, 
renewable integration, and increased operational complexity. 
The expanding penetration of distributed energy resources 
(DERs), the variability of renewable generation, and the 
dynamic nature of modern loads have created new challenges 
that demand intelligent, data-driven solutions. A growing body 
of recent literature emphasizes the critical role of AI in 
enabling predictive, adaptive, and autonomous operations 
across various layers of future smart grids. 
One of the most active areas of research is "load forecasting ", 
where machine learning models—especially deep learning 
architectures—have shown significant improvements over 
traditional methods. Waqar Waheed et al. [15] employed Long 
Short-Term Memory (LSTM) networks for short-term load 
forecasting in systems with high renewable energy 
penetration, reporting notable gains in accuracy and 
robustness. 
In the realm of "energy dispatch and microgrid management ", 
HARROLD, Daniel JB et al. [20] proposed a multi-agent 
reinforcement learning framework to optimize energy trading 
and scheduling in decentralized microgrids. Their model 
demonstrated superior performance in adapting to fluctuations 
in both supply and demand. 
Accurate "renewable energy forecasting" is another critical 
application. ZHANG, Yagang  et al. [21] developed a hybrid 
forecasting system combining data enhancement techniques 
and integral fractional quantile regression for wind power 
prediction, yielding better accuracy and uncertainty 
quantification than classical statistical models. 
For "fault detection and grid reconfiguration", NGUYEN, 
Benjamin et al. [69] utilized graph-based neural networks to 
build an interpretable model capable of identifying fault 
propagation paths and enhancing grid resilience. Their work 
highlights the potential of AI to reduce downtime and 
automate fault recovery processes. 
"Demand-side energy management" has also benefited from 
AI advancements. DHANRAJ, Tushar et al. [70] introduced a 
behavior-aware energy management system for smart homes 
that learns user habits and environmental context to optimize 

HVAC and lighting systems. This approach aligns with the 
broader trend of integrating AI with IoT to enable real-time, 
personalized energy services. 
AI’s impact on "predictive maintenance and asset 
management" is also significant. GANGARAPU, Shashikanth 
et al. [71] reviewed the use of federated learning techniques 
for decentralized monitoring of critical energy assets, ensuring 
data privacy while maintaining high prediction accuracy for 
equipment failures. 
Finally, "cybersecurity " in digitalized power grids is an 
increasingly important application area. NASER, Marwah 
Abdulrazzaq et al. [72] proposed a hybrid intrusion detection 
system leveraging anomaly detection and adversarial learning 
to detect both known and zero-day cyber threats in smart grid 
environments. 
Taken together, these studies underscore the pivotal role of AI 
as more than a supporting technology—it is a foundational 
enabler for the future of resilient, flexible, and sustainable 
energy systems. Current trends such as explainable AI (XAI), 
edge computing, and federated learning reflect the maturing 
capabilities of AI in addressing challenges like interpretability, 
latency, and data sovereignty. Continued research and 
investment in AI-driven solutions are essential to meet the 
operational, environmental, and economic demands of next-
generation energy systems. 

3.2 Critical Analysis and Comparison of 
Artificial Intelligence Techniques in 
Energy Management 

With the advancement of modern technologies, artificial 
intelligence (AI) methods have been extensively applied in 
energy management. However, each technique possesses 
distinct strengths and limitations that are crucial to consider 
when selecting the most suitable method for specific 
applications. This section critically examines three main 
categories of AI techniques—classical optimization methods, 
traditional machine learning, and deep learning—in terms of 
their advantages and drawbacks [30,31]. 

3.2.1 Classical Optimization Techniques 

Advantages: 
1. Typically have clear and interpretable mathematical 

formulations. 
2. Provide fast and accurate solutions for low-dimensional 

problems with well-defined parameters. 
3. Require relatively low computational resources. 

Limitations: 
1. Limited flexibility in handling uncertain and complex 

data. 
2. Inadequate capability for modeling nonlinear complex 

relationships and dynamic conditions. 
3. Heavily dependent on precise mathematical models and 

parameters. 
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3.2.2 Traditional Machine Learning 

Advantages: 
1. Capable of extracting patterns from historical data and 

making predictions. 
2. Require less extensive datasets compared to deep 

learning. 
3. Perform well in many forecasting and classification 

tasks. 
Limitations: 

1. Require manual feature engineering to extract relevant 
features. 

2. Weaker performance on complex time-series data. 
3. Sensitive to parameter tuning and model selection. 

3.2.3 Deep Learning 

Advantages: 
1. Ability to automatically learn features from raw data 

without manual extraction. 
2. Superior performance on complex problems, especially 

with large-scale and temporal data. 
3. High flexibility across diverse applications from 

prediction to control. 
Limitations: 

1. Require large volumes of training data and significant 
computational resources. 

2. Low interpretability due to the “black-box” nature of 
models. 

3. Risk of overfitting if sufficient data is not available. 

Table 1: Selection of optimal AI technique for energy management 
applications 

Feature Classical 
Techniques 

Traditional 
Machine 

Deep 
Learning 

Model Complexity Low Medium High 
Data Requirement Low Medium High 
Handling Complex 

Data Low Medium High 

Interpretability High Medium Low 
Computational 

Resources Low Medium High 

Flexibility Low Medium High 

The choice of the optimal AI technique for energy 
management applications depends on problem conditions, data 
characteristics, and specific objectives. In many cases, hybrid 
approaches that combine the strengths of multiple methods 
have demonstrated superior performance. Moreover, 
developing interpretable deep learning models and reducing 
dependency on large datasets remain important research 
directions in this field [65,66]. 

4 Integration of Renewable Resources 
and Distributed Energy Systems 

The integration of renewable energy sources (RES) such as 
solar, wind, biomass, and small hydropower into modern 

power systems has become a key enabler for achieving 
sustainable and low-carbon energy goals. Alongside this, the 
development of Distributed Energy Resources (DERs), which 
include not only renewable generators but also energy storage 
systems, electric vehicles, and demand-side technologies, is 
transforming traditional centralized power grids into dynamic, 
decentralized networks. 
Renewable energy sources offer numerous environmental and 
economic benefits, including reduced greenhouse gas 
emissions, lower operational costs, and energy independence. 
However, their integration poses several challenges due to 
their intermittent and non-dispatchable nature. Solar and wind 
power, for instance, are inherently variable and dependent on 
weather conditions, leading to issues such as supply 
uncertainty, voltage fluctuations, and frequency deviations. 
To effectively manage these challenges, advanced forecasting 
techniques are employed to predict renewable generation, 
enabling better scheduling and system planning. Additionally, 
energy storage systems such as lithium-ion batteries, pumped 
hydro, and thermal storage are critical for balancing supply 
and demand by storing excess energy during peak generation 
and releasing it during periods of low production. 
The deployment of distributed energy systems also 
necessitates a shift toward bi-directional power flows, where 
consumers can act as "prosumers" — both producing and 
consuming energy. This paradigm supports the emergence of 
microgrids and virtual power plants (VPPs), which aggregate 
multiple DERs and coordinate them to provide grid services 
such as peak shaving, frequency regulation, and islanded 
operation during outages. 
Moreover, integrating RES and DERs requires updates to grid 
infrastructure, including smart inverters, advanced metering 
infrastructure (AMI), and communication networks that 
facilitate real-time monitoring and control. These technologies 
support dynamic grid reconfiguration, automated fault 
detection, and efficient energy distribution [38,67]. 
Policy frameworks and market mechanisms also play a vital 
role in encouraging renewable integration. Feed-in tariffs, net 
metering, green certificates, and demand response programs 
incentivize investment in clean energy and enhance grid 
flexibility. 
In conclusion, the integration of renewable resources and 
distributed energy systems is essential for building resilient, 
sustainable, and intelligent power grids. While technical, 
regulatory, and economic challenges remain, ongoing 
innovations in control, communication, and market design 
continue to advance the feasibility and reliability of high-
penetration renewable energy systems. 

5 Stochastic Energy Scheduling in Multi-
Microgrid Systems 

The emergence of multi-microgrid (MMG) systems has 
introduced a promising framework for enhancing energy 
reliability, efficiency, and flexibility in modern power 
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networks. These systems, which consist of interconnected yet 
independently operable microgrids, are designed to manage 
distributed energy resources (DERs), renewable generation, 
energy storage systems, and responsive loads at a localized 
level. However, the integration of uncertain and variable 
resources—such as solar and wind—into MMG systems 
introduces significant challenges for energy scheduling. 
Stochastic energy scheduling addresses these challenges by 
incorporating the inherent uncertainties in renewable 
generation, electricity prices, load demand, and grid 
contingencies into the decision-making process. Unlike 
deterministic models, which assume perfect foresight, 
stochastic models rely on probabilistic methods to model 
uncertainties and optimize system performance under multiple 
scenarios. Key objectives of stochastic energy scheduling in 
MMGs include minimizing operational costs, maximizing 
renewable energy utilization, ensuring system reliability, and 
reducing greenhouse gas emissions. Achieving these goals 
requires solving complex multi-stage optimization problems 
under uncertainty, typically involving mixed-integer 
stochastic programming (MISP), scenario-based analysis, 
robust optimization, and chance-constrained programming. 
Coordination among interconnected microgrids is another 
critical aspect. Effective energy scheduling must account for 
the ability of microgrids to exchange power with each other 
and with the main grid, either in grid-connected or islanded 
mode. This interconnection supports energy sharing, enhances 
grid resilience during disturbances, and enables economic 
benefits through local energy markets and peer-to-peer trading 
[25-27]. Advanced forecasting techniques, such as machine 
learning-based prediction models for solar irradiance, wind 
speed, and load profiles, are instrumental in generating 
accurate stochastic scenarios. Moreover, distributed 
optimization algorithms and multi-agent systems are 
increasingly used to handle the decentralized nature of MMGs, 
enabling each microgrid to make decisions based on local data 
while collaborating for global system objectives. 
Real-time control and adaptive scheduling are also essential, 
especially when unforeseen events or deviations occur from 
predicted scenarios. In such cases, receding horizon control 
(model predictive control), adaptive heuristics, and 
reinforcement learning can be used to adjust schedules 
dynamically. 
In summary, stochastic energy scheduling in MMG systems is 
fundamental for the reliable and cost-effective integration of 
renewables and DERs. By explicitly addressing uncertainties, 
it paves the way for more intelligent, autonomous, and 
sustainable power systems suited for future smart grid 
environments [26,45,52]. 

6 Multi-Objective Decision-Making 
Frameworks for Energy Hubs 

Energy hubs represent integrated energy systems that combine 
multiple forms of energy carriers such as electricity, heat, gas, 

and cooling to provide flexible, efficient, and reliable energy 
services. Managing these hubs involves complex decision-
making processes that must simultaneously consider multiple, 
often conflicting objectives like cost minimization, emission 
reduction, energy efficiency, and system reliability. Multi-
objective decision-making (MODM) frameworks are essential 
tools for addressing these complexities. They allow system 
planners and operators to evaluate trade-offs among competing 
goals and identify optimal or near-optimal solutions that 
balance economic, environmental, and technical criteria. 
Common MODM approaches include Pareto optimization, 
weighted sum methods, goal programming, and evolutionary 
algorithms [23,24,49]. A core challenge in energy hub 
management is the inherent coupling of energy vectors and 
technologies, which creates nonlinear and multi-dimensional 
optimization problems. For instance, decisions related to the 
allocation of electricity and heat generation, energy storage 
operation, and load management must be optimized 
collectively to ensure overall system performance. 
Incorporating uncertainties related to renewable energy 
availability, load demand fluctuations, market prices, and 
equipment failures further complicates the decision-making 
process. Stochastic and robust optimization techniques are 
therefore integrated into MODM frameworks to provide 
resilient and reliable solutions under uncertainty. 
Recent advances also emphasize the integration of real-time 
data analytics, machine learning, and artificial intelligence 
within decision-making frameworks. These technologies 
enable dynamic adaptation to changing system states and 
support predictive and prescriptive analytics, thereby 
improving the quality of decisions over time. Energy hubs also 
facilitate sector coupling—integrating power, heating, and gas 
networks—which supports the transition toward low-carbon 
energy systems. MODM frameworks help in evaluating the 
impact of different operational strategies on sector coupling 
efficiency, carbon footprint, and cost-effectiveness [48,49]. 
Furthermore, the design of user-centric decision frameworks 
is gaining attention, allowing end-users and prosumers to 
participate actively in energy management. This 
democratization of decision-making promotes demand 
response, distributed generation, and localized energy trading, 
enhancing overall system flexibility. 
In summary, multi-objective decision-making frameworks 
provide a comprehensive methodology for managing the 
complexity of energy hubs. By balancing conflicting 
objectives and incorporating uncertainty and real-time data, 
these frameworks pave the way for sustainable, efficient, and 
resilient energy systems aligned with future smart grid 
paradigms. 

7 Integration of Advanced Optimization 
Techniques 

The increasing complexity and scale of modern power 
systems, driven by the penetration of renewable energy 
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sources, distributed energy resources, and smart grid 
technologies, demand sophisticated optimization methods to 
ensure efficient, reliable, and sustainable operation. Advanced 
optimization techniques, combining classical and 
contemporary algorithms, play a pivotal role in addressing 
these challenges. 
These techniques include mixed-integer linear programming 
(MILP), nonlinear programming (NLP), metaheuristics (such 
as genetic algorithms, particle swarm optimization, and ant 
colony optimization), machine learning-based optimization, 
and hybrid methods that integrate multiple approaches to 
leverage their individual strengths. 
One of the critical aspects of integrating advanced 
optimization techniques is handling multi-objective and multi-
constraint problems that arise from competing goals such as 
cost minimization, emission reduction, reliability 
enhancement, and power quality improvement. Pareto front 
analysis and evolutionary multi-objective algorithms are 
widely used to generate optimal trade-offs and support 
decision-makers in selecting the best compromise solutions. 
Another important facet is scalability and computational 
efficiency. As power systems grow in size and complexity, 
optimization models must efficiently process large datasets 
and provide near real-time solutions. Decomposition 
techniques, distributed optimization, and parallel computing 
frameworks are employed to improve scalability without 
compromising solution quality [53,54]. 
Incorporating uncertainty is also vital. Techniques like 
stochastic optimization, robust optimization, and chance-
constrained programming are integrated to address variability 
in renewable generation, load demand, and market prices, 
enhancing system resilience. 
Moreover, integration of data-driven models with optimization 
algorithms enables adaptive and predictive control strategies. 
Machine learning techniques facilitate pattern recognition and 
forecasting, which feed into optimization frameworks for 
dynamic scheduling and real-time decision-making. 
Finally, the development of user-friendly software platforms 
and decision support systems that embed advanced 
optimization techniques allows system operators and planners 
to implement complex models practically and effectively. 
In summary, the integration of advanced optimization 
techniques provides the methodological foundation for the 
intelligent and adaptive management of modern power 
systems, enabling them to meet the challenges of 
sustainability, reliability, and economic efficiency in an 
evolving energy landscape [55]. 

8 Cybersecurity and Resilience in 
Modern Power Networks 

Modern power networks are increasingly digitalized and 
interconnected, which enhances operational efficiency but also 
exposes these critical infrastructures to a wide range of cyber 
threats and vulnerabilities. Cybersecurity and resilience have 

thus become paramount concerns in the management and 
operation of contemporary power systems. 
Cybersecurity in power networks involves protecting the 
communication, control, and data acquisition systems from 
unauthorized access, malicious attacks, and data breaches. 
Attacks such as malware, ransomware, denial of service 
(DoS), and advanced persistent threats (APTs) can disrupt grid 
operations, cause physical damage to equipment, or lead to 
widespread blackouts [13]. 
Resilience refers to the system's ability to anticipate, 
withstand, recover from, and adapt to adverse cyber-physical 
events, including both natural disasters and cyberattacks. A 
resilient power network can maintain critical functions and 
quickly restore normal operations after disruptions. 
To address these challenges, a multi-layered cybersecurity 
framework is adopted, which includes threat detection, 
prevention, response, and recovery mechanisms. Intrusion 
detection systems (IDS), encryption protocols, firewall 
protections, and secure communication standards are 
commonly implemented to safeguard grid components. 
The integration of advanced technologies like artificial 
intelligence (AI) and machine learning (ML) enhances the 
ability to detect anomalies and predict potential cyber threats 
in real-time. These tools analyze vast amounts of network 
traffic and operational data to identify suspicious patterns 
indicative of cyberattacks. 
Moreover, the rise of distributed energy resources (DERs), 
smart meters, and Internet of Things (IoT) devices increases 
the attack surface, making cybersecurity more complex. 
Ensuring secure authentication, data integrity, and privacy for 
these distributed elements is critical. 
Resilience strategies also emphasize system redundancy, 
robust network architectures, and adaptive control schemes 
that allow power grids to operate under degraded conditions or 
isolate compromised components without cascading failures. 
Regulatory frameworks and industry standards, such as NERC 
CIP (North American Electric Reliability Corporation Critical 
Infrastructure Protection), provide guidelines and 
requirements to ensure cybersecurity and resilience 
compliance. 
In conclusion, cybersecurity and resilience are integral to the 
reliable operation of modern power networks. Combining 
technological solutions, strategic planning, and regulatory 
measures enables power systems to withstand and recover 
from increasingly sophisticated cyber-physical threats, 
ensuring continuous and secure energy supply [57,58]. 

9 Challenges and Emerging Trends in 
Smart Grid Technologies 

Smart grids, as the next generation of power distribution and 
management systems, play a pivotal role in the transformation 
of the electricity industry. By leveraging digital tools, two-way 
communications, and advanced control systems, smart grids 
aim to enhance efficiency, reliability, and sustainability. 



 Emerging Trends and Advanced Techniques in Power System Optimization for Future Smart Grids 
 

 
POWER, CONTROL AND DATA PROCESSING SYSTEMS - Vol 2(2), 2025 

Page | 8 

However, several challenges have emerged in the development 
and implementation of smart grid technologies, which are 
discussed in detail below: 

9.1 Technical Challenges 

1. System Complexity and Technology Integration: 
Integrating traditional systems with emerging 
technologies such as the Internet of Things (IoT), 
sensors, and intelligent control systems requires precise 
coordination and suitable architectures, creating 
significant complexity in practice. 

2. Data Management and Advanced Analytics: The vast 
volume of data collected from numerous points within 
the grid demands robust solutions for storage, 
processing, and analysis to provide timely and accurate 
information for decision-makers. 

3. Grid Stability and Reliability: The inherent variability of 
renewable energy sources impacts grid stability, 
necessitating smart load management and energy storage 
algorithms to maintain reliable operation [59]. 

9.2 Economic Challenges 

1. Investment and Maintenance Costs: Implementing smart 
devices, communication systems, and advanced 
management software requires substantial capital 
expenditure, which may pose challenges for operators 
and consumers alike. 

2. Business Models and Financial Incentives: The 
development of smart grids demands new business 
models that equitably balance the economic benefits 
among producers, consumers, and service providers. 

3. Policies and Regulations: The absence of clear 
regulatory frameworks to support and facilitate smart 
grid development hinders investment attraction and 
sustainable growth [60,61]. 

9.3 Operational Challenges 

1. Cybersecurity and Privacy: With increased digital 
connectivity, cyber threats such as hacking and intrusion 
into control systems pose serious risks to grid security 
and consumer data privacy. 

2. Workforce Training and Technology Adoption: The 
need for highly skilled personnel across various smart 
grid domains and resistance among some users to change 
represent significant barriers to adoption and effective 
utilization. 

3. Stakeholder Collaboration: Effective coordination and 
cooperation among operators, energy producers, 
consumers, and regulatory bodies are essential for 
optimal grid management [62]. 

9.4 Emerging Trends in Smart Grid 
Technologies 

1. Widespread Use of Artificial Intelligence and Machine 
Learning: Intelligent algorithms are being developed and 
deployed for load forecasting, optimization, fault 
detection, and rapid decision-making. 

2. Expansion of Microgrids and Distributed Energy 
Resources: Increasing localized energy generation and 
consumption enhances grid flexibility and resilience. 

3. Blockchain Technology in Energy Transactions: 
Blockchain facilitates secure, transparent, and peer-to-
peer energy trading between producers and consumers 
without intermediaries. 

4. Advances in Energy Storage Technologies: Batteries 
and other storage solutions help mitigate the 
intermittency of renewables and improve grid stability. 

5. Enhanced Communication Systems and IoT: High-
speed, wide-area communication technologies such as 
5G enable seamless connectivity and real-time 
responsiveness in smart grids [63,64]. 

10 Future Trends and Horizons in Power 
Systems and Smart Grids 

The future of power systems and smart grids is poised for 
transformative advancements driven by continuous 
innovations in technology and evolving energy demands. One 
promising direction is the integration of advanced artificial 
intelligence and machine learning algorithms for autonomous 
system operation, predictive maintenance, and real-time 
optimization, significantly enhancing efficiency and 
resilience. 
Emerging concepts such as decentralization, prosumer 
participation, and blockchain-based energy markets are 
expected to redefine traditional grid paradigms. Decentralized 
energy management enables local generation and 
consumption, reducing transmission losses and enhancing 
energy autonomy. Additionally, the proliferation of Internet of 
Things (IoT) devices and sensor networks will facilitate 
granular monitoring and control, leading to highly adaptive 
and dynamic grid systems [2,3]. 
Furthermore, the development of microgrids and nano grids 
will offer increased resilience against outages and natural 
disasters, ensuring continuous power supply to critical 
infrastructures. The integration of renewable energy sources 
will become more seamless, supported by advanced storage 
solutions and smart control strategies, enabling a sustainable 
and low-carbon energy future [11,19]. 
Long-term, the convergence of digital twin technologies, 
quantum computing, and cyber-physical systems will open 
new horizons for system simulation, optimization, and 
security. These futuristic trends aim to create a more resilient, 
flexible, and sustainable energy landscape capable of 
efficiently meeting the increasing global energy needs [16-18]. 
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10.1  Roadmap for Intelligent Multi-Energy 
Systems 

As the energy sector transitions toward greater sustainability, 
flexibility, and efficiency, "intelligent multi-energy systems " 
(IMES) are emerging as a vital solution. These systems aim to 
integrate various energy carriers  such as electricity, gas, 
heating/cooling, and transportation  into a unified, smart, and 
user-responsive network. 
A structured development roadmap for IMES can be outlined 
in three progressive phases: 
Phase 1: Digital Foundations (up to 2027) 
Objective: Establish the digital infrastructure necessary for 
real-time monitoring and basic system coordination. 
Key actions: Deployment of smart meters, IoT sensors, and 
data collection platforms across power, gas, and thermal 
networks. 
Outcome: Enhanced system visibility, enabling the 
groundwork for intelligent control. 
Phase 2: Smart Coordination and Flexibility (2028–2032) 
Objective: Enable dynamic interaction between energy 
sources, storage systems, and consumers. 
Key actions: Integration of renewable resources (e.g., solar 
PV, wind, batteries), implementation of demand response 
strategies, and formation of local energy markets. 
Outcome: Improved system flexibility and active user 
participation. 
Phase 3: Autonomous Optimization and Integration (2033 and 
beyond) 
Objective: Achieve seamless and autonomous energy 
management across all carriers. 
Key actions: Application of AI and machine learning for 
forecasting, decision-making, and multi-objective 
optimization; creation of self-organizing and self-healing 
energy networks. 
Outcome: A highly resilient, efficient, and fully integrated 
energy system. 
Key Points of the Roadmap for Intelligent Multi-Energy 
Systems 

1. Security and Clear Regulations: To successfully advance 
intelligent systems, data security must be ensured and 
clear, appropriate regulations should be established. 

2. Comprehensive Collaboration: The success of these 
systems requires close cooperation among governments, 
technology companies, academia, and users. 

3. Alignment with Global Goals: The development path 
should align with international objectives like reducing 
emissions and promoting clean energy to have a positive 
environmental impact. 

This roadmap illustrates a clear, step-by-step pathway for the 
realization of intelligent multi-energy systems. Through 
phased implementation and the integration of emerging 
technologies, IMES can deliver cleaner, smarter, and more 
accessible energy services—shaping the foundation of future 
energy infrastructures. 

This roadmap has been independently developed by the author 
based on a review of various sources. 

11 Conclusion and Future Perspectives 

This review article aims to provide a comprehensive and 
systematic overview of power system optimization and smart 
grid technologies by identifying emerging trends, challenges, 
and key advancements, thereby presenting an accurate picture 
of the current state and future prospects in this field. Compared 
to previous works, the unique contributions of this article are 
highlighted in several aspects: 
First, the integrative and comprehensive examination of topics 
such as artificial intelligence, stochastic scheduling, 
cybersecurity technologies, and multi-objective optimization 
within a unified framework enables a deeper understanding of 
the complexities and interactions among various components 
of smart grids. Second, the thorough analysis of technical, 
economic, and operational challenges, along with the proposal 
of potential solutions, enhances the practical relevance of this 
study and better addresses the real needs of both the power 
industry and researchers. 
Moreover, this article explicitly identifies gaps in the existing 
literature and emphasizes the importance of developing 
innovative and interdisciplinary approaches. Specifically, 
there is a critical need for smarter algorithms capable of 
handling big data and more accurate forecasting, more 
sustainable business models, and comprehensive legal and 
regulatory frameworks. 
Regarding future research directions, the following priorities 
are recommended: 
• Developing multi-objective optimization methods that 

simultaneously address efficiency, cost, and security 
concerns; 

• Increasing focus on cybersecurity and data protection 
using emerging technologies such as blockchain; 

• Deepening research on distributed energy resource 
management and microgrids to enhance grid flexibility 
and resilience; 

• Expanding the application of artificial intelligence and 
machine learning for load forecasting, fault detection, 
and real-time optimal energy management; 

• Investigating financial models and policies that provide 
necessary incentives for investment in smart grid 
technologies. 

Ultimately, this study underscores that future advancements in 
smart grids require broad interdisciplinary collaboration 
among engineers, economists, policymakers, and 
cybersecurity experts. Therefore, it is anticipated that this 
article will serve as a valuable reference for researchers and 
industry decision-makers in guiding research priorities and 
fostering the development of innovative smart grid 
technologies. 
In this review, we examined a diverse range of recent studies 
focusing on energy management and optimization techniques 
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within smart grid systems. The comparative analysis 
highlights key approaches to uncertainty modeling and 
optimization methods employed in the literature. As observed, 
stochastic and robust uncertainty modeling techniques are 
widely adopted to address the inherent variability of renewable 
energy sources and demand fluctuations. Additionally, multi-
objective optimization frameworks, often coupled with 
advanced intelligent algorithms such as evolutionary methods 
and machine learning, demonstrate significant promise for 
enhancing the operational efficiency and reliability of 
integrated energy systems. 
Table (2) summarizes the main characteristics of selected 
studies with respect to their sources, uncertainty modeling 
approaches, and optimization techniques, providing a 

comprehensive overview of current research trends and 
methodological advances in the domain. 
Key Notes: 

1. Most papers addressing energy management in smart 
grids emphasize uncertainty modeling, primarily 
stochastic or robust approaches. 

2. Optimization techniques are predominantly multi-
objective and rely on intelligent algorithms such as 
evolutionary methods, machine learning, and 
metaheuristics. 

3. Several studies focus on load and energy forecasting 
using AI methods like neural networks. 

4. Uncertainty modeling mainly revolves around 
renewable energy variability, demand response, and load 
fluctuations.      

Table 2: Comparative Analysis of Uncertainty Modeling Approaches and Optimization Techniques in Energy Management Studies 
Reference No. Main Topic Uncertainty Modeling Optimization Techniques 

[1] ARUN et al. (2025) 
Energy storage and grid 

modernization for sustainable 
urban power management 

Not explicitly detailed or general Integration of storage systems 
and grid optimization 

[23] BIDGOLI et al. (2025) Energy management in multi-
microgrid systems 

Stochastic energy management 
modeling 

Multi-objective optimization 
approach 

[24] BIDGOLI et al. (2021) Electrical and thermal energy 
management in energy hubs 

Multi-objective framework 
considering uncertainties 

Prioritized multi-objective 
optimization 

[25] MUKHOPADHYAY et al. 
(2023) 

Hourly energy scheduling in 
renewable microgrids 

Consideration of uncertainties in 
hourly scheduling Hybrid optimization algorithms 

[26] PRAVALLIKA et al. 
(2024) 

Multi-objective stochastic 
optimization models for 

microgrid energy management 
Stochastic modeling Stochastic multi-objective 

optimization 

[27] NIKZAD & SAMIMI 
(2022) 

Two-stage stochastic 
programming for simultaneous 

energy and reserve management 
Two-stage stochastic modeling Multi-objective and stochastic 

optimization 

[28] MELIANI et al. (2021) Energy management in smart 
grids 

Discusses future trends and 
uncertainties Advanced optimization methods 

[29] MEGANTORO et al. 
(2025) 

Reactive power dispatch 
optimization with integration of 
distributed renewable generation 

Consideration of renewable 
intermittency 

Metaheuristic and intelligent 
algorithms 

[31] DAHMANI (2024) Energy optimization and IoT-
based smart grid solutions Partially addressed Data-driven and hybrid 

optimization techniques 
[32] ABOU EL-ELA et al. 

(2023) 
Modern optimization techniques 

for smart grids 
General discussion on 

uncertainties 
Modern intelligent algorithms 
(e.g., evolutionary algorithms) 

[47] LASEMI et al. (2022) Optimization challenges in smart 
energy hubs under uncertainty 

Modeling of complex 
uncertainties 

Multi-objective optimization 
methods 

[48] LU et al. (2020) 
Robust optimization for 

coordinated operation of multiple 
energy hubs 

Robust optimization approach Robust and multi-objective 
optimization algorithms 

[49] JAVADI et al. (2020) 
Optimal operation of energy hubs 

considering uncertainties and 
varying time resolutions 

Uncertainty modeling Multi-objective optimization with 
diverse methods 

[50] PAZOUKI & HAGHIFAM 
(2016) 

Optimal planning and scheduling 
of energy hubs with wind, 

storage, and demand response 

Stochastic modeling of renewable 
sources and demand response 

Stochastic modeling and 
optimization 

[66] FRANCO & 
PAGLIANTINI (2025) 

Artificial intelligence in energy 
management: electricity demand 

forecasting 

Prediction models and uncertainty 
in data 

Recurrent neural networks (RNN) 
and data-driven optimization 

[67] BISWAS et al. (2025) 
Comprehensive review of smart 

grids focusing on AI and 
renewable integration 

Discusses uncertainty challenges 
in energy sources 

AI-based techniques and multi-
objective optimization 
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