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Abstract— This study explores the integration of renewable 

energy sources, namely, solar and wind, focusing on strategies to 

optimize their deployment into the electrical grid, and increasing 

the resiliency of the grid. Using four-year comprehensive data 

from Spain, including energy consumption, generation, pricing, 

and the condition of the weather, advanced statistical analysis, 

regression models, and optimization methods have been employed. 

Based on the results, it is clear that solar energy is seasonal, and 

wind energy is variable, with the weather playing a considerable 

role in the energy output. The optimization analysis showed that 

when the renewable capacity was increased to include 30 MW of 

solar and 120 MW of wind, the energy demand would be met at a 

significantly lower total system cost of $12,60 per unit. The costs 

related to operation and emissions would also decrease notably. 

However, with the regression models giving modest values of R² 

equal to 0,19 for solar and R² equal to 0,21 for wind, the extent of 

these developments and prediction can be fairly modest.  

 

Index Terms— Renewable Energy Integration, Grid Resilience, 

Energy Forecasting, Optimization Strategies, Sustainable Energy 

Infrastructure. 

 

I. INTRODUCTION 

HE GLOBAL energy sector faces a critical period caused 

by the increasing environmental concerns and the 

imperative for sustainability [1]. Fossil fuels were an engine of 

economic growth throughout history, playing a significant role 

in the generation of greenhouse gas emissions this driving 

global climate change [2], [3]. In the modern age, innovative 

energy solutions, primarily renewables such as wind and solar 

become viable to a point of necessity to have an essential grid 

integration system in place [4]. With the rapid increase in the 

demand for cleaner energy sources, the transition to renewable 

energy becomes an environmental imperative and a 

technological and economic opportunity to alter the global 

energy systems of the future [5], [6]. 

The main challenge of the transition towards a more 

sustainable power system is the multitude of legal, financial, 

and technological issues that need to be addressed [7], [8]. 

Notably, there is a significant challenge of integrating a wide 

range of renewable energy sources into existing grids, which 

were constructed to be centralized and more predictable in the 

scope of power generation [9]. This issue arises because the 

renewable sources like wind and solar are highly intermittent, 

introducing variability into the grid, which can make the system 

less stable and reliable. The integration would require advanced 

forecasting, advanced methods of optimization as well as 

sophisticated grid management practices [10].  

As modern energy research posits, the cities, and urban areas 

can decrease their carbon emissions and lower their negative 

environmental impact through renewable energy grid 

integration [11]. Additionally, the approach must provide a 

more detailed understanding of the financial and economic 

implications of the transition. Now, the policymakers and 

researchers investigate the economic benefits of reducing 

reliance on fossil fuels and the environment benefit of 

generating fewer greenhouse gas emissions [12]. Such an 

approach leads to optimal policies that address the 

environmental issues of the modern age. 

Thus, this research aims to analyze renewable energy 

deployment optimization and grid resilience enhancement 

through advanced grid integration approaches. The research is 

multi-disciplinary, utilizing both optimization and computer 

simulation to ascertain which approach to distributing 

renewable energy within the grid is the most efficacious. The 

research will analyze various grid integration methods from the 

technical, economic, and environmental points of view and will 

contribute to enhanced grid reliability and resilience. The 

results will also be used to improve field practices and policies 

and will hopefully facilitate the transition to a sustainable power 

system. 

Many things have been researched on the integration of 

renewable energy into power grids [13]. Over the past few 

decades, the integration of renewable energy sources in power 

grid has been a topic of research in the energy field. The world 

today is under pressure of climate change, and the reduction of 

fossil fuels. The world is now in urgent need of sustainability. 

Many researchers have already tried to find the feasibility of 
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solar and wind energy in replacing conventional energy sources 

[14]. The researchers confirmed that these two sources of 

energy have environmental sustainability and economically 

feasible. However, these energy sources tend to have an 

unstable nature, and they can be a big problem for the grid. The 

research utilized advanced forecasting solutions for output 

prediction and optimization of renewable energy generation and 

supply [15], [16], [17]. 

The first problem with the renewable energy source is that 

they are not stable and predictable. The generation and supply 

of energy to the grid are also variable and not predictable. The 

more instability and variation in the networks leading to 

imbalance energy supply and demand [18]. Many studies have 

already tried to come up with solutions by coming up with 

advanced forecasting techniques which will predict the output 

of renewable energy more accurately and improve the 

reliability of the grids [19], [20]. For instance, Xie et al. [21] 

developed models of predict and energy using atmospheric 

variables for short-term prediction. The model uses machine 

learning techniques and data of present and past weather to 

predict the energy. These advanced forecasting solutions are 

important in the optimization of renewable energy and hence 

reduce the use of power-reliable bases such as fossil fuels. 

In the available literature on renewable energy integration, 

grid modernization is also identified to be a critical focus 

area[22]. Given that traditional grids were designed for 

centralized power generation this approach often lacks the 

needed flexibility to respond to the intermittent nature of 

renewable energy sources. A number of scholars emphasize that 

it is necessary to focus on upgrading grid infrastructures, 

scaling the implementation of smart grid technologies, and 

promoting the efficiency of energy storage solutions to improve 

grid flexibility and resilience. For example, modern grids can 

be characterized by smart meters, sensors, and other devices for 

real-time monitoring and management of energy flow, which 

enables better integration of distributed renewable energy 

sources and improved overall grid stability [23]. In addition, a 

number of renewable energy integration problems could be 

solved by optimization techniques [24]. 

According to the available literature, the complexity of 

decision-making in renewable energy integration gives an 

opportunity to apply various optimization models developed 

based on linear programming, mixed-integer programming, and 

stochastic optimization [25]. The primary goal of these models 

is to find the best balance between energy demand and supply 

while also minimizing overall operation costs and associated 

emissions. As such, mathematical models can account for 

energy production forecasts, the capacity of energy storage 

devices, and existing grid constraints to identify the best energy 

mix and operational strategies [26]. Finally, multiple scholarly 

articles investigate the opportunities for multi-objective 

optimization, which helps achieve economic, environmental, 

and technical objectives simultaneously and, therefore, be 

adopted as a single approach to grid management and 

renewable energy deployment [27], [28], [29]. 

Furthermore, the literature also highlights the significant role 

of policy and regulatory frameworks in enabling the integration 

of renewable energy into the grid. On the one hand, effective 

policy instruments can stimulate the deployment of renewable 

energy technologies, facilitate grid upgrades, and boost 

investment in research and development [30]. Regulatory 

measures, such as feed-in tariffs and renewable energy 

certificates, are significantly successful in this regard, since 

provide all essential incentives and reduce relevant market 

barriers. On the other hand, it is important to recognize that 

international policy interaction and knowledge sharing are 

critical to address the global nature of modern renewable energy 

integration challenges and overcome them on the way to 

becoming a sustainable energy system [31]. 

Overall, the literature on the topic of renewable energy 

integration is an essential resource for those who wish to gain a 

comprehensive picture of these phenomena. Being thoroughly 

examined and studied from the most different angles, it 

highlights a complex, multi-faceted nature of the pivotal role of 

renewables for world energy. It also shows that this role can 

only be successfully embraced provided technologic, 

economic, and policy efforts are closely interconnected and 

enable comprehensive actions toward a complete energy 

transition. 

 

Fig1. Renewable energy system with grid resilience 

II. MATERIAL AND METHODS 

The methodology for the study adopted a comprehensive 

research procedure that investigates and optimizes the 

integration of renewable energy sources within the electrical 

grid sphere. For instance, it structures the systematic process 

through which data was collected, the analytical and modeling 

techniques employed, as well as the optimization methods and 

scenario analysis. Moreover, by taking a multidiscipline 

approach, the study is able to minimize the complex challenges 

of renewable energy variability and the issue of grid resilience. 

The subsections provide a level of detailed analysis of the 

processes involved in each approach undertaken. This includes 

a specialized study of what was done to ensure data accuracy, 

and the specifics of how predictive models were developed and 

optimized. This ensures that the best optimization strategies are 
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utilized as well as a thorough examination of various scenarios. 

Overall, the methodology plays a vital role in providing the best 

set of procedures to meet the objective of achieving a 

sustainable and efficient energy system. Figure 1 shows the 

schematically representation of hybrid wind solar and grid 

energy system and the resilience according to the weather 

conditions. 

A. Data Collection and Preparation 

The data collection process for this study has been carefully 

designed to ensure that all relevant variables that affect the 

inclusion of renewable energy sources in the production of 

power to the grid were included. The data was collated from a 

number of authoritative sources – for instance, ENTSOE 

(European Network of Transmission System Operators for 

Electricity) has provided records of power consumption and 

generation in Spain, while REE (Red Eléctrica de España) as 

the national operator of transmission service has provided a 

variety of information, including settlement price and operation 

on the grid. The data on weather was also obtained from 

relevant sources, such as the Open Weather API. A number of 

variables – temperature, wind speed, humidity, and cloudiness 

– had been available for five biggest cities in Spain and had 

been updated every hour. This arrangement had provided a 

sufficient basis to analyze the relationship between weather and 

power generation, supply, and consumption in the country. 

In order to prepare the available data for processing, a 

number of steps to pre-process it had to be taken. The 

preprocessing effort, however, had begun with the data clean-

up, which involved addressing missing values, inconsistencies, 

and formatting issues. For example, the columns that were 

missing a substantial number of entries – for instance, the added 

generation or forecasted wind offshore – had been removed to 

ensure the reliability of the dataset. The time columns had next 

been converted to date, time, and the time period that was the 

same in every dataset was synchronized to facilitate time-series 

analysis. The gaps in the data had been filled with a variety of 

interpolate methods, the choice of which also allowed us to 

keep the data in chronological order and provide continuity – 

an important prerequisite of rigorous modeling. 

During further preparation, the data had been normalized to 

ensure that the varying scales of measurement do not distort its 

relation to other datasets. The weather data was matched with 

the energy and consumption data by timestamp, with energy 

data corresponding to the weather data on the same time. The 

matching was important since weather was a crucial variable in 

the modeling effort and had to correspond to the same time 

during which the energy was measured. Furthermore, alongside 

outlier detection and removal to prevent rare and unusual spikes 

unduly affecting the models, such a matching also allowed to 

remove or address the data entry occasionally not matching the 

rest of the values. Such a data preparation effort had laid a 

significant groundwork for the subsequent analytical and 

modeling stages, ensuring that the models were operating upon 

the most relevant and accurate data. 

B. Analytical and Modeling Techniques 

The analytical approach utilized in this study consists of 

various statistical analysis and machine learning techniques that 

together help to disentangle the complexities of renewable 

energy integration and determine the optimal performance of 

the grid. First of all, to characterize the data and get general 

insights into the data and key statistical features, descriptive 

statistical methods were employed. These methods helped to 

understand the degree of data central tendencies, dispersion, 

and distribution. In this part of the analysis, various variables 

were considered, including solar and wind generation, 

temperature, wind speed, and others. This preliminary analysis 

allowed formulating hypotheses related to the data behaviors 

and detect significant patterns and anomalies that needed 

further consideration. 

After the preliminary data analysis was performed, the 

regression analysis was employed to determine the scope of 

relationships between the weather variables and renewable 

energy output. Two linear regression models were developed to 

predict the solar and wind energy generation based on a 

combination of meteorological data like temperature, cloud 

cover, humidity, wind speed, and others. The regression models 

developed were assessed based on such metrics as Mean 

Absolute Error (MAE), Mean Squared Error (MSE), and R-

squared value (R2). The regression models provide important 

tools to quantitatively characterize how weather fluctuation 

affects the production of renewable energy. MAE shows the 

variation between the actual value and predicted value can be 

calculated as in (Eq.1) [32].  

𝑀𝐴𝐸 =
1

𝑛
∑ (𝑌𝑖 − 𝑋𝑖)
𝑛
𝑖=1              (1) 

MSE is another indicator also showing the correlation 

between the original data and the predicted data which is shown 

by (Eq.2) [33]. 

𝑀𝑆𝐸 =
1

𝑛
∑ (𝑌𝑖 − 𝑋𝑖)

2𝑛
𝑖=1             (2) 

To solve the problem associated with the enhancement of the 

energy mix and the optimization of system performance, 

various optimization techniques were employed. A critical 

component of this part of the analysis was the development of 

linear programming and mixed-integer programming models. 

Several mathematical models were developed to optimize the 

energy mix in order to minimize costs, emissions, and 

maximize grid performance. The linear programming and 

mixed programming models specified energy supply, demand, 

and storage and addressed the constraints associated with the 

capacity and demand for generation and storage of energy. In 

addition to that, different scenarios were developed to consider 

the worst and best-case scenarios for energy mix. These 

scenarios included cases related to changes in renewable energy 

penetration and severe weather conditions. Overall, the models 

used in this study offered tools for a comprehensive strategy 

that could contribute to the effective integration of renewable 

energy into the grid. 

The findings of the study helped to determine a strategy that 

could be utilized to optimize the performance of the developed 

model. However, the model used to optimize grid performance 

and develop an energy mix could have some limitations. First 

of all, it is critical to consider the data variability in planning 

the operations related to the detection of different trends and 
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anomalies. In this case, the data from the previous five years 

were not utilized to analyze the variability of the data in a long-

term perspective. In the future, it could be implemented in a 

similar analysis to align the results with the data variability 

structure and get a comprehensive understanding of the data 

trends. Secondly, it is important to consider that the factors that 

impact climate change and the structure of data and weather 

variables can be manifold. Thirdly, the optimization models 

considered a rather simplified structure of constraints that can 

be impacted by other factors that should be considered in 

planning operations. Overall, the models utilized in this study 

offer an effective approach and a suitable tool for further 

development and optimization. 

C. Optimization and Scenario Analysis 

The optimization phase of the current study research was 

dedicated to the development of models that could be used for 

the definition of the most efficient strategies for incorporating 

renewable energy sources in the grid. Specifically, the goal was 

to ensure that the supply of energy would meet the demand as 

closely as possible while minimizing the cost of operation and 

carbon emissions. Linear programming and mixed-integer 

linear programming were used for the formulation of the 

optimization problems. The models included decision variables 

reflecting the level of generation of solar and wind energy and 

of storage or discharge from the storage systems. The goal 

function aimed at minimizing costs relating to energy 

generation as well as gaining and storage while meeting the 

limits and demands. Scenario analysis was conducted based on 

the variety of scenarios aimed at capturing the alterations in the 

use of renewable energy as such, the weather, and the demand. 

Specifically, based on the simulation, the current study included 

the scenarios reflecting the base, moderate, and high increases 

in the use of solar and wind energy and the scenarios of the 

extensive cloudy days or days with no wind. 

The optimization models resulted in the valuable insights 

into the optimal approaches to incorporate renewable energy 

within the grid. Specifically, the analysis of the optimized grid 

systems revealed the optimal mixes that included the use of 

both generated solar and wind energy and the rest that was put 

in storage with no exceeding limits of the latter. The use of the 

optimization data in combination with the scenario analysis 

demonstrated the immense value of the increased use of 

renewable energy considering the potential savings for the 

baseline scenarios and the emissions. For the weather scenarios, 

the relevant implications concerning the development of the 

grid were as follows: the increased use of renewable energy 

sources is beneficial in extreme weather conditions as long as 

there is less or no sunlight and wind with the latter to be less 

stable than the former; the daily rise of the energy demand up 

to 60% will require dynamic storage systems; the constant 

energy demand should be met by monitoring the demand and 

pulling heavier during the days with inadequate generation. 

III. APPLICATION 

The analytical findings of the study were based on different 

types of approaches, discussing peculiar aspects of the energy 

environment. The bell-shaped curve that depicts the 

temperature distribution of the dataset is seen in Figure 2. This 

curve is indicative of a normal distribution as it is bell-shaped. 

Temperature data is an essential variable for the subsequent 

analysis because it has a significant impact on energy output, 

especially solar energy. This visualization was important in 

checking whether the data was genuine. 

 

Fig2. Temperature Distribution 

The correlation analysis demonstrated that temperature and 

solar generation were linked by the sufficiently favorable 

relationship while the minor negative correlation was 

established between wind generation and these two parameters. 

The heat map of the correlation analysis is presented in Figure 

3. These findings not only provided more information on the 

impact of weather on the dynamics of energy but also indicated 

the nature of the relationship between the renewal forms of 

power and the natural environment. In the framework of the 

exercise, optimization needs to be emphasized, and even if the 

process was rather theoretical or abstract, it produced the basis 

for costs and emissions minimization. The latter was supposed 

to be reached with the help of a more profound consumption of 

solar and wind energy, with the help of which the grid would 

be driven into a more sustainable and secure future. 

 

 

Fig3. Correlation Heat map of Solar and Wind Generation with Temperature 

 

The time series graphs for solar and wind power generation 

illustrated that these alternatives to the more conventional 

forms of energy are all cyclical. The solar power generation 

over time, as seen in Figure 4, had what were quite obvious 

peaks or high points at certain hours of the day when it is 

expected because of the day light. 

250

http://dergipark.gov.tr/bajece


BALKAN JOURNAL OF ELECTRICAL & COMPUTER ENGINEERING,     Vol. 12, No. 3, September 2024 

                                              

 

Copyright © BAJECE                                                                ISSN: 2147-284X                                                     http://dergipark.gov.tr/bajece        

 

 
Fig4. Solar Generation Over Time 

 

The presented data in Figure 5 indicated that the wind 

generation was significantly more variable than anticipated. 

This is correctly depicted, because in reality wind speeds and 

patterns are significantly less predictable. 

 

Fig5. Weekly Wind Generation Over Time 

Figure 6 illustrates the energy mix that can meet the energy 

demand at a total cost of $12,60. The combination maximizes 

the utilization of renewable energy sources, resulting in a 

reduction of costs. To come up with the solution, 30MW of the 

solar plant and 120 MW of the wind plant have been added.  

 

Fig6. Optimal Energy Mix Visualization 

Moreover, the results of the regression analysis can allow 

people to better understand the exact relationships that exist 

between climate and the electricity generation. As per the 

Figure 7 and Figure 8, the coefficients of determination of both 

the solar and wind model were 0,08, and the mean squared 

errors produced from the models above equate to 25.68143,77 

and 945.7315,25 respectively. Thus, the results imply that the 

generated models can only predict a meager percentage of the 

generation produced. However, they also offer a simplistic 

mathematical model that can be employed to forecast 

generation using weather data. 

 

 

Fig7. Scatter Plot of Solar Generation vs. Temperature 

 

Fig8 Scatter Plot of Wind Generation vs. Wind Speed 

 

The regression models, in their turn, are of more statistical 

views, and hence, lay the major ground for describing and 

forecasting the future generation of energy. As these models are 

developed to forecast dichotomous outcomes, the models of 

solar kinetics and wind generation need to be involved with 

several meteorological variables as predictors. Consequently, 

the weather and environment turn to be major interventions on 

the renewable energy outcomes, depicting the hopes and 

opportunities of modelling for further grid optimization. 

Besides, there is the correlation analysis or regression models, 

depicting even more statistically evident approaches to the 

relationships between the weather and energy. In comparison 

with the correlation analysis, the regression models have 

presented the same findings concerning the presence of a 

positive correlation between temperature and solar generation 

in the up-mentioned correlation heat map: in most incidents the 

higher the temperature, the higher the solar generation. On the 

other hand, for wind generation, the negative correlation was 

seen, as the higher was the temperature, the lower would be the 

wind generation.  

The chart in Figure 9 shows how the cost and expenditure 

change for both systems. The second chart shows that the CO2 

emissions are decreased for each system. The third chart shows 

the increase in energy generated when the solar capacity is 

increased to moderate and high levels. All these systems 

changes are indicated by the produced amount of system 

capacity by atmospheric conditions. The depicted implication 

can be brought to light by a rise in the capacity of solar 

production. 
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Fig9. Impact of Increased Solar Capacity on Grid Economics and 

Sustainability 

IV. EVALUATION 

Given the substantial difficulties and opportunities related to 

the implementation of renewable energy sources into the 

existing electrical grids revealed by a profound study of the 

solar and wind power generation based on the substantial 

environmental variations, it is pivotal to consider the multiple 

facets of grid integration and the implications that the present 

study has for the sustainability and vulnerability of the future 

grids. 

The Solar Generation Model had an R2 value of 0,19 and an 

MAE of about 1163,14 MW in terms of the model’s 

predictability. For this reason, the model, though maybe not too 

accurate, does account for some of the variations observed in 

the data. Furthermore, the Wind Generation Model also has a 

similar prediction capacity – further tuning can allow it to make 

more accurate estimates of the wind energy that can be 

generated. The model has a 2191,01MW EAM and an R2 value 

of 0,21. 

The outcomes describe the complex relationships between 

the renewable energy sources and their environmental 

generation, illustrating the necessity of better forecasting for 

grid approaches. Moreover, the outcomes of the optimization 

analysis emphasize the opportunities for savings or reducing 

emissions. The figure plots for the wind and solar generation 

for a total cost of 12.6 dollars per unit of energy generated 

demonstrate that the optimal solar and wind capacities should 

have been increased by 30 and 120 units, respectively, to 

minimize costs and maximize generation (Figure 6). The 

regression analysis presents the outcomes of the developed 

models (Figures 7 and 8). The obtained R-squared values are 

relatively modest, as the necessity of a simple model and 

minimum predictors was needed. Thus, for the Solar 

Generation Model, this R-squared is 0,19, for the Wind 

Generation Model – 0,21. The MAEs are about 1163,14 MW 

and 2191,01 MW, respectively. 

For Spain, the scenario analysis reveals the considerable 

benefits of increasing the capacity of renewable energy. The 

first scenario, representing current situation, shows the highest 

system cost of almost $13.000 and highest CO2 emissions 

nearing 20.000 tons with energy generation around 2.500 

MWh. In comparison, moderate increate scenario, where 

capacity of solar and wind energy is increased by 50 MW each, 

sees cost reduced to about $8.000, emissions to 12.000 tons, and 

energy generation grow to 4.000 MWh. Finally, in high 

increase scenario, where capacity increases by 100 MW, cost 

are reduced to about $2.000, emissions to 3.000 tons, and 

energy generation is at 5.500 MWh. Overall, the results show 

that increasing capacity of renewable energy would provide 

benefit in both economic and environmental ways, seeing costs 

being cut in half, emissions reduced by up to almost 85% and 

improved energy production capabilities. The comparative 

analysis of renewable energy scenarios is shown in Figure 10.  

 
Fig10. Comparative Analysis of Renewable Energy Scenarios for Spain 

V. CONCLUSION  

The overall outcomes of the study confirm the feasibility of 

solar and wind renewable energy sources within and connected 

to the grid. The scenario analysis has shown, that the greater 

number of solar capacity increases the effectiveness and 

economic and sustainability outcomes of the grid. The MAEs 

of the developed regression models are modest, and to improve 

the forecasting options, the present models demand an 

increasing number of predictors. Finally, blueprints show that 

the data models do describe the direct diagonal line, telling 

about the non-statistical manners of generation in both cases. 

Notwithstanding the modest accuracy of the present models, 

definite interventions present the greatest opportunities for 

future forecasting. 

This study provides valuable insights into the urgent need for 

incorporating renewable sources of energy, primarily solar and 

wind, into the existing electrical grid to enhance sustainability 

and resilience. Conclusively, it was established that, if the 

energy demand is met based on the specified combination of 

solar and wind energy, the total system cost will amount to 

$12,60 per unit of energy, which is considerably lower 

compared to traditional sources of energy. The regression 

analysis conducted, even though it produced relatively 

unimpressive outcomes concerning the level of solar 

coefficients, and the wind one, respectively, sets the foundation 

for predicting the output of energy based on a given weather 

condition.  

In order to increase the accuracy of the prediction, advanced 

methods such as machine learning can be used. 
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