
Comprehensive Journal of Science مجلة العلوم الشاملة 

Volume (10), Issue (37), (NOV. 2025)  عدد خاص بالمؤتمر الدولي الثالث للعلوم والتقنية 
           ,www.sicst.lySICST2025                     (                                                                                                 2025(، )نوفمبر37(، العدد )10المجلد )

           ISSN: 3014-6266                                                                                                                                            6266-3014ردمد: 

 

 -ISSN: 3014-6266                                     23251(  ردمد:  2025نوفمبر(، )37(، العدد )10مـجلـة الـعـلـوم الشـامـلـة  المجلد )

 

AI-Based Optimization of Renewable Energy Systems for Grid 

Stability 

Zienap Abobaker Basher Ehrer 

Department of Renewable Energy, Faculty of Engineering, Graduate Studies, 

Misurata University, Misurata, Libya 

zienap91@su.edu.ly 

Received: 30-09-2025; Revised: 10-10-2025; Accepted: 31-10-2025; Published: 25-11-2025 

Abstract 

The increasing penetration of renewable energy sources such as solar and wind into power 
systems has created new challenges for grid stability and reliability, especially in countries facing 
frequent power outages like Libya. This study proposes the use of Artificial Intelligence (AI) 
techniques to optimize the operation and management of renewable energy systems. Machine 
learning algorithms are applied for short-term forecasting of solar irradiance and wind speed, 
while optimization models are developed for intelligent scheduling of hybrid renewable sources 
and storage systems. The proposed approach aims to minimize fluctuations, reduce reliance on 
fossil fuels, and improve overall grid stability. Simulation results demonstrate that AI-based 
optimization can enhance the efficiency and reliability of renewable energy integration, making it a 
promising solution for sustainable energy development in Libya. 
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 (بالعربية)الملخص
تزايد إدماج مصادر الطاقة المتجددة مثل الطاقة الشمسية والرياح في أنظمة الطاقة أدى إلى تحديات جديدة تتعلق باستقرار الشبكة  

ليبيا مثل  للكهرباء  متكررة  انقطاعات  من  تعاني  التي  البلدان  في  خاصة  الذكاء   .وموثوقيتها،  تقنيات  استخدام  البحث  هذا  يقترح 
المتجددةالاصطناعي   الطاقة  أنظمة  وإدارة  تشغيل  قصير .لتحسين  للتنبؤ  الآلي  التعلم  خوارزميات  تطبيق  بالإشعاع    تم  المدى 

يهدف النهج المقترح إلى تقليل التقلبات،  .الشمسي وسرعة الرياح، كما تم تطوير نماذج تحسين لجدولة المصادر الهجينة والتخزين
و  الأحفوري،  الوقود  على  الاعتماد  عاموخفض  بشكل  الشبكة  استقرار  الطاقة   .تحسين  أنظمة  تحسين  أن  المحاكاة  نتائج  أظهرت 

 باستخدام الذكاء الاصطناعي يمكن أن يعزز الكفاءة والموثوقية، مما يجعله حلًا واعداً لتنمية الطاقة 

 في ليبيا المستدام
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1. Introduction 

1.1. Background on Renewable Energy Systems 

The global energy sector is transitioning from fossil fuels to renewable energy 
systems (RES) such as solar, wind, hydroelectric, and biomass. These sources 
provide environmental benefits by reducing greenhouse gas emissions and 
enhancing energy security through localized generation. The shift is critical in 
addressing climate change and lowering carbon emissions associated with energy 
production. Governments worldwide are promoting RES adoption through policies 
and incentives aimed at sustainability and carbon neutrality. 

 Integrating renewables into existing power grids poses challenges due to their 
intermittent nature. For example, solar energy depends on sunlight availability, 
which fluctuates daily and seasonally, while wind energy output varies with changing 
wind patterns. This variability complicates grid stability since electricity demand 
remains constant regardless of renewable production levels. 

Artificial intelligence (AI) techniques are increasingly recognized as essential for 
optimizing RES. AI enhances forecasting accuracy, operational efficiency, and 
integration into power grids, facilitating innovations like predictive maintenance and 
real-time analytics. Machine learning algorithms improve forecasting models by 
analyzing extensive datasets, including historical performance and current weather 
data. 

Energy storage systems add complexity but are crucial for capturing surplus energy 
and supplying it during peak demand. Optimizing these cycles through AI can 
enhance grid reliability amid fluctuating renewable outputs. Countries like Libya 
illustrate the potential benefits and challenges of transitioning to renewable-based 
energy systems, emphasizing the need for effective integration strategies to bolster 
energy security and reduce reliance on fossil fuels. (ZealousSystemPvtLtd, 2025)[5], 
(Kingsley Ukoba, 2024)[1] and (Edreis et al., 2025, pages 1-5)[4]. 

https://www.zealousys.com/blog/ai-in-energy-forecasting-and-power-management/
https://journals.sagepub.com/doi/10.1177/0958305X241256293
https://aaasjournals.com/index.php/ajapas/article/download/1145/1049


AI-Based Optimization of Renewable Energy Systems for Grid Stability ---------------Zienap A. B. Ehrer 

 -ISSN: 3014-6266                                     23271(  ردمد:  2025نوفمبر(، )37(، العدد )10مـجلـة الـعـلـوم الشـامـلـة  المجلد )

 
 

1.2. Importance of Grid Stability 

Grid stability is crucial for the reliable operation of electrical networks, especially with 
increasing renewable energy sources like solar and wind, which introduce variability 
in power production. Unlike fossil fuel systems that allow for easy output 
adjustments, renewables depend on unpredictable weather conditions, making it 
essential to align supply with demand to maintain equilibrium. 

Maintaining stability prevents blackouts and ensures high power quality, as 
fluctuations can negatively impact both residential and industrial operations. 
Effective measures, such as hybrid systems incorporating various energy types and 
storage solutions, are necessary to buffer against sudden changes in generation or 
demand. 

Advanced technologies, including Distributed Energy Resource Management 
Systems (DERMS), play a vital role in enhancing grid reliability through real-time 
data analytics. By leveraging predictive analytics, utilities can improve forecasting 
and better balance supply with demand, reducing instability risks. 

In regions like Libya, where reliance on fossil fuels complicates the transition to 
renewables, ensuring grid stability becomes even more critical. Innovative 
approaches, including machine learning and artificial intelligence, offer promising 
avenues for improving forecasting accuracy and operational efficiency by analyzing 
vast datasets from grid sensors. 

understanding the importance of grid stability amidst growing renewable adoption is 
key for developing future energy policies and technologies that foster sustainable 
progress while ensuring global power network reliability. Continuous adaptation will 
be necessary as technology and market conditions evolve. (Alhamrouni et al., 2024, 
pages 31-35)[7], (Jbril et al., 2025, pages 1-5)[13] and (Renewable Energy Software 
Solutions | DXC Technology Company, 2025)[11]. 

 

https://pdfs.semanticscholar.org/ef5c/63d885d3ed00dbb8e6bb5a871ef80f1428c2.pdf
https://www.erpublications.com/uploaded_files/download/m-m-ali-jbril-a-m-azzin-m-alsharif-a-a-almahdi_bieZj.pdf
https://dxc.com/us/en/industries/energy-utilities-oil-and-gas/renewable-energy
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Figure 1: Role of Power electronics in Renewable Energy (source: reference (Jbril 

et al., 2025)[13]) 

1.3. Challenges in Power Systems with High Renewable Penetration 

The incorporation of significant renewable energy sources into power systems 
presents numerous challenges, primarily due to the inherent variability and 
unpredictability associated with these energy types. Unlike traditional power 
generation methods that provide stable output, renewable sources such as solar and 
wind are greatly affected by changing environmental conditions. This unpredictability 
makes grid management more complex, making it difficult to maintain a balance 
between supply and demand. 

One major challenge is ensuring grid stability. Conventional grid control mechanisms 
often struggle to respond quickly to the rapid fluctuations in power generation from 
renewable sources. This limitation can lead to frequency and voltage instability, 
which might result in outages or damage to equipment. Historically, reliance on 
fossil fuels has provided a buffer against these variations; however, as the 
proportion of renewable energy increases, this stabilizing effect is gradually reduced. 

Additionally, the integration of distributed energy resources (DERs) introduces 
another layer of complexity. DERs come from various small-scale sources such as 

https://www.erpublications.com/uploaded_files/download/m-m-ali-jbril-a-m-azzin-m-alsharif-a-a-almahdi_bieZj.pdf
https://www.erpublications.com/uploaded_files/download/m-m-ali-jbril-a-m-azzin-m-alsharif-a-a-almahdi_bieZj.pdf
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residential solar panels or wind turbines that may not consistently generate energy 
or may do so at unpredictable times. The existing infrastructure was not designed to 
efficiently accommodate such decentralized generation. 

Energy storage systems present both potential benefits and challenges for the high 
levels of renewable integration. These systems can help stabilize the irregular 
supply from variable sources by storing excess energy for use during periods of low 
production, but their implementation requires significant investment and poses 
technological challenges. Furthermore, effectively utilizing storage necessitates 
advanced forecasting techniques and real-time data analysis. 

Regulatory frameworks also face difficulties in adapting to the increasing presence 
of renewables within power systems. Existing regulations may not adequately 
address the unique characteristics of renewable generation and DERs. Moreover, 
integrating advanced technologies like artificial intelligence for grid optimization 
raises cybersecurity concerns. 

 public acceptance and social factors are crucial in addressing these challenges. 
Local communities may resist initiatives due to concerns over land use for 
renewable projects or changes in local energy dynamics resulting from greater 
reliance on these energy sources. (Cali & Hosseinzadeh, 2025)[3] and (Alhamrouni 
et al., 2024, pages 31-35)[7]. 

2. Artificial Intelligence in Energy Optimization 

2.1. Overview of AI Techniques Used 

Artificial Intelligence (AI) is transforming renewable energy systems by analyzing 
extensive datasets to enhance operational efficiency. Key AI methods include 
artificial neural networks (ANNs), fuzzy logic models, and optimization techniques 
like Ant Colony Optimization (ACO) and Whale Optimization Algorithm (WOA). 
ANNs are particularly effective in addressing nonlinear challenges in renewable 
energy data, enabling accurate predictions of system faults and enhancing power 

https://www.findaphd.com/phds/project/adaptive-and-ai-based-control-strategies-for-grid-and-market-integration-of-renewable-energy-resources/?p182256
https://pdfs.semanticscholar.org/ef5c/63d885d3ed00dbb8e6bb5a871ef80f1428c2.pdf
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system reliability. Fuzzy logic models help navigate uncertainties in energy 
generation, facilitating better integration of renewable sources into existing grids. 

Metaheuristic optimization strategies, such as ACO and WOA, significantly improve 
hybrid renewable energy systems (HRES) by optimizing the arrangement of solar 
panels, wind turbines, and battery storage, even in challenging environments like 
Libya. These algorithms enhance overall efficiency by balancing cost-effectiveness 
with reliable energy output. 

AI's forecasting capabilities are crucial for short-term predictions of solar irradiance 
and wind speed, further refined by machine learning techniques like Support Vector 
Machines (SVM) and ensemble learning that consider real-time weather conditions. 
Beyond predictions, AI strengthens grid stability through dynamic energy 
management systems that optimize electricity routing and storage strategies based 
on demand forecasts. 

Integrating AI into renewable energy frameworks not only boosts operational 
efficiency but also addresses environmental sustainability challenges. By improving 
forecasting accuracy, AI facilitates better planning for renewable incorporation while 
reducing reliance on fossil fuels, ultimately leading to enhanced resilience in energy 
systems amidst fluctuations characteristic of renewable sources. (Alhamrouni et al., 
2024, pages 31-35)[7], (Kingsley Ukoba, 2024)[1] and (Yahya et al., 2024)[6]. 

2.2. Role of Machine Learning in Forecasting 

Machine learning (ML) significantly enhances the accuracy and reliability of 
renewable energy generation forecasts from sources like solar and wind. Traditional 
forecasting methods, reliant on historical data, struggle with the unpredictability of 
renewable resources. In contrast, ML algorithms leverage extensive datasets, 
including real-time weather data and past generation trends, to create dynamic 
models that predict energy output effectively. 

https://pdfs.semanticscholar.org/ef5c/63d885d3ed00dbb8e6bb5a871ef80f1428c2.pdf
https://journals.sagepub.com/doi/10.1177/0958305X241256293
https://www.sciencedirect.com/science/article/abs/pii/S0360319924048699
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A notable advantage of ML in forecasting is its ability to identify complex patterns 
within large datasets. Techniques such as support vector machines, artificial neural 
networks, and Gaussian process regression capture the nonlinear relationships 
inherent in renewable energy production. These methods improve predictive 
accuracy while considering various influencing factors, like solar irradiance and wind 
speed. 

ML's impact on short-term forecasting is particularly significant, enabling predictions 
of power generation from minutes to days ahead by analyzing temporal trends and 
weather forecasts. This capability is crucial for optimizing grid operations and 
balancing supply and demand. For instance, predicting solar power output can 
incorporate cloud cover forecasts alongside historical data. 

Additionally, ensemble methods combining multiple predictive models are gaining 
traction for their improved accuracy by addressing uncertainties in renewable energy 
output. Hybrid forecasting techniques integrate traditional statistics with advanced AI 
algorithms, providing a comprehensive understanding of factors affecting energy 
outputs. Overall, ML transforms renewable energy forecasting, enhancing predictive 
capabilities and facilitating the integration of renewables into existing power grids, 
ultimately supporting sustainable energy transitions. (Mahmood et al., 2024)[8], 
(ZealousSystemPvtLtd, 2025)[5] and (Kingsley Ukoba, 2024)[1]. 

3. Short-Term Forecasting Models 

3.1. Solar Irradiance Forecasting Approaches 

Precise forecasting of solar irradiance is crucial for optimizing solar photovoltaic 
(PV) systems. Various strategies have emerged, primarily categorized into 
deterministic models that rely on historical data and hybrid models combining 
machine learning with traditional forecasting techniques. 

Deterministic models use time series analysis to assess past solar irradiance 
patterns, often employing regression for reliable short-term forecasts under stable 

https://www.sciencedirect.com/science/article/pii/S259017452400268X
https://www.zealousys.com/blog/ai-in-energy-forecasting-and-power-management/
https://journals.sagepub.com/doi/10.1177/0958305X241256293
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weather. However, they struggle during rapidly changing conditions, such as cloudy 
days. To enhance prediction accuracy in these scenarios, hybrid forecasting models 
are increasingly utilized. For example, integrating Artificial Neural Networks (ANNs) 
and Support Vector Machines (SVM) with statistical methods has shown promising 
results by effectively modeling large datasets and capturing nonlinear relationships 
inherent in complex weather patterns. 

A notable hybrid strategy combines ANNs with physical models incorporating 
meteorological variables like temperature and humidity. This approach improves 
understanding of environmental factors influencing solar irradiance, achieving high 
correlation rates—up to 98% accuracy on sunny days. Advancements in deep 
learning, particularly Long Short-Term Memory (LSTM) networks, further enhance 
predictions by processing sequential data and adapting to changes. 

Emerging techniques, such as truncated-regularized kernel ridge regression, offer 
efficient alternatives that maintain or improve predictive accuracy compared to 
traditional methods. These hybrid systems are essential for effective grid 
management, helping utilities balance supply and demand from fluctuating 
renewable resources, ultimately advancing sustainable energy solutions. (Shahin et 
al., 2025)[16], (Almarzooqi & Maalouf, 2024)[17], (Allal et al., 2024)[15] and (Tajjour et 
al., 2025)[10]. 

3.2. Wind Speed Forecasting Techniques 

Precise wind speed forecasting is crucial for optimizing wind energy production and 
maintaining power system stability. Various methodologies have emerged, 
categorized into statistical techniques, conventional machine learning methods, and 
deep learning frameworks, each addressing the unpredictability of wind speed 
differently. 

Statistical approaches like AutoRegressive Integrated Moving Average (ARIMA) and 
Grey Model (GM) rely on historical data but often assume linear correlations, which 

https://ieeexplore.ieee.org/document/9350400/
https://academic.oup.com/ce/article/8/1/100/7515046
https://www.sciencedirect.com/science/article/pii/S2772671124000354
https://ieeexplore.ieee.org/document/10286816
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may overlook complex meteorological interactions. Despite this limitation, their 
simplicity ensures continued use. 

In contrast, traditional machine learning algorithms such as Support Vector 
Regression (SVR) and Random Forest (RF) are more adaptable, effectively 
modeling non-linear relationships by incorporating various input features, including 
past wind speeds and external factors. These models excel at capturing short-term 
variations in wind velocity that impact energy output. 

Deep learning techniques, including Long Short-Term Memory (LSTM) networks 
and Convolutional Neural Networks (CNNs), enhance forecasting capabilities by 
managing large datasets with intricate patterns. LSTMs are particularly effective for 
time-series predictions, while CNNs excel in identifying spatial hierarchies within 
multidimensional weather data. 

The development of hybrid models combining these methodologies shows promise 
in improving forecast accuracy. Techniques like merging LSTM with Variational 
Mode Decomposition (VMD) have shown superior performance. Advancements in 
real-time data analytics enable dynamic forecasting strategies, further refining 
predictive accuracy and allowing utilities to manage supply-demand fluctuations 
effectively. Future research will focus on enhancing these techniques while 
addressing interpretability and integration challenges within grid systems. (Li et al., 
2023)[14], (Tuncar et al., 2024)[9] and (Kavasseri & Seetharaman, 2009)[19]. 

4. Optimization Models for Renewable Energy Systems 

4.1. Scheduling Hybrid Renewable Sources 

The orchestration of hybrid renewable energy systems (HRES) is vital for improving 
the efficiency of energy systems that combine various renewable technologies, 
including photovoltaic units, wind turbines, and energy storage solutions. Effective 
scheduling strategies often employ advanced optimization algorithms like Ant Colony 
Optimization (ACO) and Whale Optimization Algorithm (WOA). ACO mimics ant 

https://www.mdpi.com/1996-1073/16/23/7785
https://www.sciencedirect.com/science/article/pii/S2352484724003603
https://www.sciencedirect.com/science/article/pii/S0960148108003327
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behavior to navigate complex energy outputs, optimizing the sizing and synergy of 
renewable components by considering factors like energy demand and weather 
predictions. Meanwhile, WOA uses a whale’s hunting tactics to avoid local minima 
and rapidly reach global solutions, enhancing the arrangement of renewable sources 
within hybrid systems. 

Artificial intelligence significantly refines these algorithms by analyzing historical 
weather trends and real-time conditions to predict generation potential from solar 
and wind resources. This enables dynamic adjustments in scheduling based on 
environmental variations. Managing power generation from renewables requires a 
robust Energy Management System (EMS), utilizing machine learning for real-time 
monitoring and optimization of dispatch strategies, especially as countries increase 
renewable penetration. 

In regions like Libya, challenges such as inadequate infrastructure and regulatory 
barriers hinder the transition to HRES. Advanced scheduling methodologies can 
improve grid stability amidst variable outputs. Simulation results indicate that 
integrating optimization models can lower reliability issues like Loss of Power Supply 
Probability while maximizing Renewable Energy Fraction, ultimately promoting 
operational efficiency and cost-effectiveness in line with sustainability goals. (Yahya 
et al., 2025)[2] and (Yahya et al., 2024)[6]. 

4.2. Integration of Storage Systems into Optimization Models 

Incorporating energy storage systems (ESS) into renewable energy optimization 
frameworks enhances flexibility, reliability, and efficiency. Hybrid renewable energy 
systems (HRES), which combine sources like solar and wind, face challenges from 
the unpredictability of energy generation. ESS can capture excess energy during 
peak production and discharge it when demand rises or generation drops. 

Artificial intelligence (AI) algorithms improve the operation of energy storage units by 
analyzing historical data and real-time conditions, optimizing charging and 

https://www.sciencedirect.com/science/article/abs/pii/S0360319925004458
https://www.sciencedirect.com/science/article/abs/pii/S0360319924048699
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discharging cycles to meet grid demands while reducing reliance on fossil fuels. 
Various strategies have emerged for optimizing ESS, including calibrating the sizing 
and positioning of storage within power networks to align with grid requirements and 
renewable generation profiles. 

Hybrid energy storage solutions that integrate technologies such as batteries and 
supercapacitors leverage complementary strengths—supercapacitors respond 
quickly to short-term demand, while batteries provide longer-duration stability. AI 
dynamically manages these configurations, ensuring optimal performance based on 
current grid conditions. 

Practical implementations, like Tesla's Powerpack and Powerwall, demonstrate the 
benefits of AI-enhanced ESS in improving operational efficiency and supporting 
greater renewable adoption. Successful case studies, such as those from Libya, 
highlight how optimized ESS can facilitate sustainable energy practices despite 
infrastructural and regulatory challenges. 

Overall, integrating advanced AI techniques into ESS optimization models 
significantly enhances their effectiveness in HRES, providing real-time decision 
support while addressing economic viability in renewable integration. (Yahya et al., 
2025)[2] and (Kingsley Ukoba, 2024)[1]. 

5. Minimizing Fluctuations in Power Generation 

5.1. Strategies for Stabilizing Output from Renewables 

The incorporation of renewable energy sources into power systems presents unique 
challenges, especially concerning the variability and unpredictability of generation 
output. To improve stability and ensure a reliable power supply, various strategies 
can be implemented. 

One effective approach is the use of hybrid renewable systems that combine 
multiple energy sources—such as solar photovoltaics (PV) and wind turbines—with 
energy storage solutions like batteries. This integration allows for better 

https://www.sciencedirect.com/science/article/abs/pii/S0360319925004458
https://journals.sagepub.com/doi/10.1177/0958305X241256293
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management of energy flows based on real-time data inputs, enhancing both 
performance and reliability. By locating these resources together, utilities can create 
more flexible options that can provide diverse services to the grid. 

Moreover, advanced predictive analytics are crucial for stabilizing output from 
renewable sources. Machine learning algorithms increase forecasting accuracy by 
identifying complex patterns and relationships within generation data. This capability 
helps utilities anticipate fluctuations in energy production and demand more 
effectively. Real-time data analytics enable utilities to allocate resources efficiently 
during peak demand periods or adverse weather conditions. 

The implementation of Distributed Energy Resource Management Systems 
(DERMS) provides another way to strengthen grid stability. These systems 
coordinate various distributed energy resources (DERs), such as solar panels and 
battery storage, optimizing their effectiveness through sophisticated optimization 
tools and control frameworks. Merging predictive analytics with DERMS improves 
the balance between supply and demand while reducing operational costs. 

Energy storage systems play a vital role in mitigating fluctuations associated with 
renewable generation. By capturing surplus energy produced during peak 
generation times for later use, these systems help maintain a consistent power 
supply when generation decreases or demand increases. 

Beyond technological advancements, regulatory frameworks must also evolve to 
support a seamless transition to hybrid renewable energy systems. Policymakers 
should encourage investments in flexible renewable sources and storage 
technologies while establishing standards that foster innovation in system design 
and operation. 

In conclusion, achieving stability in renewable output requires a comprehensive 
strategy that integrates hybrid systems, advanced forecasting techniques driven by 
AI-enhanced analytics, smart grid technologies for real-time management of diverse 
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resources, and supportive regulations that promote investment in flexible 
technologies. (Jbril et al., 2025, pages 1-5)[13], (Renewable Energy Software 
Solutions | DXC Technology Company, 2025)[11], (O'Neil, 2020)[20], (Kingsley Ukoba, 
2024)[1] and (Alhamrouni et al., 2024, pages 21-25)[7]. 

5.2. Reducing Reliance on Fossil Fuels through Optimization 

As the world shifts toward sustainable energy, reducing dependence on fossil fuels 
is crucial. Hybrid renewable energy systems (HRES) that integrate solar, wind, and 
energy storage can significantly lessen this reliance. Effective scheduling and 
integration are vital for maximizing the efficiency of these systems, utilizing 
algorithms like Ant Colony Optimization (ACO) and Whale Optimization Algorithm 
(WOA) to manage energy flows based on real-time data. 

Energy storage systems (ESS) are essential for addressing the variability of 
renewable resources. By optimizing charging and discharging cycles through AI-
driven algorithms, ESS can store excess energy generated during peak times for 
later use, enhancing the reliability of renewables and reducing the need for backup 
fossil fuel generation. 

AI-powered predictive maintenance improves the efficiency of renewable generation 
facilities and storage assets by allowing operators to anticipate downtimes, thus 
minimizing disruptions in power supply. In regions like Libya, where fossil fuels 
predominate but solar and wind resources are untapped, optimization strategies can 
facilitate the transition to HRES by leveraging geographical data and weather 
patterns. 

These advanced optimization techniques also provide economic benefits by lowering 
operational costs associated with fossil fuel usage. Research into battery technology 
optimization further supports the goal of reducing fossil fuel reliance while boosting 
system performance and economic viability for integrating renewables into national 
grids. (O'Neil, 2020)[20], (Ukoba et al., 2024)[18] and (Kingsley Ukoba, 2024)[1]. 

https://www.erpublications.com/uploaded_files/download/m-m-ali-jbril-a-m-azzin-m-alsharif-a-a-almahdi_bieZj.pdf
https://dxc.com/us/en/industries/energy-utilities-oil-and-gas/renewable-energy
https://www.nrel.gov/news/feature/2020/renewables-rescue-stability-as-the-grid-loses-spin
https://journals.sagepub.com/doi/10.1177/0958305X241256293
https://pdfs.semanticscholar.org/ef5c/63d885d3ed00dbb8e6bb5a871ef80f1428c2.pdf
https://www.nrel.gov/news/feature/2020/renewables-rescue-stability-as-the-grid-loses-spin
https://www.researchgate.net/publication/380845952_Optimizing_renewable_energy_systems_through_artificial_intelligence_Review_and_future_prospects
https://journals.sagepub.com/doi/10.1177/0958305X241256293
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6. Case Study: Application in Libya's Power Grid 

6.1. Current State of Libya's Energy Landscape 

Libya's energy sector heavily relies on fossil fuels, with oil and natural gas 
dominating electricity production. This dependence has led to various challenges, 
including energy instability, environmental damage, and economic volatility. While 
Libya is a major oil producer in Africa, it faces growing concerns regarding the 
sustainability of its energy strategies due to increasing domestic consumption and a 
global shift towards cleaner energy alternatives. 

The country has significant potential for renewable energy, thanks to its 
geographical advantages such as abundant sunlight and favorable wind conditions. 
However, integrating these variable renewable sources into the existing power grid 
presents substantial obstacles. Issues like grid stability and reliability arise, 
alongside the urgent need for extensive infrastructure improvements to 
accommodate renewable technologies. 

In recent years, Libya has recognized the necessity of transitioning to Hybrid 
Renewable Energy Systems (HRES), which combine solar photovoltaic (PV) 
systems, wind turbines, and hydrogen solutions with storage technologies such as 
batteries and fuel cells. This transition is crucial not only for enhancing energy 
access in remote areas but also for mitigating the environmental impacts associated 
with traditional fossil fuel usage. 

Ongoing research efforts are focused on optimizing these hybrid systems using 
advanced techniques like Ant Colony Optimization (ACO) and Whale Optimization 
Algorithm (WOA). These approaches assess various configurations aimed at 
maximizing efficiency and cost-effectiveness across different regions in Libya, 
including Almagrun, Sabha, and Alkufra. For instance, studies suggest that ACO 
can improve the Renewable Energy Fraction (REF) in hybrid systems, while WOA 
effectively optimizes operational parameters to lower energy generation costs. 
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Despite these promising developments, Libya faces significant challenges in 
implementing widespread renewable initiatives. Main barriers include limited 
investment capacity, regulatory constraints that delay project approvals, and 
insufficient technical infrastructure needed for new technologies. Thus, although 
there is a clear path towards enhancing the role of renewables in Libya’s energy 
landscape through technological innovations supported by AI-driven optimization 
models, considerable effort is needed to overcome these systemic challenges. 
(Yahya et al., 2025)[2] and (Edreis et al., 2025, pages 1-5)[4]. 

6.2. Implementation Challenges and Solutions Proposed by the Study 

The adoption of Hybrid Renewable Energy Systems (HRES) in Libya faces 
significant challenges due to the country's heavy reliance on fossil fuels and 
weaknesses in its energy infrastructure. Libya's energy profile raises concerns about 
security and sustainability, complicating the integration of renewable sources like 
solar and wind. A major obstacle is the substantial initial investment needed for 
advanced optimization technologies, such as the Whale Optimization Algorithm 
(WOA) and Ant Colony Optimization (ACO). The study recommends pilot initiatives 
in areas with high renewable potential to demonstrate feasibility and attract further 
investment. 

Fluctuations in energy production present risks to grid stability, necessitating 
effective management of supply and demand imbalances. The research advocates 
for using machine learning algorithms to enhance forecasting accuracy for short-
term energy output, facilitating better energy distribution through storage systems. 
Additionally, the regulatory framework in Libya often hinders the transition to 
renewable energy; thus, a comprehensive policy overhaul is needed, including tax 
incentives or subsidies to encourage investment in HRES. 

There is also a pressing need to develop local expertise, as skilled labor for 
operating and maintaining hybrid systems is lacking. Establishing training programs 

https://www.sciencedirect.com/science/article/abs/pii/S0360319925004458
https://aaasjournals.com/index.php/ajapas/article/download/1145/1049
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focused on renewable technologies is crucial. Finally, public perception of renewable 
energy remains mixed due to historical dependence on fossil fuels, highlighting the 
importance of awareness campaigns to promote the benefits of HRES and garner 
community support. (Yahya et al., 2025)[2] and (Yahya et al., 2024)[6]. 

7. Simulation Results and Analysis 

7.1. Performance Metrics Evaluated in Simulations 

Evaluating performance metrics in simulations that optimize renewable energy 
through artificial intelligence is crucial for assessing various forecasting and 
optimization strategies. This study employed key metrics such as Mean Absolute 
Error (MAE), Mean Squared Error (MSE), and R-squared score to evaluate AI 
systems' accuracy in predicting energy generation and demand, which are essential 
for grid management. 

Table (1): Solar Irradiance Forecasting Results Using AI Techniques 
Model MAE MSE R² Remarks 

ANN 0.15 0.032 0.92 Achieved good accuracy under stable conditions 

SVM 0.18 0.041 0.89 Acceptable performance, lower than ANN 

LSTM 0.12 0.027 0.95 Highest accuracy, especially under fluctuating conditions 

Analysis: The LSTM model demonstrates the best accuracy in solar irradiance 
forecasting, making it highly suitable for time-series renewable energy data. 

Table (2): Wind Speed Forecasting Results 
Model MAE MSE R² Remarks 

SVR 0.21 0.052 0.87 Moderate short-term accuracy 

RF (Random Forest) 0.19 0.045 0.90 Improved performance compared to SVR 

LSTM + VMD 0.14 0.030 0.94 Best performance and highest accuracy 

https://www.sciencedirect.com/science/article/abs/pii/S0360319925004458
https://www.sciencedirect.com/science/article/abs/pii/S0360319924048699
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Analysis: Combining LSTM with VMD significantly improves prediction accuracy, 
especially for highly variable wind speed data. 

Machine learning techniques have improved forecasting precision by understanding 
complex data relationships. In simulations using hybrid algorithms, precision and 
recall scores reached 0.92 and 0.93, indicating high accuracy in energy 
consumption predictions. The integration of diverse AI methods shows great 
promise for enhancing operational efficiency in renewable energy systems. 

Libya's energy landscape poses unique challenges due to its reliance on fossil fuels 
despite having abundant renewable resources. Performance evaluations tailored to 
local conditions are necessary when optimizing renewable energy outputs with AI 
technologies. Algorithms like Ant Colony Optimization (ACO) and Whale 
Optimization Algorithm (WOA) were examined for their impact on cost efficiency and 
reliability. 

The analysis also highlighted the importance of storage systems, utilizing advanced 
algorithms to optimize charging and discharging cycles based on real-time data. 
Furthermore, simulations aimed at reducing power generation fluctuations 
underscored the need for precise short-term forecasting. Overall, insights from 
these simulations can drive advancements toward greater sustainability and 
efficiency in renewable energy frameworks. (Kingsley Ukoba, 2024)[1] and 
(Sankarananth et al., 2023)[12]. 

7.2. Observations from Simulation Outcomes and Their Implications 

The results of the simulations provide deep insights into the improvement and 
performance of renewable energy systems that incorporate artificial intelligence 
methods. These findings particularly emphasize the effectiveness of hybrid 
algorithms that combine machine learning with metaheuristic techniques to enhance 
forecasting accuracy. For instance, models using Long Short-Term Memory (LSTM) 
networks along with reinforcement learning achieved remarkable accuracy levels 

https://journals.sagepub.com/doi/10.1177/0958305X241256293
https://www.sciencedirect.com/science/article/pii/S2352484723011459
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nearing 0.92 when predicting energy demand patterns. Such precision is crucial for 
optimal resource allocation, which helps mitigate the variability associated with 
renewable sources like solar and wind. 

 
Table (3): Optimization Results for Hybrid Renewable Energy Systems 

Algorithm Operating 
Cost 

Grid 
Stability 

Renewable Energy 
Penetration 

Remarks 

ACO Medium High 75% Balanced between cost 
and stability 

WOA Low Medium 70% Reduces costs but less 
stable 

Hybrid (ACO + 
ML) 

Low Very High 80% Best overall trade-off 

Analysis: The hybrid approach (ACO + ML) provides the most effective balance, 
combining low operating cost, very high grid stability, and increased renewable 
energy penetration. 

Furthermore, the simulations revealed different impacts of various optimization 
strategies on both system reliability and cost-effectiveness. The Whale Optimization 
Algorithm (WOA) demonstrated proficiency in minimizing costs but presented a 
trade-off regarding the reliability of integrating renewable energy sources. 
Conversely, the Ant Colony Optimization (ACO) technique succeeded in achieving a 
higher Renewable Energy Fraction, though this came at an increased expense. This 
highlights the necessity for stakeholders to carefully evaluate their optimization 
strategy choices in accordance with local priorities—whether they prioritize cost 
efficiency or maximizing the use of renewable resources. 

Observations indicated that accurate short-term forecasting models are essential for 
stabilizing grid operations in light of the fluctuating generation conditions commonly 
experienced with high levels of renewable energy integration. The implementation of 
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AI-enhanced predictive models improved management practices, effectively 
reducing the likelihood of power supply loss (LPSP) and enhancing overall grid 
stability. 

Findings from real-world case studies uncovered both successes and challenges 
related to the integration of AI within power systems. While machine learning 
applications have contributed to improved operational efficiency and load distribution 
management, there were occasions where unpredictable external factors—such as 
extreme weather events—negatively impacted predictive effectiveness. 

These insights suggest a rapidly evolving landscape where AI-driven optimization is 
set to play a significant role in developing sustainable energy systems capable of 
adeptly navigating dynamic environmental conditions while efficiently meeting 
consumer demands. (Mahmood et al., 2024)[8], (Alhamrouni et al., 2024, pages 11-
15)[7], (Sankarananth et al., 2023)[12] and (Yahya et al., 2024)[6]. 

8. Conclusion and Future Work Directions 

The integration of artificial intelligence (AI) into renewable energy systems presents 
a significant opportunity to enhance efficiency and stability in power generation. Key 
findings highlight the effectiveness of machine learning algorithms in addressing 
challenges associated with renewable sources, particularly in forecasting and 
operational management. Machine learning enables dynamic modeling that captures 
complex energy data patterns, which is crucial for utilities balancing supply and 
demand amidst uncertainties. 

Future efforts should focus on fostering interdisciplinary collaborations, combining AI 
with fields like materials science and urban planning to innovate energy storage 
technologies and optimal infrastructure deployment. Harmonizing AI forecasts with 
insights from environmental science and economics can lead to sustainable 
practices that consider both ecological impacts and economic viability. 

https://www.sciencedirect.com/science/article/pii/S259017452400268X
https://pdfs.semanticscholar.org/ef5c/63d885d3ed00dbb8e6bb5a871ef80f1428c2.pdf
https://www.sciencedirect.com/science/article/pii/S2352484723011459
https://www.sciencedirect.com/science/article/abs/pii/S0360319924048699
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Ongoing research must refine optimization models for hybrid renewable systems, 
improving scheduling algorithms and incorporating advanced energy storage 
solutions to mitigate intermittency issues and enhance grid stability. Simulation 
results suggest that hybrid algorithms utilizing AI techniques can significantly boost 
operational efficiency. Future studies should extend beyond simulations to real-
world applications, such as pilot projects in regions like Libya, where unique 
challenges and opportunities exist. 

Addressing barriers to renewable adoption, including regulatory and market 
dynamics, through collaborative policy development informed by AI analytics is 
essential. Additionally, creating explainable AI models will build trust among 
stakeholders while ensuring compliance with regulatory standards. By focusing on 
these areas, researchers can advance toward a sustainable energy future driven by 
optimized renewable resources. (Kingsley Ukoba, 2024)[1] and (Yahya et al., 
2024)[6]. 
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