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Abstract
Nigeria stands at a critical point in its developmental journey, grappling with a persistent energy crisis that hampers socio-economic growth and environmental sustainability despite being rich in natural resources. Exploring alternatives beyond fossil fuels is critical for combating the effects of climate change and lowering reliance on limited resources. The paper explores the implications and policy considerations of adopting alternative energy technologies, emphasizing the need for a balanced and diversified approach to energy transition. A mixed method approach was used to highlights the importance of technological innovation, regulatory frameworks and investment incentives in overcoming barriers to alternative energy solutions and fostering energy system transformation. A sample size of 104 was selected from a population of professionals in the energy and mining sectors using the purposive sampling technique. A 24-item questionnaire including the demographic data was used as instrument. Multinomial Logistic Regression (MLR) model with R was applied to make prediction on respondents' choices about the most promising renewable energy source for Nigeria within solar, wind and biomass categories. Accuracy level was 93% and 69% for training and testing predictions respectively. Through the thematic analysis done with QDA miner application, results obtained show that government policies and expected economic benefits are the main factors affecting renewable energy adaptability in Nigeria. Shifting towards renewable energy helps mitigate these environmental impacts, reducing carbon emissions and contributing to a cleaner and more sustainable future.
Key words: Exploring sustainable alternatives, Energy crisis, Renewable energy resources, Data-driven approach

Introduction
As it is the case with most nations across the globe, Nigeria must strive to address the expanding energy concerns bedeviling her economy; while also working to reduce the negative ecological impact of fossil fuel- oriented system. In a world that is moving towards low carbon emission, it has become an imperative for Nigeria and other Sub-Saharan African nations to seek sustainable energy solutions outside of fossil fuels (ThisDay, 2022). The study is focused on exploring a spectrum of alternative energy sources which includes solar, wind, hydro and biomass as it pertains to Nigeria. It has become necessary to analyze the technical, economic and policy contexts upon which solutions could be sought to ensure a sustainable energy future for the nation. Over the last few decades of consistent refining and draining of the nation's finite fossil fuel reserves with the attendant environmental concerns that accompany it, the gap between demand and supply of energy has progressively widened leading to an incontestable and threatening energy crisis. The need for nations to transit towards sustainable energy sources has emerged and become undeniable for livelihood (Ang, et al, 2022). Nigeria is a country endowed with abundant natural resources, yet struggling with energy insecurity and environmental challenges. Africa's largest crude oil producer is facing a dual challenge of leveraging its fossil fuel resources for economic growth at the same time seeking pathways to diversify its energy mix sustainably. The adverse impacts of fossil fuel extraction and consumption are evident in persistent environmental pollution, deforestation and greenhouse gas emission, exacerbating global climate change and local health hazards (Jeffang, et al, 2024).
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This study aimed at examining various energy alternatives suitable for Nigeria's unique geographical and socio-economic contexts. Renewable energy resources such as solar, wind, hydroelectric, geothermal and biomass hold significant promise. Considering Nigeria's abundant solar radiation, wind availability in desert and coastal regions, large water bodies (in form of lakes, rivers and ocean), vast biomass resources and geothermal energy potential, mitigating the energy crisis is feasible (NOUN, 2022). Furthermore, exploring energy conservation and efficiency measures, practicing energy mix and promoting decentralized energy systems could enhance energy access, particularly in rural and under-served areas. Beyond technological feasibility, the study explored the viability of policy frameworks, institutional capacities and financial mechanisms being adopted to support sustainable energy solutions. Government initiatives, international collaboration and private sector investments are critical in facilitating a smooth transition towards a more sustainable energy future for Nigeria (Agbo, et al, 2021).
Studies have been carried out by scholars of different climes on the field of energy and with the consistent findings that energy demand and supply play significant role in the functioning of nations' economy and societal survival (Ambali, et al, 2024). The bulk of global energy demand in contemporary times is still sourced from non-renewable fossil fuels like crude oil, coal and natural gas as could be seen in the pie chart below. These have long served as the predominant source of energy worldwide due to the high energy density and affordability. However, the combustion of these fossil fuels has culminated in emissions that have caused escalating global annual temperatures, an increase in extreme weather conditions, and a myriad of other environmental changes with dire consequences. Other risks associated with non-renewable energy resources include: price volatility, supply disruption, security risks, energy security and economic vulnerability. Whenever discussions about the pollution caused by traditional energy sources arise, there is often a tilt of the tone towards non-conventional energy sources.
Accelerating a nation's transition to clean energy has been found to be the pathway to a healthy and habitable planet of contemporary times; and for generations to come (Birol & Ruto, 2023). Renewable energy is considered cheaper and healthier. Nigeria, for instance is in dire need to diversify energy sources, invest in renewable energy, develop strategic reserves, and promote energy efficiency and self-sufficiency. While acknowledging the environmental benefits of non-conventional energy sources, there are limitations and intermittency associated with some renewables such as solar and wind. In the case of solar, intermittent power generation due to day-night cycles and weather conditions (cloud cover, seasons) are key challenge (SolarCreed, 2024). Wind is limited due to variable (non-uniformity of) wind speeds and directions, challenge of getting suitable wind vane for an area and noise pollution from turbines. This gives rise to the need for energy storage solutions (for example, through the use of batteries, etc), grid infrastructure upgrades, diversified renewable energy portfolios, advanced technologies to improve efficiency and reliability (Bice, 2010). Generally, in Nigeria, barriers to adopting renewable energy solutions are social and cultural in perspective. These obstacles include: high initial cost, reliance on fossil fuel, lack of awareness and education, policy and regulatory issues, cultural preferences and practices, infrastructure challenges. Addressing these social and cultural barriers is crucial for a successful transition to renewable energy solution in Nigeria. To analyze the adequacy of the current policies and the need for increased investment in research, development and infrastructure for renewable energy, the Nigerian Renewable Energy master plan of 2018 has outlined strategies for achieving the targets.
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[image: ]
Contributions to global energy from different sources shows that fossil fuels account for 81%. Data from International Energy Agency (iea.org)
Courtesy: David Bice


Nigeria is a home to over 100 million people without access to stable electricity supply and insufficient fuel to power automobiles and industrial machines, significantly hindering socio-economic development (Agbo, et al, 2021). The nation, despite the vast renewable energy potentials is grappling with underfunding and insufficient investment in renewable energy infrastructure. The existing energy infrastructure is inadequate and characterized by low reliability, corruption and high costs which in turn is worsening energy poverty. The challenge is also limiting access to modern energy services necessary for achieving sustainable development goals. Current investments fall short of what is required to meet growing energy demands and expand access. In addition, lack of effective governance and policy framework is hampering the development of renewable energy projects. Issues bothering on regulatory uncertainty, precarious tariff structures, lack of local manpower (expertise) all put together are hindering investment and implementation of sustainable energy solutions which formed the thrust of this study.

Purpose of the Study
The general purpose of the study is to explore sustainable energy solutions beyond fossil fuels as a panacea to Nigeria energy crisis. Specifically, the objectives of the study aimed at:
1. Analyzing the existing energy consumption patterns in Nigeria, focusing on the dominance of fossil fuels and its implications for sustainability.
1. Investigating alternative potential renewable energy sources suitable for Nigeria's climate and geographical conditions, such as solar, wind, wind, hydro and biomass.
1. Examining the current policies and regulatory frameworks governing energy production and consumption in Nigeria, assessing their effectiveness in promoting sustainable energy solutions.
1. Evaluating the technological feasibility and infrastructure requirements for implementing alternative energy solutions beyond fossil fuels in Nigeria considering factors like cost-effective, scalability and reliability.
1. Investigating the potential economic and social impacts of transiting to renewable energy solutions in Nigeria, including job creation, energy security, environmental benefits and community engagement.
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Research Questions
The research questions guiding this inquiry were designed to explore the following:
1. What are the existing energy consumption patterns in Nigeria with emphasis on fossil fuel and its implications for sustainability?
1. What alternative potential renewable energy sources are suitable for Nigeria's climate and geographical conditions?
1. How effective are the current policies and regulatory frameworks in promoting sustainable energy solutions in Nigeria?
1. What are the technological feasibility and infrastructure requirements for implementing renewable energy solutions in Nigeria and how do these factors impact their adopted scalability?
1. What are the potential economic and social impacts of transiting to renewable energy solutions in Nigeria?

Methodology
Mixed methods were deployed for the study involving quantitative and qualitative research type. Thematic analysis was used to generate the qualitative data. The dependent variable (Renewable Energy Source) in this paper consists of three categories (solar, wind and biomass), and it is believed to be nominal (unordered), therefore it is modeled by the multinomial logistic regression (MLR). Since the MLR works by choosing one outcome as the base (reference) category for the other categories, hence the solar is considered as reference group (solar category), because it is the most frequent outcome of the most promising renewable energy source in Nigeria and the other outcome levels (wind and biomass) are estimated relative. There are few applications of MLR in renewable energy modeling. During the in-person interview, the item eliciting information on ‘What is the main purpose of your energy use?' gave a p-value of 0.0459061422 as reflected in Table 1.
Multinomial logistic regression (MLR) models the choice of the respondents on the most promising renewal energy categories in Nigeria with the independent variables. The categories of the dependent variable (i.e. solar, wind and biomass) are considered nominal (i.e. cannot be ordered in any logical way). Regression coefficients was used to interpret the result of the predictions. The use of the classification table as a measure of accuracy level to determine the percent of corrected prediction cases. Accuracy and sensitivity model assessed whether or not the observed incidents match the predicted incidents. Based on the result of the research, it can be taken that one independent variable that has a significant effect is RQ2 (What alternative potential renewable energy sources are suitable for Nigeria's climate and geographical conditions?).
Three (3) professionals in the energy and mining sector were interviewed for qualitative analysis. The interview was done in person and audio responses transcribed. A total of 10 questions were asked, QDA Miner was used for the thematic analysis. The respondents have good understanding of the problem Nigeria has been facing relating to fossil fuel and renewable energy participated. The inclusion criteria were for participants to be above 25 years, be in the energy sector with good understanding of what the profession is all about. Since it was targeted at specific individuals, the participants were pre-informed before meeting them at their respective locations. Google “audio to text” app was used to generate and transcribe oral answers by the interviewees. 10 Open –ended questions were validated and used for the structured interview. The order of questioning was determined by the flow of each response. Each interview usually began with an introduction, stating name, age, area of specialization and sector of duty. QDA Miner Lite was use to code the responses, generate key words and analyzed.
A well detailed approach was used to get familiar and understand the transcript data through repeated reading and little reflection based on experiences about Nigeria and her power sector. Once transcripts were read and coded, the researchers met to discuss the open coding and determine the thematic codes to describe agreed groups of categories and sub-categories. QDA Miner Lite was used to apply this agreed coding. This process of selective coding as displayed in Table 4 was used to generate related themes to explain the factors affecting the energy sector and need to consider adopting renewable energy in Nigeria. 
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MLR EQUATION:
Using first and second coefficient for model, the equation was expressed as follows:
Equation 1: The log-odds of a respondent choosing wind as the most promising source of renewable energy instead of solar which means that RQ4, RQ5, RQ6, RQ10, RQ13, RQ16, RQ17, RQ18 have negative impact on that.
In [p (RE_SOURCE =2) / P((RE_SOURCE=1)] = 15.026681 + (2.652312* RQ1) (61.31388* RQ3) + (- 20.25092* RQ4) + (-6.283335* RQ5) + (-23.70335	* RQ6) + (1.728521* RQ7) + (20.10080* RQ9) +(-
22.10813 * RQ10) + (3.601935 * RQ11) + (38.44986 * RQ12) + (-7.150362 * RQ13) + (3.933984* RQ14)
+ (26.150187 * RQ15) + (-26.035273* RQ16) + (-22.117557 * RQ17) + (-28.03821* RQ18) + (25.028442* RQ19) +(3.169123* RQ20)
Equation 2: The probability that the most promising source of power is Biomass rather than solar.RQ4, RQ7, RQ9, RQ11, RQ12, RQ16, RQ17, RQ18 have negative impacted the choices made.

	Table 2
	Prediction And Model Assessment

	
	Confusion Matrix For Training Data
	
	Confusion Matrix For Testing Data

	
	Actual Value
	
	
	
	
	Actual Value
	
	

	Predicted
	1
	2
	3
	
	Predicted
	1
	2
	3

	1
	47
	3
	0
	
	1
	37
	4
	0

	2
	1
	4
	0
	
	2
	1
	0
	0

	3
	0
	0
	4
	
	3
	1
	0
	2

	Accuracy
	0.9322034 (93%)
	
	
	
	Accuracy
	0.8666667 (87%)
	
	

	Misclassification
	0.06779661 (7%)
	
	
	
	Misclassification
	0.1333333 (13%)
	
	


In [p (RE_SOURCE =2) / P((RE_SOURCE=1)] = 8.302773+ (5.585521* RQ1) (18.06833* RQ3) + (- 17.80637* RQ4) + (32.018045 * RQ5) + (22.23349* RQ6) + (-32.253256* RQ7) + (-34.21875 * RQ9)
+(16.69651* RQ10) + (-21.105180* RQ11) + (-25.94345* RQ12) + (42.961431* RQ13) + (1.216970 * RQ14) + (4.784278 * RQ15) + (-1.147695 * RQ16) + (-1.913866* RQ17) + (-39.60480 * RQ18) + (5.758787* RQ19) +(12.179580* RQ20)

	Table 1	P-Value

	Inte rce
pt
	RQ 1
	RQ3
	RQ 4
	RQ 5
	R Q
6
	RQ7
	RQ 9
	RQ1 0
	RQ 11
	R Q1
2
	R Q1
3
	RQ 14
	RQ 15
	RQ 16
	RQ1 7
	RQ18
	RQ1 9
	RQ2 0

	0.88
	0.98
	0.000
3
	0.0
00
	0.97
6
	0
	0
9.69
	1.64
	0.000
	0.4
1
	0.6
5
	0.4
2
	0.1
6
	0.00
	0.0
00
	5.13
	0.000
	0.00
	0.33

	0.23
6
	0.84
	0.045
	0.1
08
	0.02
2
	0
	0
2.22
	1.09
6
	0.552
	0.0
00
	0.0
0
	0.0
0
	0.0
00
	0.86
	
	9.56
	0.230
	0.86
	0.68



The Classification Table
The classification table is used to assess the goodness of fit of the MLR model.
Table 3 shows the observed values for the dependent outcomes and the predicted values (47) are cross classified to indicate the correct percent of predicted resources. In the training data, 47 respondents predicted that solar is the most promising source of renewable energy which in reality shows that solar is the most preferable source of renewable energy by the respondents. 4 respondents predicted wind to be the most promising while 4 respondents predicted biomass. The prediction accuracy rate is 93% while misclassification is about 7%. The confusion matrix for the testing data shows that predicted versus actual
value for solar being the most promising renewable energy source is 29, accuracy rate of the prediction is 69% and misclassification is 31%.
Table 3 below displays the overview of training and testing model. Measure of goodness of fit to determine the percent of corrected prediction values.
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	Table 3
	Accuracy and Sensitivity Table For Training And Testing Data

	Training Data
	
	Testing Data

	1
	2
	3
	
	1
	2
	3

	48
	7
	4
	
	39
	4
	2

	0.81355932
	0.11864407
	0.06779661
	
	0.86666667
	0.08888889 (9%)
	0.04444444

	(81%) Solar
	(12%) Wind
	(7%) Biomass
	
	(87%) Solar
	Wind
	(4%)

	
	
	
	
	
	
	Biomass

	Matrix
	
	Matrix

	0.97916667
	0.08333333
	0.02083333
	
	0.9487179
	0.1025641
	0.0000000

	0.14285714
	0.42857143
	0.00000000
	
	0.2500000
	0.0000000
	0.00000000

	0.00000000
	0.00000000
	0.75000000
	
	0.5000000
	0.00000000
	1.0000000




	Table 4.
	Word Cloud of the most frequently used keywords

	
[image: ]



Results
Sample response of 3 persons (2 males and a female) with age 38, 45 and 50 years with varying experiences in the energy and mining sector: the interview was conducted face-to-face in Abuja, Nigeria. It was ensured that the participants have lived in Nigeria, have worked in the mining sector with good understanding of the Nigeria past policies concerning the sector as seen on table 5. The chart below shows the most frequently used key words and how they affect the transition of renewable energy. Government duties, economic benefits, alternative energy are some of the key factors that are affecting the adoption of renewable energy in Nigeria.
Each of the 5 research questions has two to four main linked themes identified from the analysis. These are discussed below:
1. RQ1: Three themes were coined from the first research question. First one, Government Duties, which highlighted what are requited of the government of Nigeria in terms of policies and support to encourage investment or adoption of renewable energy in the nation. Theme two, stated how Nigeria will benefit from renewable energy such as infrastructural development and economic boost. Theme 3 suggested how to carry Nigerians along like creating awareness for all to understand the benefit of transiting to renewable energy.
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1. RQ2: This was summarized into 2 themes which is alternative energy and reasons for renewable energy option. Theme one suggested renewable energies Nigeria can explore such as solar, wind, hydroelectric and mini grid, while theme two highlighted the reason renewable energy should be adopted. There is good climatic condition, geographical and geological fitness and can be set up locally without hitches.
[image: ]
1. RQ3: The two themes from research question 3 include the need to manage and regulate the non-renewable resources regarding the harmful emissions to the environment, the effectiveness of regulatory framework and government responsibilities in getting suitable energy system for Nigeria. Fossil fuel causes high CO2 and CO emissions, energy storage limitation and dangerous environmental impacts. Government is responsible to make policies that will suit Nigeria and curb the harmful effect of fossil fuel as well as create awareness and educate the public about a more suitable energy alternative.
1. RQ4: Technological requirement for renewable energy transition, government input, problem with fossil fuel and benefit of renewable energy adoption are the four themes developed as linked to research question
4. There is need for setting up solar photovoltaic cells (PVCs) and wind farm, getting a reliable grid, encouraging energy investors and introducing innovative technology. There is the need for Nigeria government to make policies that will encourage investment and adoption of renewable energy technologies, even creating awareness. Theme 3 highlighted the problem associated with fossil fuel. Finally, the benefits of renewable energy were stated such as cheaper power, low monthly cost etc.
1. RQ5: in research question 5, three themes were identified: social benefits of renewable energy, economic benefit of renewable energy and health benefit of renewable energy. Socially, job creation, cleaner air, behavioral change, public trust and engagement are likely benefits. Economically, revenue generation, industrial growth, stable power might likely be achieved. Lastly, healthier living will be achieved from renewable energy adoption.

Discussion of Findings
The thematic analysis of the interviews conducted reveals several key themes related to energy consumption patterns, renewable energy adoption, policy frameworks, technological feasibility, and the socio-economic impacts of transiting to sustainable energy solutions in Nigeria. These themes are critical in understanding the current landscape, challenges, opportunities and future potential of Nigeria's energy sector. The themes identified provide valuable insights into the current energy consumption patterns, the potential for renewable energy adoption, the role of policy and regulatory frameworks, the technological and economic feasibility, and the broader socio-economic impacts of transiting to sustainable energy solutions.
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From all indications, renewable energy is the right energy source for Nigeria, considering the problems associated with Nigerian Electricity grid, the available natural resources at her disposal. Government should make flexible policies that will enable local investor, invest in research on alternative energy and subsidize or provide incentives to encourage the adoption of renewable energy.
Solar, wind and biomass energy options hold significant potential and could address various energy challenges while offering environmental benefits. Nigeria has abundant sunshine throughout the year, making solar energy a viable option. The finding tallies with the study of Agbo et al (2021) who carried a review on renewable- related projects and affirmed that Nigeria's electricity generation from solar radiation holds higher prospects of being a realizable alternative energy resources when compared to other renewables. Solar power can be harnessed through photovoltaic (PV) panels for electricity generation, particularly in rural and off-grid arears where access to the national grid is limited. This could help bridge the energy access gap and reduce dependency on fossil fuels. Coastal regions and northern parts of Nigeria have considerable wind energy potential. Wind farms can be established in these areas to generate electricity. Wind power is renewable and can contribute to a more diversified energy mix and enhanced security. Biomass resources such as agricultural residues, organic waste and forest residues can be utilized for energy production through processes like biofuels and biogas. This not only provides a renewable energy source but also helps in waste management and supports rural livelihood potential effects. Potential benefits of adopting these energies are rural development, environmental protection, infrastructural developments and energy security. However, there are be challenges with costs and frameworks that needs to be addressed to fully harness the potential of these renewable energy sources in Nigeria. In terms of the limitations to renewable energy alternatives, finding of this study is in tandem with that of Ambali, et al, (2024) who appreciated the great benefits in renewable energy alternatives but have identified infrastructural gap such as insufficient battery storage causing intermittent energy reserve and limited grid reach to remote areas as major constraints. Also pointed out by Ambali, et al (2024) include the barriers of high initial costs of installation, policy and institutional challenges particularly the weak regulatory framework, all were observed from the thematic analysis carried out in this study.
Ang, et al (2022) in consonance with the submission of this study showed that solar, hydropower and wind energy generation manifest significant increasing trend in terms of renewable energy capacity; while bio- energy and geothermal energy have insignificant contribution to increasing renewable energy capacity. Solar energy being seen as the most promising renewable energy as conducted as corroborated by SolarCreed (2024) would have great impact in Nigeria in terms of economic importance and environmental sustainability. PHCN being the most primary source of energy means there is need for public awareness about alternative energy. Carbon emissions have caused a lot of damages to the environment and health of Nigerians. Government policies are not favorable to the adoption of renewable energy in Nigeria.

Limitation
Although the study provided valuable insights into renewable energy alternatives as being veritable way out of the energy crisis faced by Nigeria, the scope of this research was constrained by limited access to comprehensive opinions of energy professionals operating in the nation. Additionally, this study focused on policy and economic aspects, potentially overlooking local community impacts that could influence the adoption of sustainable energy solutions. The rapidly evolving nature of energy technology and policy means that findings may become outdated as new developments occur. Future research should address these gaps by incorporating longitudinal studies, detailed socio-economic analysis and assessments of emerging technologies and policies to provide a more holistic understanding of sustainable energy transitions in Nigeria.

Recommendations
Meaningful progress could be made towards a more sustainable and resilient energy future, aligning with global trends and addressing local energy needs by adopting the following recommendations:
1. Upgrade the national grid to accommodate decentralized renewable sources.
1. Promote local research and development (R&D) initiatives focused on renewable energy technologies suitable for Nigeria's unique environmental and economic climate. Continuous investigation will help refine strategies and ensure that sustainable energy solutions are both effective and equitable.
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1. Improve data collection and reporting mechanisms related to renewable energy performance and impacts.
1. Stakeholders should engage in global initiatives that focus on renewable energy resources by sharing experience and learning from global best practices that could influence Nigeria's approach to sustainable energy solutions in a positive way.
1. Strategic investments in renewable energy infrastructure, education and local capacity will create favorable environment for renewable energy long-term sustainability.
1. Overall, governments, her agencies and the private sector actors need to work in synergy to bridge the gap between policy targets and reality; improve technology efficiency and cost-effectiveness, develop local innovation capacity and grid stability and increase investment in renewable energy alternatives.
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