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ABSRACT
Hybrid energy systems that integrate solar power with other renewable or conventional energy sources offer a robust solution to the challenges of intermittency, reliability, and energy security. By combining photovoltaic (PV) or solar-thermal units with wind, biomass, hydro, diesel generators, or grid supply, these systems ensure continuous power delivery under varying environmental conditions. Thus, this study evaluates the performance and benefits of hybrid energy systems that integrate solar with renewable and conventional sources in Nigeria. Motivated by persistent electricity shortages despite abundant resources, the research analyzed 1,000 hours of hybrid system operation using descriptive statistics, regression analysis, and forecasting models (ARIMA, Prophet, and LSTM). Key performance indicators—supply, demand, losses, and battery state of charge (SoC)—were assessed. Results show that solar and wind contributed the bulk of supply, with the grid acting primarily as backup. Regression analysis revealed strong positive contributions from solar and wind, while excessive grid reliance increased losses. Forecasting outcomes indicated that LSTM achieved superior accuracy (R² = 0.91, RMSE = 3.10, MAPE = 5.1%) over ARIMA and Prophet. Optimization further reduced losses and enhanced battery performance. The study concludes that hybrid systems enhance reliability, efficiency, and cost-effectiveness, recommending incentives, advanced storage investment, machine learning integration, and smart grid adoption for sustainable energy delivery in Nigeria.
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1.0 INTRODUCTION
The growing need for more efficient and more sustainable sources of energy has made hybrid energy systems (HES) more sought after among nations including Nigeria. The hybrid systems of energy rely on two or more sources of energy-such as solar, wind, biomass, or diesel for maximizing the output of power, wastage minimization, and higher reliability (Khalid et al., 2019). The utilization of solar with other conventional and alternative sources has been a viable alternative for reducing fossil fuel use and sustaining a stable source of energy (Rehman et al., 2015). The utilization of solar, being a clean and abundant source of energy, can be supplemented with wind, water, biomass, or conventional sources of diesel generators for achieving a balanced and stable source of energy (Akinyele & Rayudu, 2014). Nigeria, highly blessed with oil, gas, and abundant solar irradiance, still experiences immense energy access issues. The International Energy Agency (2022) indicates that the majority of its population does not have access to a reliable source of electricity. The World Bank (2021) explains that an estimated 85 million Nigerians, who make up to about 43% of the population, have no access to the national grid, so Nigeria leads the world with the widest energy access gap. This energy deficiency undermines socioeconomic development, especially for rural and semi-urban communities. The national grid tends to be unreliable on account of substandard infrastructure, recurrent outages, and heavy dependence on fossil fuels like diesel and natural gas, both being environmentally unsound as well as economically unstable. In answer, hybrid systems have gained prominence as a sound alternative, especially for off-grid or weak-grid locations. They can maximize fossil fuel dependency, as well as facilitate sustainable development objectives. The transition towards the utilization of renewable sources of energy has been called for in order to reduce climatic change, decrease levels of greenhouse gases, and address the depletion of fossil fuel reserves (Lal & Dash, 2020). Governments and international organizations have established policies and incentives for the utilization of systems of renewable sources of energy, including hybrid systems. The utilization of more than a single source of energy counters the limitation of single systems, including solar and wind intermittency (Lal & Dash, 2020). The utilization of more than a single source of energy stabilizes the grid and offers a constant source of energy, primarily in remote and off-grid areas (Merei et al., 2016). In many developing regions, energy poverty still exists, limiting economic growth and societal development. A stable supply of electricity is paramount for industry, education, healthcare, and overall quality of life. The use of locally available renewable sources offers a viable solution with reduced demand for costly and harmful diesel generators (Olatomiwa et al., 2015). Improvements in the use of battery storage, smart grid systems, and energy management systems also made hybrid systems more effective and worth the money, and therefore offer a viable alternative for decentralized generation (Akinyele & Rayudu, 2014). Hybrid energy systems are major drivers of the transition from fossil fuel-based electricity generation towards more resilient sources of energy. Traditional power systems use centralized generation, with associated losses of power in transit, costly maintenance, and greater carbon footprint (Khalid et al., 2019). The hybrid approach of hybrid systems reduces the use of large-scale generation and boosts the autonomy of energy, primarily in island and rural communities where extending the grid may not be possible (Rehman et al., 2015). The utilization of hybrid systems with more than a single source of energy boosts resilience against power failures, and therefore, hybrid systems are a major solution for regions with frequent energy crises. Technological advancements and smart grid innovations have enhanced hybrid systems' performance significantly. Proper battery systems facilitate the storage of excess solar energy from the day for use in the evening, solving intermittency problems (Merei et al., 2016). The smart grid innovations also promote real-time observation and distribution of the energy, maximizing the flow of the power and reducing wastage of the energy. All of these innovations made hybrid systems more feasible for use on a large scale, both urban and rural settings (Akinyele & Rayudu, 2014).
Hybrid energy systems that integrate solar power with other renewable or conventional energy sources have attracted significant scholarly and policy attention due to their reliability, efficiency, and sustainability potentials. These systems operate on the theoretical principle of energy complimentary, which assumes that combining two or more energy sources enhances reliability by compensating for the intermittency of each individual source. For example, solar power is typically available during the day, whereas wind power often peaks at night, allowing the two to complement one another in providing continuous supply (Mishra et al., 2022). Systems theory further explains that hybrid energy systems are not just independent components but interconnected subsystems—generation, storage, and distribution—that work together to create a stable and efficient power network (De León Aldaco et al., 2023). In addition, optimization theory underpins the design of hybrid systems by highlighting how resources can be allocated most efficiently to balance performance, cost, and environmental benefits (Kumar & Patel, 2021). From a broader perspective, the theory of sustainable development and the diffusion of innovation model also provide justification for hybrid systems, showing how they balance social, economic, and environmental priorities while gradually gaining acceptance in both rural and urban contexts (Mehta et al., 2022).
The economic viability of hybrid systems has also been a key research area. The expensive up-front capital cost of renewable systems has been a key limitation, mostly for developing countries. With declining solar panels, wind turbines, and energy storage systems' costs, hybrid systems' profitability has been improved (Lal & Dash, 2020). Economic research indicates hybrid systems, even with higher up-front expenditure, derive more from their advantages such as reduced fuel expenditure, reduced maintenance, and ecological sustainability in the long-term (Olatomiwa et al., 2015). Policy incentives such as tax credits and subsidy have also encouraged hybrid renewable systems' investment. As energy demand keeps on escalating, traditional means of producing power find it difficult to meet global needs in a sustainable manner. There are many off-grid areas, mostly developing regions, with limited access to stable power, and therefore, independent solar systems appear attractive. The systems, however, are hampered with factors such as intermittency of power, limited capacity for storage, and costly installation (Lal & Dash, 2020). The hybrid systems present a solution where more than a single source of power is paired with the goal of balancing generation and use of power. Advances in devices for energy storage and smart grid systems also enhance the performance and reliability of hybrid systems, and therefore, they are becoming a research and developmental field of critical significance (Merei et al., 2016).
In contrast to its rich solar resources, Nigeria still suffers from shortages of power, exorbitant energy prices, and over-dependence on fossil fuels. Standalone solar systems experience the problem of intermittency due to weather fluctuations, and this translates into inconsistent supply of energy (Lal & Dash, 2020). The traditional generators even though stable, has harmful impacts on the environment and global warming. They are not sustainable as well as costly. Inefficiency demands a critical analysis of hybrid energy systems integrating solar with other renewable as well as conventional energy, so that there is steady as well as economic power supply. The utilization of hybrid systems combining solar with other sources of energy provides a solution for addressing such deficits. The optimal configuration, performance, and economic feasibility of such systems must be thoroughly analyzed (Merei et al., 2016). The lack of standard methods for integrating such systems and limited research on location-specific hybrid configurations also hinder their extensive utilization and hybrid systems' optimal utilization.

Thus, the aim of this study is to evaluate the performance and benefits of hybrid energy systems that integrate solar energy with other renewable or conventional energy sources in Nigeria. This aim is achieved by evaluating the integration of solar with other sources affects the reliability, efficiency, and cost of hybrid energy systems in Nigeria, and to examine the economic and environmental benefits of adopting hybrid energy systems in the Nigerian context. The study applies a statistical modeling and forecasting tools to predict and assess the performance of hybrid energy systems.

2.0 Methods and Materials
This section presents the framework adopted for analyzing the performance and benefits of Hybrid Energy Systems (HES) that integrate solar energy with other renewable or conventional energy sources in Nigeria. A combination of statistical and machine learning approaches was applied to ensure robust analysis and forecasting accuracy.

2.1 Research Design
The study employs a quantitative, and analytical research design. The quantitative approach allows for structured measurement and statistical modeling of energy performance, while the analytical approach captures system dynamics and forecasts future states under varying operating conditions. This design was selected to enable both short-term performance evaluation and long-term forecasting of hybrid system behavior, using 1,000 hours of hourly operational data.

2.2 Data Source and Description
The dataset used for this research comprises 1,000 hourly operational records collected from a hybrid energy system beginning on April 1, 2024. The dataset is complete with no missing values and includes both technical and economic parameters relevant to hybrid system analysis. Key features include:
Solar Power (kW): Hourly solar energy generation.
Wind Power (kW): Hourly wind energy generation.
Grid Power (kW): Power drawn from the conventional electricity grid.
Battery SoC (%): Battery state-of-charge in percentage.
SC Charge (kW): Super capacitor charging rate.
Hydrogen Production (kg/h): Hydrogen output rate from the hybrid system.
Load Demand (kW): Energy demand by consumers.
Power Supplied (kW): Net energy delivered to consumers.
Power Loss (kW): System inefficiencies and energy losses.
Optimization Level: Efficiency classification label.
This dataset enables the analysis of inter-variable relationships and provides a foundation for predictive modeling

2.3 VARIABLE OPERATIONALIZATION
Dependent Variables: Power Supplied, Power Loss, Efficiency Level
Independent Variables: Solar, Wind, Grid Power, Battery SoC, Load Demand

2.4 MODEL SPECIFICATION
2.4.1 Multiple Linear Regression (MLR)
To predict power supplied and losses:
                          (1)
Where:
 = Solar, Wind, Grid Power; B = Battery SoC; L = Load Demand

2.4.2 ARIMA Model
For forecasting load demand and battery SoC:

Model order selected using AIC/BIC.

2.4.3 Prophet Forecasting Model
To capture seasonality and trend changes:
                       (2)
g(t): Trend; s(t): Seasonal effects; h(t): Holiday effects; ε(t): Error
Used to forecast daily average load with 95% confidence intervals.

2.4.4 LSTM Neural Network
Architecture: 2 LSTM layers (50 units), ReLU, Adam optimizer
Input: 24-hour sliding window of load data
Output: Next-hour load prediction
Purpose: Capture non-linear temporal patterns in demand

2.4.5 Linear Programming (Optimization)
Objective: Minimize cost:
Minimize 
Subject to:
        (3)

Where:
U = Unmet demand (penalty variable)
Costs: Solar = ₦0.06/kW, Wind = ₦0.05/kW, Grid = ₦0.15/kW

3. Results and Discussion
This section presents the analysis of hybrid system performance using descriptive statistics, regression, and forecasting models.

3.1 Descriptive Statistics
Table 1: Descriptive Statistics of System Variables (N = 1,000 hourly observations)
	Variable
	Mean
	Std. Dev.
	Min
	25%
	50%
	75%
	Max

	Solar Power (kW)
	24.5
	10.8
	0
	16.2
	25
	33.4
	65

	Wind Power (kW)
	20.3
	8.5
	0
	13.6
	20
	26.8
	52

	Grid Power (kW)
	8.7
	6.2
	0
	3.4
	7.8
	12.9
	29

	Battery SoC (%)
	59.2
	21.4
	5
	42
	61
	76
	100

	Load Demand (kW)
	54.7
	15.2
	12
	44
	55
	65
	95

	Power Supplied (kW)
	52.3
	14.7
	10
	42
	52
	62
	92

	Power Loss (kW)
	2.4
	1.5
	0
	1.3
	2
	3.4
	6



Solar power is the major contributor to the system, averaging about 24.5 kW, though it fluctuates widely from almost zero to as high as 65 kW as shown in Table 1. Wind power follows closely with an average of 20.3 kW, but it is also quite variable. Grid power contributes less, around 8.7 kW on average, suggesting that it mainly serves as a backup rather than a primary source. The batteries, with an average state of charge of 59%, show that storage was often available to cushion the system during shortfalls, even though it was not consistently full. Interestingly, while demand averaged 54.7 kW compared to 52.3 kW supplied, which shows that there were moments when demand slightly exceeded supply, the system still performed efficiently because losses were relatively small at only 2.4 kW.

3.2 Correlation Analysis
Table 2: Correlation Matrix of Hybrid Energy System Variables
	Variable
	Solar
	Wind
	Grid
	Bat. SoC
	Load
	Supplied
	Loss

	Solar
	1
	0.41
	-0.35
	0.22
	0.47
	0.72
	-0.18

	Wind
	0.41
	1
	-0.21
	0.18
	0.36
	0.63
	-0.12

	Grid
	-0.35
	-0.21
	1
	-0.44
	0.55
	-0.38
	0.41

	Battery SoC
	0.22
	0.18
	-0.44
	1
	-0.2
	0.33
	-0.24

	Load Demand
	0.47
	0.36
	0.55
	-0.2
	1
	0.64
	0.29

	Power Supplied
	0.72
	0.63
	-0.38
	0.33
	0.64
	1
	-0.27

	Power Loss
	-0.18
	-0.12
	0.41
	-0.24
	0.29
	-0.27
	1
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Figure 1: Correlation Matrix of Power Sources and Load

Solar power showed a strong positive link with total power supplied, meaning that as solar output increased, the system delivered more energy as depicted in Table 2. Wind power also demonstrated a solid relationship with supply, underscoring its supportive role. The grid, however, told a different story: while it did contribute to supply, its higher use was associated with increased power losses, hinting at inefficiencies whenever the system leaned on it too heavily. Batteries stood out as stabilizers, with higher states of charge reducing losses significantly. Load demand, unsurprisingly, had a strong connection to supply, confirming that the system responded effectively to changing needs. Hydrogen, on the other hand, showed very little influence in this setup

Visual heatmap showing interdependencies among variables. 
1. Deep Green (e.g., Solar → Power Supplied = 0.72): Indicates a strong positive correlation, confirming that solar power is the dominant contributor to power supply.
2. Medium Green (e.g., Wind → Power Supplied = 0.63): Shows that wind energy also significantly contributes to system output, supporting solar during low-sun periods.
3. Dark Orange (e.g., Grid → Battery SoC = -0.44): Reflects a strong negative correlation, meaning that higher grid usage is associated with lower battery charge, suggesting grid power is used when storage is depleted.
4. Strong Positive (e.g., Load → Power Supplied = 0.64): Confirms that power supplied closely tracks load demand, indicating high system responsiveness and reliability.

Weak or Mixed Relationships:
1. Hydrogen Production shows weak correlations (< 0.3) with most variables, suggesting limited impact in current configuration.
2. Power Loss has a moderate positive correlation with Grid Power (0.41) — implying that greater reliance on the grid increases inefficiencies.
3. Battery SoC has a negative correlation with Power Loss (-0.24) — higher charge reduces losses, highlighting the stabilizing role of storage.

Table 3: MLR Results (Dependent Variable: Power Supplied kW) (Regression Analysis)
	Predictor
	Coefficient (β)
	Std. Error
	t-Stat
	p-Value

	Constant
	1.12
	0.24
	4.67
	0

	Solar Power
	0.63
	0.05
	12.6
	0

	Wind Power
	0.27
	0.08
	3.38
	0.001

	Grid Power
	-0.21
	0.07
	-3
	0.003

	Battery SoC
	0.15
	0.04
	3.75
	0

	Load Demand
	0.49
	0.09
	5.44
	0

	Model Fit
	R² = 0.84"
	 "Adj. R² = 0.83"
	 "F = 102.4"
	 "p < 0.001



From Table 3, it is shown that:
1. Solar is the strongest predictor (β = 0.63)
2. Grid power has a negative coefficient → used as backup.
3. Battery SoC positively contributes → storage supports supply.

Table 4: MLR Results (Dependent Variable: Power Loss kW)
	Predictor
	Coefficient (β)
	Std. Error
	t-Stat
	p-Value

	Constant
	0.89
	0.27
	3.3
	0.001

	Solar Power
	-0.31
	0.06
	-5.17
	0

	Wind Power
	-0.19
	0.07
	-2.71
	0.007

	Grid Power
	0.42
	0.09
	4.67
	0

	Battery SoC
	-0.24
	0.05
	-4.8
	0

	Load Demand
	0.21
	0.1
	2.1
	0.037

	Model Fit
	R² = 0.69"
	 "Adj. R² = 0.68"
	 "F = 59.8"
	 "p < 0.001



From Table 4, it is observed that:
1. Solar, Wind, and Battery SoC reduce losses.
2. Grid Power and Load Demand increase losses

Table 5: Forecasting Model Performance Metrics
	Model
	Variable
	RMSE
	MAE
	MAPE (%)
	AIC / CV
	

	ARIM4
	Load Demand
	4.25
	3.12
	6.8
	AIC = 512.4

	LSTM
	Load Demand
	3.1
	2.44
	5.1
	Val Loss = 0.024

	Prophet
	Load Demand
	3.46
	2.61
	5.9
	CV = 0.032



Table 6: Comparative Validation of Models
	Model
	Variable
	R²
	RMSE
	MAE
	MAPE (%)
	Accuracy

	LSTM
	Load Demand
	0.91
	3.1
	2.44
	5.1
	Very High

	Prophet
	Load Demand
	0.88
	3.46
	2.61
	5.9
	High

	ARIMA
	Load Demand
	0.78
	4.25
	3.12
	6.8
	Moderate
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Figure 2: Load Demand Forecast using ARIMA.

From Figure 2, it is observed. 
1. ARIMA captures general trend but underestimates peaks.
2. Useful as a baseline model
The ARIMA forecast plot displays only the final 50 hours of observed data and the subsequent 24-hour prediction for clarity. However, the model was trained on the full 1,000-hour dataset, consistent with the training approach used for LSTM and Prophet models.
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Figure 3: LSTM Model – Train Actual, Train Predict, Test Actual, Test Predict

From the Figure 3, the LSTM model performance across 1,000 hours. 
1. LSTM closely follows actual load in training and testing.
2. Demonstrates strong learning capability and generalization.
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Figure 4: Prophet Model – Daily Average Forecast (95% CI)

From the Figure 4 the Prophet forecast from April to June 2024 with 95% confidence interval. 
Interpretation:
1. Captures seasonal trends and uncertainty.
2. Widening CI → increasing uncertainty over time
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Figure 5: Linear Regression – Actual vs Predicted Load Demand
1. The line plot shows actual load demand (blue) against predicted values (orange dashed line).
2. The predicted line remains relatively flat, capturing only the average trend.
3. The model fails to follow the sharp fluctuations present in the actual load demand.
4. This indicates that linear regression provides a basic baseline estimate but lacks the complexity to model short-term variations accurately.

Optimization Results
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Figure 6: Feasible Region and Optimal Solution

Optimal mix: Solar > Wind > Grid 
Interpretation:
Optimal solution lies closer to solar → lowest cost (₦0.06/kW)
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Figure 7: Optimized Power Mix Over Time
This plot shows how different energy sources contribute to meeting electricity demand over time (April 1–May 10, 2024):
1. Solar (Orange): Peaks during daylight hours (8 AM–6 PM), especially at noon.
2. Wind (Light Blue): Fluctuates independently of solar, often high at night or during windy periods.
3. Grid (Gray): Used as backup when solar and wind are insufficient.
4. Unmet Demand (Red Dashed): Spikes occur when total supply < demand — mostly at night or during sudden demand surges.
Key Insights
1. Solar is the primary source during the day.
2. Wind complements solar at night.
3. Grid power is critical for stability but not always reliable.
4. Frequent unmet demand suggests the system lacks sufficient storage or optimization.
Key Insight: The hybrid system effectively uses solar and wind, but needs better storage (e.g., batteries) to reduce unmet demand and improve reliability.
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Figure 8: Optimal Power Mix (First 10 Records)

No unmet demand in initial hours. 
Interpretation:
1. Stacked Bar Chart shows how power is allocated from different sources for the first 10-time steps.
2. Blue (Solar): Primary source during daytime; contributes significantly when available.
3. Orange (Wind): Secondary contributor, often high at night or during windy periods.
4. Purple (Grid): Used as backup when renewables are insufficient.
5. Gray (Unmet Demand): Power not met by any source indicates system limitations.
Key Insight: The system prioritizes solar and wind, but unmet demand occurs when renewable output is low, especially at night.
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Figure 9: Energy Source Contributions (Pie Chart)

Solar: 42.8%, Wind: 35.4%, Grid: 21.9% 
Interpretation:
Solar is the dominant source → reduces fossil fuel use.

 System Performance
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Figure 10: System Efficiency Over Time

Efficiency ranges from 86% to 100%. 
Average efficiency ~95% → high system performance
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Figure 11: Battery SoC vs Power Loss

No strong correlation. 
Interpretation:
Slight increase in loss at extreme SoC levels

[image: ]Figure 12: Hybrid vs Solar-Only vs Grid-Only

Hybrid system supplies significantly more power. 
Supports H₁: Hybrid systems improve reliability and cost-effectiveness.

4. Conclusions, and Recommendation
The study demonstrates that hybrid energy systems offer a viable pathway for addressing Nigeria’s persistent electricity challenges. They provide a balance between renewable and conventional sources, enhance reliability, and reduce dependence on a single energy source. Importantly, the combination of proper storage management and advanced forecasting ensures that demand can be met consistently.
The research concludes that:
1. Hybrid energy systems are efficient and can meet Nigeria’s growing demand when properly optimized.
2. Solar and wind power play crucial roles, but grid electricity remains necessary to stabilize fluctuations.
3. Batteries are a central pillar of hybrid systems—without them, reliability and efficiency decline significantly.
4. Forecasting using ARIMA, Prophet, and LSTM improves planning, with LSTM proving most effective.
5. Optimization levels strongly affect system outcomes, meaning technology and management practices must work hand in hand.
6. H₀ is rejected; H₁ is accepted.
Overall, hybrid systems represent not only an energy solution but also a socio-economic opportunity to expand access to electricity, reduce carbon emissions, and support national 
development.


4.1 Recommendations
In light of the findings, the following recommendations are proposed:
1. Government and Policy Intervention:
• The Nigerian government should provide targeted policies, tax incentives, and subsidies to encourage investment in hybrid systems.
• Regulatory frameworks should be updated to support decentralized power generation and hybrid energy adoption in rural and semi-urban areas.
2. Investment in Storage Technologies:
• Stronger investments should be made in battery technologies and storage infrastructure.
• Research into low-cost but efficient storage solutions (such as lithium-ion and flow batteries) should be supported through universities and innovation hubs.
3. Adoption of Advanced Forecasting Models:
• Energy planners should integrate machine learning tools such as LSTM alongside traditional models like ARIMA and Prophet.
• Forecasting should not only predict demand but also guide supply adjustments in real time.
4. Optimization and Smart Grids:
• Operators should embrace smart grid technologies to improve monitoring, scheduling, and automation of hybrid systems.
• High optimization levels should be prioritized, as they lead to lower power losses and higher efficiency.
5. Strengthening Public-Private Partnerships:
• Collaboration among government, private investors, and development partners is needed to scale up hybrid systems.
• Incentives should encourage private companies to deploy mini-grids and hybrid systems in underserved areas.
6. Awareness and Capacity Building:
• Training programs should be developed to build technical capacity in hybrid energy system design, operation, and maintenance.
• Awareness campaigns should inform communities about the long-term benefits of adopting hybrid solutions.
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Figure 4.1: Correlation Matrix of Hybrid Energy System Variables
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