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Abstract 

Forecasting wind speed is essential for improving wind energy systems and attaining renewable 

energy sustainability. As global energy transitions accelerate, precise forecasting 

methodologies are essential for maintaining the efficiency and dependability of wind energy 

plants. This research examines the methodology, difficulties, and opportunities associated with 

wind speed forecasting, specifically in Kerala, India. Kerala's distinctive geographic and 

meteorological diversity makes it an intriguing subject for analysing the regional complexities 

of wind energy development. The state exhibits considerable wind variability due to monsoon 

patterns, coastal geography, and hilly terrains, necessitating specialized and sophisticated 

forecasting methods. This study examines diverse statistical, machine learning, and hybrid 

forecasting models and their relevance in the context of Kerala, tackling issues related to data 

scarcity, seasonal variability, and grid integration. It emphasizes the significance of predicting 

in enhancing wind farm operations during peak monsoon seasons and strategizing for low-

output intervals. Moreover, Kerala's dependence on renewable energy sources, including hydro 

and solar, highlights the necessity for wind energy diversification to improve energy security 

and resilience. 

The document underscores the significance of legislative frameworks and community 

involvement in promoting the adoption of wind energy solutions. This research integrates 

worldwide achievements with Kerala-specific insights to identify strategies for addressing 

regional difficulties and harnessing the state's latent wind energy potential. Stakeholders, 

including legislators, energy planners, and researchers, are offered practical advice to utilize 

wind speed forecasting as a mechanism for sustainable energy transitions. The study connects 

local renewable energy ambitions with global environmental objectives, establishing Kerala as 

a paradigm for creative wind energy approaches in analogous places globally. 

Keywords: Wind Speed Forecasting, Renewable Energy Sustainability, Kerala Renewable 

Energy, Wind Energy Optimization, Machine Learning in Renewable Energy, Explainable AI, 

Energy Grid Integration. 



 

Vidhyayana - ISSN 2454-8596 
An International Multidisciplinary Peer-Reviewed E-Journal 

www.vidhyayanaejournal.org 
Indexed in: Crossref, ROAD & Google Scholar 

 

Volume 10, Special Issue 3, February 2025 
India's Biggest Virtual International Multidisciplinary Conference on  
"SDG 2030: Bridging Gaps, Building Futures for Viksit Bharat@2047" 

Page No. 653 

 

1. Introduction 

Fighting climate change, reducing emissions, and using fewer fossil fuels requires global 

renewable energy adoption. Wind energy's scalability, efficiency, and environmental 

friendliness make it appealing. Wind is hard to harness because of its temporal and spatial 

unpredictability. Wind energy generation, grid integration, and energy stability require wind 

speed forecasts. Kerala on India's southwest coast has great wind energy potential. Wind 

turbines thrive in the state's coastal plains and steep slopes. Kerala's tropical climate is affected 

by southwest and northeast monsoons, which modify wind speed. Dry months reduce winds, 

but the monsoon (June–September) increases them. This seasonal instability makes wind 

turbine performance and integration difficult in a hydroelectric and solar-dominated state. 

Kerala wants more wind energy as part of India's renewables plan. Localizing forecasting 

algorithms and improving wind data are needed to grid-integrate wind power. Addressing these 

issues will improve Kerala's energy resiliency and India's renewable aspirations. This study 

analyses how machine learning algorithms promote wind energy in Kerala to address regional 

issues. Correct wind speed estimates improve turbine performance, grid stability, operational 

costs, and energy planning. It examines how forecasting models affect energy systems 

including renewable energy infrastructure investment and legislation. 

Accurate wind speed estimations let operators assess wind changes and make decisions, 

boosting turbine performance and longevity. Wind speeds improve turbine power. Low-wind 

forecasts reduce wear with low-power operation, whereas high-wind forecasts capture energy. 

Forecasting allows maintenance scheduling. Low wind forecasts allow turbine maintenance 

without power loss. Forecasts help Kerala turbines run during monsoon peak winds by 

scheduling maintenance during low winds. Accurate forecasting reduces downtime and 

operational costs, improving wind energy efficiency. It optimises resource allocation, creating 

electricity in high winds and saving in low winds. This efficiency minimizes wind energy's 

carbon footprint and fossil fuel backup. Wind energy can be stored efficiently in bad weather 

with correct estimates. 
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The electricity grid struggles to accommodate wind energy. Temporal and geographical wind 

energy fluctuations compromise system stability. Wind speed estimates help grid operators 

manage electricity supply and demand with accurate data. Wind forecasts help grid operators 

manage electricity. Heavy winds allow operators to send excess power to storage or nearby 

networks. For lower wind speeds, projections may recommend solar or hydropower. With 

wind, solar, and hydroelectric, wind forecasting stabilizes Kerala's seasonal electricity grid. 

Coordination stabilizes and supplies energy. Smart grids optimize energy distribution using 

real-time data, therefore forecasting is essential. Smart grid operators can adjust energy flows 

to wind speed, saving fossil fuels. The electricity grid suffers with wind. Geographic and 

temporal wind energy changes threaten system stability. Grid operators use accurate wind 

speed estimations to manage electricity supply and demand. Grid operators use wind forecasts 

to manage electricity. Heavy winds let operators transport excess power to storage or adjacent 

networks. Projections may suggest solar or hydroelectric at lower wind speeds. Wind 

forecasting stabilizes Kerala's seasonal electrical grid using wind, solar, and hydroelectric. 

Energy is stabilized by coordination. Forecasting is necessary because smart grids optimize 

energy distribution using real-time data. Smart grid operators can match electricity flows to 

wind speed, saving fossil fuels. 

2. Literature Review 

Wind energy systems need wind speed estimates for grid integration, output, and efficiency. 

With accurate wind speed estimations, maintenance, resource allocation, and grid balancing 

improve wind energy system performance. We test hybrid, machine learning, and statistical 

wind speed forecasts. 

ARIMA and Persistence models were the most used wind speed prediction models for years. 

Persistence models, which estimate wind speeds based on recent values, are simple but ignore 

non-linear wind behaviour. Bacher, Madsen, & Nielsen [2] suggested ARIMA models are 

suitable for time-series forecasting because they can capture linear and seasonal patterns. 

Boulanger and Liang [3] showed that deep learning models outperform standard methods for 

short-term wind speed forecasts, optimizing wind turbine operations and energy integration. 
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Elayadi and Goudarzi [6] found that neural networks outperformed ARIMA for wind speed 

forecasting in renewable energy applications. According to Lopez, Campo, and Saez [10], wind 

forecasting models should be chosen based on expected horizon and location. 

Machine learning algorithms are popular because they improve prediction accuracy and can 

identify complex patterns in large datasets. Ghosh & Ray [7] found that SVM, RF, and GBM 

can predict wind speed. He and Wang [9] developed a wind power forecast model using 

Support Vector Machine (SVM) and Particle Swarm Optimization (PSO) to optimize model 

parameters and improve accuracy and dependability. Li and Zhang [11] discussed the deep 

neural networks for wind speed prediction were, including their pros and cons. Wu & Liu [19] 

proposed LSTM networks and Gated Recurrent Units (GRUs) are promising deep learning 

methods for capturing temporal relationships in wind speed data and improving predictions 

over time. These methods can better adjust to wind speed volatility and dynamicity, making 

them useful in places with unpredictable weather. A new hybrid approach that combines 

statistics and machine learning methodologies can considerably enhance forecast accuracy. By 

combining the two methodologies, these models can account for linear and non-linear wind 

speed characteristics. Zhang & Cheng [21] Zhou, Yu, & Yang [24] suggested that by dividing 

complex wind speed data into smaller components, ARIMA with neural networks or wavelet 

transformations improves forecasting accuracy. Hybrid models are extremely good at capturing 

wind speed changes in varied climates. Pereira and Andrade [13] showed that machine learning 

methods and these data sources could improve wind speed estimates spatial and temporal 

resolution. Ranjan and Rao [14] investigated hybrid machine learning wind energy prediction 

models. Saha and Shah [15] improved wind speed prediction with deep learning and statistics. 

Soman and Venkatesh [16] examined wind power forecasting methods, whereas Tang and Yang 

[17] suggested a hybrid machine learning approach for wind speed prediction.  

In Kerala, where terrain ranges from coastal plains to mountains, these methods are vital for 

capturing the many factors that affect local wind patterns. The wind speed forecasting review 

shows machine learning outperforms statistical approaches. Zhao et al. [23] found that hybrid 

models like SVR-PSO outperformed ARIMA models in prediction accuracy. Wu & Liu [19] 

proposed LSTM networks can enhance wind speed forecasts by capturing long-term 
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connections. Hybrids predict wind speed better. Combining statistical methods and machine 

learning algorithms' prediction and learning capacity, hybrid models overcome their 

weaknesses. Zhang & Cheng [21] suggest wavelet-transform hybrid models for short-term and 

long-term wind speed data interactions. Windy places benefit from this forecasting strategy. 

Wind speed data quality and availability remain issues despite these developments. In places 

with poor meteorological infrastructure, data gaps occur. High prices and logistical issues make 

site-specific data collection in Kerala challenging. Almeida & Marques [1] suggested a 

forecasting models with satellite imagery and historical data are more computationally 

intensive. 

Understudied: energy management system-wind speed forecasting model combination. Real-

time forecasting and grid management have rarely been researched simultaneously. Nicolas & 

Gaillard [12] used a wind speed forecast could balance supply and demand, stabilize the grid, 

and reduce fossil fuel use in smart grids. For grid integration applications, Boudraa and Nakhli 

[4] suggested hybrid wind power forecast models using statistical and machine learning 

methods to improve accuracy and dependability. Kerala must balance wind, hydroelectric, and 

solar power, therefore wind speed estimates are crucial. 

Many wind speed forecasting gaps exist despite research. Lack of regional forecasting models 

is serious. Traditional forecasting ignores Kerala's climate and topography. Complex wind 

patterns make wind forecasting in Kerala's coastal plains and highlands difficult. Brun & 

Ovsthus [5] suggested region-specific models due to monsoon wind seasonality. Wind speed 

forecast integration with energy management systems, such smart grids, is another gap. Few 

studies have examined how smart grid systems can maximize energy distribution and grid 

stability using real-time wind speed forecasts. Kerala must integrate wind and other renewable 

energy sources to reduce fossil fuel use and maintain grid resiliency. Unknown role for IoT and 

quantum computing in wind speed predictions. IoT devices' real-time, high-resolution data may 

improve wind speed predictions. Quantum computing could accelerate model training and 

computational efficiency in resource-limited areas, according to Gupta & Agarwal [8]. To fill 

gaps, this study addresses Kerala's wind speed forecasting issues. Strong machine learning 

algorithms, predicting data, and energy management systems maximize wind energy use. The 
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project will also evaluate how Explainable AI (XAI) improves forecasting model transparency 

and interpretability, enabling stakeholder adoption. IoT-based data collection will close 

forecasting model data gaps. 

2.1 Justification for the Current Study 

Wind speed forecasting in Kerala faces challenges due to its unique topography, seasonal 

monsoons, and complex wind patterns influenced by mountains and coastal plains. Many 

studies rely on global models that overlook local influences or use computationally expensive 

hybrids unsuitable for resource-limited areas. Few explore real-time meteorological data 

integration or the role of hybrid models in energy management. Accurate forecasting requires 

localized, high-frequency data, particularly for balancing wind, solar, and hydro resources in 

Kerala. Explainable AI (XAI) can enhance the interpretability of LSTM and GRU models, 

building trust among stakeholders. This study leverages machine learning, IoT sensors, real-

time data, and XAI to develop region-specific models, addressing Kerala’s unique challenges 

and aiding resilient energy systems in similar regions. 

3. Wind Speed Forecasting Methodologies 

Over time, wind speed forecasting has moved from statistical models to machine learning. In 

complicated and unpredictable climates like Kerala, wind energy systems need accurate wind 

speed forecasts to maximize efficiency. This section discusses wind speed forecasting methods 

and their pros and cons. 

3.1 Statistical Models 

Statistical models have been the foundation of early wind speed forecasting. These models rely 

on historical data to predict future wind patterns based on established statistical relationships. 

Persistence Models, Autoregressive Integrated Moving Average (ARIMA) with Exponential 

Smoothing are among the most used statistical models. 
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Wind speed prediction is easiest with persistence models. According to these forecasts, wind 

speeds may remain stable. Persistence models are simple and computationally efficient, but 

they cannot capture complex wind data patterns and variability. They are most accurate in 

places with little wind fluctuations over short time intervals, although seasonal changes or 

erratic weather patterns reduce their accuracy. 

A more advanced statistical method for modelling wind speed data temporal interdependence 

is the ARIMA model. Assuming autoregression and moving average errors, future wind speed 

values depend on prior values. ARIMA works well for time-series forecasting, especially with 

stationarity and linear relationships. However, ARIMA struggles with non-linear connections 

in wind speed data, especially in complicated climates like Kerala. 

Exponential smoothing algorithms can capture short-term wind speed patterns by weighting 

recent observations. These models are simple and provide current data-based forecasts. They 

work less in locations with long-term seasonal trends or external climate influences, like 

Kerala's monsoon-driven winds. 

3.2 Machine Learning Approaches 

Recently developed machine learning methods have improved wind speed predicting accuracy. 

Machine learning algorithms can manage complex, non-linear data interactions and serve 

places with highly variable wind patterns better than statistical models. Wind speed forecasts 

are often made using machine learning methods like RF, SVM, GBM, and Neural Networks. 

Use An ensemble learning technique called Random Forest (RF) that pools decision tree 

output, for more accurate projections. RF captures non-linear connections in vast datasets, 

where complex interactions between variables like temperature, pressure, and humidity affect 

wind patterns, making it ideal for wind speed forecasting. RF models can handle high-

dimensional data and resist overfitting. They generalize well with a lot of training data, but 

they may not work well with short datasets or in data-poor locations like Kerala. 
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Supervised learning methods like SVMs handle linear and non-linear data well. SVM's 

accuracy with little datasets makes it a popular wind speed predictor. It explores feature space 

for the best hyperplane to partition data points. Support vector machines (SVMs) get more 

difficult as input data dimensionality increases, making them computationally expensive for 

large datasets. 

A powerful predictive model can be created by merging weak learners, such as decision trees, 

using Gradient Boosting Machines (GBM). GBM's iterative method of modifying prior models 

improves prediction performance. It predicts wind speeds well, even in complex, non-linear 

wind patterns. However, without proper tweaking, GBM models can overfit, especially with 

small or noisy datasets. 

Neural networks, notably LSTM and GRU, are popular wind speed forecasters because they 

can represent temporal correlations in time-series data. Wind speeds' temporal autocorrelation 

makes them ideal for predicting with RNNs like LSTM and GRUs. Training neural networks 

requires large datasets and computer resources despite their proficiency at detecting complex 

data patterns. As "black-box" models, they might be difficult to interpret and apply in decision-

making. 

3.3 Hybrid Models 

Hybrid models combine two or more forecasting techniques to capitalize on their individual 

strengths. The idea behind hybridization is to combine the advantages of different models, such 

as statistical models’ efficiency and machine learning models’ ability to capture non-linear 

relationships, to produce more accurate and reliable forecasts. 

A common combination of ARIMA and other machine learning methods is Random Forest or 

neural networks. To represent the linear components of wind speed data, one uses ARIMA; to 

capture non-linear patterns, one uses machine learning methods. Using a combination of 

models instead of just one has proven to be more effective, especially in areas with complicated 

wind conditions like Kerala. 
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Wavelet transform is a mathematical tool used to decompose time-series data into different 

frequency components. When combined with machine learning techniques like Random Forest 

or SVM, wavelet transform enhances the forecasting model’s ability to handle non-stationary 

and non-linear data. This hybrid approach is particularly useful in regions where wind data 

exhibits significant short-term variability due to seasonal changes or local climatic conditions. 

3.4 Deep Learning Approaches 

Especially convolutional neural networks (CNNs) and recurrent neural networks (RNNs), deep 

learning methods, have become increasingly popular for time-series forecasting, including 

wind speed prediction. These models are capable of learning hierarchical features from large 

datasets and can model complex relationships in data that traditional methods struggle to 

capture. 

Long Short-Term Memory (LSTM) networks are particularly effective for time-series data with 

long-term dependencies, such as wind speed. LSTMs have the ability to remember past 

information and use it to make predictions about future values, making them effective for wind 

speed forecasting, where past wind conditions strongly influence future wind patterns. LSTM 

models have shown great promise in improving the accuracy of wind speed forecasts, 

particularly in regions like Kerala where seasonal variations and irregular wind patterns exist. 

Gated Recurrent Units (GRU) are similar to LSTM networks but are computationally simpler, 

as they have fewer parameters to optimize. Like LSTMs, Time-series forecasting is a strong 

suit of GRUs, since they can capture the temporal dependencies in data on wind speeds. While 

GRUs are faster to train and require less computational power than LSTMs, they still offer 

competitive forecasting accuracy, making them a viable option for regions like Kerala with 

limited computational resources. 

Besides classical and machine learning, developing technologies may improve wind speed 

forecasts. IoT devices can collect real-time meteorological data to improve forecasting 

algorithms. Quantum Computing could speed up deep learning model training, enhancing 

predictions and deployment. These methods may enhance wind speed predictions, especially 
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in complex places like Kerala where topographical and meteorological elements affect wind 

behaviour. 

4. Challenges in Wind Speed Forecasting 

4.1 Data Availability and Quality 

Accurate estimates require good data. Kerala has various challenges, including wind data 

shortages. A big state issue. Building meteorological stations and collecting complete datasets 

are costly, aggravating this. Third aggravating factor. Check the problem's prevalence. Filling 

these gaps requires data collection and exchange platforms. Process success requires both. The 

investments assist achieve one purpose. 

4.2 Geographic and Climatic Variability 

Kerala's climate and topography make wind speed estimates challenging. Mountains, 

highlands, and coasts alter state winds. Elevation, land cover, and coast proximity quickly 

change wind speed. Kerala's powerful monsoon affects seasonal and diurnal winds. Southwest 

monsoon and topography abruptly change wind direction and speed, affecting wind speed 

variability. Local forecasting models must consider regional climate and terrain to address 

these difficulties. Advanced machine and deep learning ensemble models anticipate regional 

and temporal volatility. High-resolution weather data and regular sampling may improve model 

accuracy. 

4.3 Integration with Energy Systems 

Other challenges include adding wind speed forecasts to energy systems. Energy from wind 

farms depends on wind speed estimates. Integration with energy managers, grid operators, and 

lawmakers is hard. Grid stability and energy generation estimates are needed for wind power 

fluctuations. Kerala renewable energy expansion requires energy management system wind 

forecasts. Real-time energy management and dispatch wind forecasts boost smart grid 

reliability. Prediction models, real-time data analytics, and stakeholder communication 

platforms stabilize wind power. Prioritize system forecasting incentives and limits, 
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policymakers. Kerala may improve forecasts and renewable energy usage by integrating 

academia, business, and government. 

5. Wind Speed Forecasting: Insights and Applications in Kerala, India. 

Renewable energy in Kerala helps wind speed forecasting algorithms. The state's energy 

diversification push requires precise wind energy potential forecasting to boost energy output, 

grid stability, and sustainability. Kerala's emphasis on hydroelectric and solar energy 

emphasizes wind power's energy policy importance. This ambition demands accurate wind 

speed forecasts to generate and use wind energy for state energy needs. 

5.1 Monsoon-Driven Wind Patterns 

Some months, Kerala monsoons radically change wind speed and direction. The southwest 

monsoon brings strong winds and heavy rain from June to September, while the northeast 

monsoon brings fluctuating winds from October to December. Monsoons alter weather and 

wind. We must understand monsoons to maximize wind farms. Maintaining wind turbine 

output requires high-wind equipment and energy production adjustments. Kerala can stabilize 

wind energy's power system contribution via monsoon forecasts. Deep learning estimates 

monsoonal wind start, intensity, and duration using historical meteorological data, satellite 

measurements, and topography. Avoiding wind farm underutilization or heavy weather 

flooding increases wind speed estimations and resource allocation. Real-time forecasting could 

help grid operators handle monsoon wind energy instability. 

5.2 Policy and Community Engagement 

Good wind energy policy is needed in Kerala. Government funding has increased state solar 

and hydropower projects. Infrastructure, subsidies, and tax breaks increase wind energy 

investment. Public-private collaborations improve policy. States, energy companies, and 

universities can build smart networks, forecasting models, and wind farms. Wind energy 

projects require community input. Understanding and utilizing wind energy's benefits to project 

design helps Keralans support energy. Revenue sharing, job creation, and local development 
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increase wind energy. Local knowledge aids complex wind pattern wind speed estimates. These 

policy and community involvement techniques can boost Kerala's wind energy output and 

foster a sustainable, inclusive renewable energy transition for all sectors. 

6. Future Directions 

As the demand for more accurate and reliable wind speed forecasting grows, several emerging 

trends and technologies hold the potential to significantly enhance the forecasting process and 

contribute to Kerala’s renewable energy goals. 

6.1 Emerging Technologies 

New technologies should alter wind speed predictions. The use of IoT devices is greatly 

improved. Wind farm IoT sensors can give real-time, granular wind speed, direction, and other 

atmospheric data. These sensors can send real-time data to centralized systems for forecasting 

and analysis. IoT data could improve wind pattern predicting algorithms by being more 

frequent, exact, and localized. Quantum computing can handle complex datasets better than 

traditional computers. Many wind speed forecasting methods use historical meteorological 

data, geographical considerations, and real-time sensor inputs. Quantum algorithms may speed 

up data processing and improve projections. Quantum computing could speed up and scale 

Kerala wind energy forecasts to better resource allocation and grid management. Kerala may 

explore wind forecasting gadgets as IoT and quantum computing advance. This could improve 

forecasting and infrastructure to maximize state renewable energy utilization. 

6.2 Explainable AI (XAI) 

Another important machine learning development is XAI, especially for wind speed 

predictions. Some machine learning models, like deep learning algorithms, make good 

predictions but are "black boxes," exposing no decision-making. XAI helps stakeholders 

understand these models. XAI may help Kerala politicians, grid operators, and citizens trust 

wind energy as it develops renewable energy. Predictive reasoning is easier with XAI, boosting 

forecasting and decision-making. Understanding why models forecast wind speed spikes helps 
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energy managers optimize wind farms or prepare for system disruptions. XAI may explain how 

terrain, seasonal monsoons, and climate affect Kerala wind patterns. Clear, actionable wind 

speed prediction driver insights from XAI could improve policymaking and forecasting. 

6.3. Open-Source Collaboration 

Future forecasting systems may be open-source. Energy companies, regulators, and researchers 

can improve forecasting models utilizing free and open-source tools. Supporting open-source 

may help Kerala learn from global renewable energy specialists. Open-source platforms unite 

energy operators, techies, and academics. These systems might share statistics, algorithms, and 

best practices to improve wind speed forecasts. Kerala may use open-source models for 

monsoon-influenced winds and diverse geology. Open-source collaboration could help build 

Kerala-specific wind forecasts. Global expertise helps the state enhance forecasting methods 

that would be challenging with limited resources. This open, collaborative strategy might make 

Kerala a renewable energy leader by increasing advanced forecasting tool adoption. 

7. Conclusion 

Accurate wind speed prediction is essential for enhancing renewable energy sustainability, 

especially in Kerala, where wind energy potential remains underutilized. Accurate forecasts 

are essential for integrating wind power into the state's energy strategy. By leveraging advanced 

forecasting methodologies such as machine learning, Explainable AI, and emerging 

technologies like IoT and quantum computing, Kerala can overcome existing challenges and 

improve forecasting accuracy. Combining local insights with global expertise is key, as 

Kerala’s unique geography and monsoonal wind patterns require customized forecasting 

models. Open-source collaboration, policy support, and community engagement are also 

critical for the successful deployment of wind energy resources. As the world shifts toward 

sustainable energy, wind speed forecasting will continue to be a cornerstone of renewable 

energy systems. Kerala’s experience can offer valuable lessons for other regions, emphasizing 

the importance of innovation, collaboration, and tailored solutions for achieving energy 

sustainability. 
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