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Abstract 

Driven by rising expectations for clean and sustainable power generation, renewable energy system development is 

being fast-tracked. At the same time, its large-scale application is constantly challenged by issues of energy efficiency, 

power fluctuation, and operation optimization. A joint frame of AI and simulation is proposed in this paper to improve 

energy utilization and reliability of renewable energy systems. The method uses ML-based prediction models and 

simulation-based optimization to improve generation capacity, power balancing, and system stability in solar- and 

wind-powered environments. The framework used data preprocessing and AI-based forecasting and simulation, with 

parameters such as power output, energy utility, forecast accuracy, and operating efficiency in the renewable energy 

sector. The experimental part uses a simulation approach with multiple performance metrics, including forecast 

accuracy, energy conversion efficiency, response time, and system stability index, to evaluate the proposed AI-based 

system. The AI-assisted system's experimental results yield a forecast accuracy of 96.4%, which is 14.8% better than 

that of traditional analytical methods. The energy utility efficiency increases from 78.5% to 91.2%. Through 

simulation analysis, load balancing improves by 17.9% and system stability increases by 14.6% under a variety of 

atmospheric conditions. This research demonstrates the significant impact of combining AI with simulation on 

renewable energy management, enabling intelligent decision-making and ensuring system stability. It is concluded 

that AI-powered renewable energy systems have significant potential for future smart-grid and energy-management 

applications. 
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Introduction 

The integration of renewable energy systems across all industries to reduce greenhouse gas emissions and promote 

energy sustainability is the main trend toward sustainability. Renewable energy systems, such as solar, wind, and hydro 

power, as well as hybrid systems, are being utilized by the industrial, residential, and commercial sectors due to 

environmental and economic factors. However, the performance of a renewable energy system must account for 

fluctuations in generation, unstable supply, limited storage, and inefficient energy use, which significantly affect the 

reliability and efficiency of the smart grid (Ukoba et al., 2024). To achieve optimal energy performance in a renewable 

energy system, energy optimization is considered a crucial research area in renewable power management. Traditional 

optimization methods cannot be flexible to variations in environmental conditions and operational circumstances. 

Studies indicate that artificial intelligence-based computational methods have strong predictive capabilities, the ability 

to reduce energy loss, and the potential to improve system efficiency (Ejiyi et al., 2025). In addition, integrating digital 

technologies, such as smart sensors, cloud services, and automated monitoring, enables the creation of a sustainable 

energy management framework (Talaat et al., 2023). These technologies enable continuous monitoring and real-time 

analysis of the renewable energy system, thereby enabling adaptive control (Yousef et al., 2023). 

AI-based systems have attracted significant research interest due to their ability to process data from large-scale 

environments and make intelligent decisions. Artificial neural networks and deep learning algorithms can be used in 

renewable energy applications such as demand prediction, photovoltaic performance prediction, wind speed 

estimation, and fault identification in smart grids. Chen et al., (2021) AI-based systems can also discover underlying 

operational characteristics and accurately forecast when environmental factors are uncertain (Gupta et al., 2022). 

Simulation models also play an important role in investigating renewable energy systems before real practice. 

Simulation helps researchers to predict system efficiency and energy management, as well as evaluate dynamic 

performance and behavioral changes under different environmental conditions (Yao et al., 2023). The combination of 

artificial intelligence and simulation approaches provides robust intelligent energy management methods.                          

New advances in AI-assisted smart grid systems have improved energy efficiency, reduced operational costs, and 

enhanced grid stability (Noviati et al., 2024). AI-based methods also contributed to enhancing photovoltaic efficiency 

and minimizing computational load in the analysis of renewable energy systems (Kumar et al., 2024). 

This paper presents Artificial Intelligence and simulation techniques for optimizing the operational performance of 

renewable energy systems, focusing on AI-based prediction, optimization, and simulation to improve stability and 

sustainability, as well as on integrated smart grid infrastructure (Entezari et al., 2023). 

Rapid growth and increasing demand for renewable energy have made the efficient, stable, and intelligent management 

of renewable energy crucial for sustainable development and effective integration. Hence, the performance 

fluctuations of renewable energy sources need to be overcome through effective optimization methods to promote 

their use. The work presented herein provides a consolidated, systematic understanding of the use of AI-based 

optimization and simulation techniques for the management of renewable energy systems. It explores their 

effectiveness when combined to achieve high system efficiency, operational stability, and improved smart grid 

performance. 

The rest of this paper is organized as follows: Section II reviews related work on AI and simulation in renewable 

energy systems. Section III illustrates the proposed methodology, including the system configuration, AI-based 

optimization, and simulation environment. Section IV analyzes the experimental results and comparative performance. 

Section V discusses the findings, practical applicability, and research limitations. Section VI concludes the study with 

major results and potential future work. 

Literature Review 

Due to its enhanced predictive capabilities and improved operational efficiency, AI has been widely employed in 

renewable energy systems. Models based on both machine learning and deep learning were used for forecasting solar 

radiation, estimating wind speed, predicting energy demand, and detecting faults (Fan et al., 2023). AI techniques can 

also handle large datasets and identify hidden operational patterns under various environmental conditions 

(Mohammadi et al., 2022). AI-based optimization schemes have also been proposed to manage energy scheduling and 

storage and to intelligently balance load, thereby improving the reliability of the renewable energy grid                                  

(Rane et al., 2024). Recent studies have shown that integrating AI with digital twins and cyber-physical systems 

enables automatic, real-time monitoring and control of energy resources (Agostinelli et al., 2021). Intelligent energy 

management systems can significantly reduce losses and enhance the operation of renewable energy systems by 

optimizing power distribution and efficiently managing power flow (Aguilar et al., 2021). Other related areas of AI 
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application include transportation systems, waste management, and climate monitoring in the field of sustainable 

environments (Bharadiya, 2023). 

Modeling the performance of renewable energy systems before actual deployment in real environment using 

simulation is critical to renewable energy system design. There exist many tools to model and simulate solar, wind 

and hybrid systems so that they provide a comprehensive analysis of energy generation, efficiency of energy storage 

and power grid stability under various circumstances (Fan et al., 2023). It is by simulation environments that 

researchers investigate how energy systems behave and optimize their operation. AI has been also applied on these 

models for better efficiency in prediction Mohammadi et al., (2022) and to aid in optimization and management (Rane 

et al., 2024). AI-enabled simulation models have been compared with traditional analytical models in terms of their 

predictive accuracy and adaptive operation and the result showed the former superior (Rane et al., 2024). The benefits 

derived from combining simulation with AI have been shown in improving accuracy of prediction as well as reducing 

uncertainty in renewable energy systems (Agostinelli et al., 2021). Also, optimization based on simulation has also 

been effectively used to improve the accuracy of energy prediction and resource management in biomass and biofuel 

systems (Meena et al., 2021). In smart cities and smart grid environments, simulation-aided intelligent systems help 

in efficient planning of renewable energy infrastructures as well as waste to energy management (Fang et al., 2023). 

While AI and simulation modeling of renewable energy systems prove to be very useful, they have limitations too. 

High computational requirement as well as availability of vast amount of training data often hinders the 

implementation of AI-based renewable energy systems and can reduce accuracy/reliability under high dynamics of 

operating environment (Sharma et al., 2022). Also, absence of holistic and combined AI-simulation frameworks that 

deal with all prediction, optimization, monitoring and control within an integrated intelligent energy management 

system. Individual application of both AI and simulation has been mainly studied (Aguilar et al., 2021). Hence, there 

is a need to develop adaptable and scalable intelligent frameworks to be used as future smart grid infrastructures and 

renewable energy grids (Rane et al., 2024). 

The literature has shown that both AI and simulation techniques provide improved prediction and optimal management 

of renewable energy systems. But challenges in scalability and integration necessitate a more comprehensive                      

AI-simulation framework, hence the motivation for the current study. 

Methodology 

Architecture of System and Data Collection 

The proposed approach aims to improve the operation efficiency of the renewable energy system by using both 

Artificial Intelligence approaches and simulation-based evaluation. The overall architecture was developed for the 

solar and wind energy systems equipped with intelligent prediction and optimization control. It consists of modules 

for data acquisition, preprocessing, AI-based prediction, and simulation-based performance analysis. The solar and 

wind energy systems were investigated. Parameters collected include the irradiance, the wind speed, the ambient 

temperature, voltage output, energy generated and the load demand and consumption. To improve the accuracy and 

adaptivity of prediction, real time and historic operational data were used. Various preprocessing techniques such as 

normalization, filtering noise, handling missing values and feature extraction were utilized. Features of parameters 

most closely related to renewable energy efficiency were selected. 

Table 1: Input Parameters of the Study 

Parameter Description Unit 

Solar Irradiance Intensity of solar energy W/m² 

Wind Speed Wind flow velocity m/s 

Temperature Ambient environmental temperature °C 

Power Output Generated renewable energy kW 

Load Demand Energy consumption requirement kWh 

Voltage Level System operational voltage V 

As show int table 1 presents various operational parameters gathered from both solar and wind energy sources, which 

were employed to model the energy generation and operational stability and assess the performance of the proposed 

AI and simulation-based methodology. 
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Fig. 1: Workflow of AI-Based Renewable Energy Prediction and Simulation Process 

In this fig. 1 shows the workflow followed in the proposed renewable energy system. Data is collected and processed 

in the first step, after which features are selected and AI model is trained for appropriate energy prediction and 

optimization. Finally, the system is simulated and its performance is evaluated for stability and operational 

characteristics. 

Artificial Intelligence Based Prediction and Optimization Model 

Machine learning algorithms are utilized to build both the prediction and optimization model for the renewable energy 

systems. ANN and Random Forest are chosen due to their capability of processing non-linear renewable energy data 

under various environment conditions. Their prediction and optimization functions are aimed at predicting the output 

of energy system and balancing the load demand among the system components. The ratio of training set and testing 

set for model is set to 80:20 to ensure optimal prediction accuracy and performance. The predictive accuracy is 

evaluated through Mean Absolute Error (MAE), Root Mean Square Error (RMSE) and prediction accuracy 

measurements. It can also provide additional optimized decisions, and contribute to minimizing operational losses and 

maximizing energy utilization efficiency by optimizing the renewable energy management. The entire prediction 

framework includes data collection, data preprocessing, feature selection, model training, data prediction and output 

to the optimization-based decision support system to provide constant monitoring and adapting control of the 

renewable energy system. 

Simulation based analysis and performance evaluation 

Simulation-based performance analysis is performed on the developed architecture to analyze its performance under 

different operating condition. Various scenarios of different environments were considered for the system and the 

simulation tools such as MATLAB/Simulink was used to simulate renewable energy generation process, energy flow 

management and load balance behaviors of renewable energy system. Evaluation parameters include prediction 

accuracy, energy efficiency, loss of operational cycle and response time. Various parameters were selected to define 

the energy efficiency, operational losses and dynamic performance of the modeled renewable energy system as 

demonstrated in the following table. 

Table 2: Performance Evaluation Metrics 

Metric Purpose 

Prediction Accuracy Measures forecasting performance 

RMSE Evaluates prediction error 

Energy Efficiency Measures utilization improvement 

Response Time Assesses system adaptability 

Stability Index Evaluates operational consistency 

Data Collection

Data Preprocessing

Feature Selection

AI Model Training

Prediction and Optimization

Simulation Execution

Performance Evaluation

Result Analysis
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As show in table 2 describes the evaluation metrics applied to measure the effectiveness of the proposed AI and 

simulation framework. These metrics were used to analyze prediction accuracy, operational stability, response 

capability, and overall renewable energy system efficiency. 

Results 

Performance Evaluation of AI Models 

The AI based renewable energy framework presented provided an excellent improvement in prediction accuracy and 

operational optimization. The ANN was able to generate an accuracy of 96.4%, while the RF produced an accuracy 

of 93.8% during testing of the prediction model. The low prediction error, proved that the AI techniques could 

effectively deal with the volatile state of renewable energy, as it showed a decrease in the RMSE from 8.7 with 

conventional analytical models to 3.2 using the AI based framework. The analysis on energy efficiency showed 

significant improvement as well, where the renewable energy utilization efficiency was increased from 78.5% to 

91.2% (as depicted in Fig. 3), signifying better energy distribution and lower operational losses. It also proved that the 

optimization process helped in lowering the unnecessary usage of energy and boosted the ability to deal with loads, 

and the fact that AI based prediction models could outperform traditional statistical methods in forecasting ability. 

Table 3: Performance Evaluation of the AI Models Used 

Model Prediction Accuracy (%) RMSE Energy Efficiency (%) 

Conventional Method 81.6 8.7 78.5 

Random Forest Model 93.8 4.5 87.9 

ANN-Based Proposed Model 96.4 3.2 91.2 

The comparison on the prediction accuracy of conventional methods and AI based models are depicted in table 3, and 

the result indicated that the ANN based prediction model developed in this project provides the highest prediction 

accuracy with the least error rate, and highest energy efficiency among other methods. 

Simulation Result and System Behavior 

Based on the various different operation conditions of the solar energy availability and the change in wind speed, the 

system showed a steady generation of power with good adaptability of fluctuate solar energy and wind speed, and 

managed the balanced energy distribution among the power grid and minimized power instability during peak load, it 

also increased by 17.9% for the efficiency of load balancing compared to the conventional systems, reduced 1.8sec 

for response time during varying load demand, and increased by 14.6% for the stability index compared to other 

methods, and the simulation results demonstrated the stable operation ability of the renewable energy framework as 

shown in table 4 below. 

Table 4: Simulation Performance Evaluation 

Parameter Conventional System Proposed Framework 

Load Balancing Efficiency (%) 72.4 90.3 

Response Time (s) 3.9 1.8 

Stability Index (%) 76.5 91.1 

 The result of system stability during the various operation condition compared to conventional renewable energy 

management system is demonstrated in table 4. 

Comparative Analysis of the Proposed Framework with Conventional Method 

Based on the above performance evaluation and simulation results analysis, the performance results of the AI-

simulation based framework were significantly better in terms of operating efficiency, prediction accuracy and 

computational efficiency. The limitations that conventional methods could not effectively deal with the variation in 

the solar energy are eliminated with a higher prediction accuracy and low error rate in addition to better efficiency. In 

a conclusion, by combining AI with simulation method, the efficiency, stability and prediction ability of renewable 

energy system was enhanced effectively. 
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Fig. 2: A Prediction Accuracy Comparison 

As show in fig. 2 compares the prediction accuracy from traditional method, Random Forest method, and the suggested 

AI based prediction ANN. The proposed AI model is best to predict the error with high forecast accuracy to contribute 

to operational optimize in renewable energy. 

 

Fig. 3: A Comparison of Prediction Error from Various AI Mode 

As show in fig. 3 depicts the comparison of prediction error in the research by various prediction models in research 

study. As a result, error in the proposed ANN based model resulted in the best value. 

Discussion 

Experimental results indicate that incorporating AI and simulation methods enhance operational efficiency of 

renewable energy systems to a large extent. The results indicated an increase in accuracy prediction and decrease in 

error rate, improved load balancing, and a boost in the efficiency of energy utilization compared with previous 
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methods. The proposed AI based models could precisely detect the fluctuations in renewable energy and adapt the 

operational scheme to adapt to the environment changes. The application of simulation in helping optimization of 

system was more effective in improving stability of system because it can observe the system behavior prior to actual 

implementation. These indications suggests that intelligent prediction and optimization of renewable energy systems 

can improve the management reliability of renewable energy systems and eliminate operational deficiencies of modern 

energy systems. Also, the proposed framework has potential applications for smart grids, automatic systems for 

monitoring energy consumption, sustainable energy supply network. This can facilitate better utilization of resources, 

minimum energy losses, and dynamic control of system operation in industrial domain, especially for large scale 

renewable energy system. But it also has limitations such as size of dataset, computational overhead and simulation 

dependency on limited environmental situations. While the operational state would have variability for actual 

circumstances in real time condition that can impact prediction accuracy. Future works are related to more 

sophisticated deep learning models and real time IoT system for renewable energy monitoring, and hybridization 

between AI and simulation approach which can support large scale decentralized smart grid system. 

Conclusion 

The proposed work outlined a framework to improve the efficiency and operational performance of renewable energy 

systems through the combined approach of Artificial Intelligence and simulation. The intelligent prediction, 

optimization and simulation-based performance evaluation framework was proposed in the environments of solar and 

wind energy. From experimental validation, it was shown that the proposed framework attained prediction accuracy 

of 96.4% while traditional analytical techniques could only achieve 81.6% prediction accuracy. Random Forest model 

also attained a great performance of 93.8% prediction accuracy, proving that intelligent learning models have a 

positive effect on renewable energy prediction. Furthermore, the proposed framework was able to reduce the RMSE 

from 8.7 to 3.2 and improve the utilization efficiency of renewable energy from 78.5% to 91.2%. It was also found 

from the simulation results that load balancing ability and stability of the system can be greatly improved by 17.9% 

and 14.6% respectively, which indicated that the combined AI and simulation methods can help to significantly 

improve the energy management efficiency, operational adaptability and reliability of the renewable energy systems 

and shed a new light on the important role of intelligent optimization frameworks in sustainable energy development 

and smart grid technology upgrading. The framework provided in this study shows promising performance but more 

work is to be done regarding the advanced deep learning architectures, real time monitoring through the use of IoT 

system and adaptive AI model to support the large-scale renewable energy systems. Moreover, developing a distributed 

intelligent framework for smart energy systems would provide higher level of scalability, automation and intelligence 

decision making for future energy systems. 
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