[bookmark: _Toc194410249]Original Research Article
 Impact of Solar Energy Interventions on Energy Efficiency and Conservation in the Federal Capital Territory, Nigeria

[bookmark: _GoBack]
Abstract
Rapid urbanization and rising energy demand in Nigeria’s Federal Capital Territory (FCT) have intensified pressure on the national grid and increased reliance on fossil fuel–based power generation, leading to inefficiencies, high energy costs, and environmental degradation. Solar energy interventions present a sustainable pathway to improve energy efficiency and promote energy conservation in urban and peri-urban communities. This study assesses the impact of solar energy technologies, particularly solar photovoltaic (PV) technology, such as solar mini-grid, solar lanterns and solar street lighting, on commercial, household and institutional basis in the FCT, Nigeria. Using a mixed-methods approach, the research combines household surveys with statistical data to evaluate changes in energy expenditure and conservation behaviour before and after solar adoption. The findings revealed that AMAC, Kwali, and Abaji were the Area Councils with the highest energy efficiency scores of around 64%, 57%, and 58%, respectively. This demonstrates significant improved energy efficiency, enhanced energy reliability, and increased awareness of sustainable energy practices among users. The study further identifies key socioeconomic, technical, and policy factors influencing the effectiveness of solar interventions. The results provide evidence-based insights to guide policymakers, energy planners, and development agencies in scaling up solar energy deployment to achieve improved energy efficiency, energy conservation, and climate mitigation goals in Nigeria. 
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1.0. Introduction
Reliable, affordable, and clean energy plays a pivotal role in socio-economic development, driving industrial growth, improving public health, improving quality of life, and underpinning sustainable development goals globally (Zhang, 2024). Developing countries, particularly in Africa, are experiencing a significant shortage of modern energy to power their economy and improve the standard of living. With 600 million Africans still without electricity, the continent represents the largest growth market for energy solutions globally. This number represents approximately 43% of the continent’s population, making it the largest share of unelectrified people worldwide. The large share of insufficient power supply implies that around 80% of the global population without electricity are Africans (Cozzi et al., 2024; Empower Africa, 2025). For instance, out of the around 600 people living without electricity in Africa, about 565 million people in Sub-Saharan Africa live without electricity. Nigeria (86 million), the Democratic Republic of Congo (DRC) (79 million), and Ethiopia (56 million) account for nearly 40% of the deficit (Empower Africa, 2025; Ofodile, 2024; Umeh et al., 2024). These facts are not just numbers; they represent children who cannot study after dark, clinics that cannot refrigerate vaccines, entrepreneurs who cannot run modern businesses, and economies that cannot industrialize on a large scale.
In response to these systemic energy challenges, renewable energy solutions, particularly solar energy, have gained increasing attention as viable alternatives to conventional energy systems. Solar energy offers significant potential due to the Sub-Saharan region's favourable geographic location, which endows it with abundant and continuous solar radiation throughout the year (Amankwah-Amoah, 2015). Solar energy interventions in the Federal Capital Territory (FCT) have ranged from small-scale residential installations to institutional and government-backed projects aimed at supplementing grid electricity, reducing dependency on diesel generators, and promoting energy efficiency and conservation practices.
In a review study, according to Rumbayan et al. (2025), to mitigate the energy shortage menace, national and private efforts have led to the widespread adoption of decentralized solar technologies, such as solar home systems, solar street lighting, and mini-grids, in the country as practical alternatives to grid extension and diesel generators. The Federal Capital Territory presents a useful case study for assessing the impact of solar energy interventions because it exhibits both well-served urban districts and under-electrified peri-urban and rural settlements. The FCT, despite being the administrative heart of the nation, is not immune to these challenges, as it grapples with frequent power outages and high energy costs that undermine efforts toward efficient energy use and sustainable development (Ortom et al., 2024; Umar et al., 2025).
[bookmark: _Hlk188836680][bookmark: _Hlk188836604]In a recent report, about 103 mini-grid projects have been commissioned across Nigeria under the Nigeria Electrification Project (NEP) (Addeh, 2023). These mini-grid interventions have made significant milestones in their Solar Hybrid Mini-grid component and significant strides in enhancing electricity access for households and Micro, Small, and Medium Enterprises (MSMEs). So far, a total of 46,661 verified connections have been made to connect families, MSMEs, and public facilities, while an additional 281,578 connections are in progress  (Anyaogu, 2023). As much as this solar electrification effort is laudable and welcome to foster economic growth, improve enrolment, and enhance the overall quality of life, many Nigerians still experience more blackouts and erratic power supply (Owebor et al., 2025).
Also, another pertinent issue is the impact of solar projects. Ereh et al. (2025) revealed that successful solar energy projects are expected to improve the health care system and maternity, reduce the number of out-of-school children, increase the enrolment rate, rural economic upscaling, enhance employment rate, improve revenue generation rate, and reduce migration to major cities for greener pastures, among others. However, most rural dwellers still find it difficult to enrol their wards in school,  improve their income and still experience a high influx of young adults into major cities from the rural areas, leading to over-exploitation of the limited available resources in the cities (Pam, 2014), despite the Government's several solar energy projects. The high influx of young adults could be due to some challenges associated with solar energy installation in rural areas. In this light, Akinboro (2012) outlined the challenges confronting solar energy installation in Nigeria. Among the challenges Akinboro highlighted are the affordability, current level of research and development, lack of awareness, the technology of ancillary parts, environmental problems and climate change, among others.
Recent projects in the FCT include solar hybrid mini-grids, community solar systems, and targeted public-service installations (e.g., streetlights and clinic electrification) commissioned under federal electrification programmes (Opeyemi et al., 2022; Adamu et al., 2025). Field reports and academic mapping of off-grid deployments reveal that the spatial distribution and technical characteristics of these interventions significantly impact local energy access, usage patterns, and the potential for demand-side energy savings (Adamu et al., 2025).
Beyond expanding access, solar interventions can affect energy efficiency and conservation in multiple ways: by replacing inefficient diesel generator sets and high-loss distribution, by enabling efficient DC appliances and smart load management in mini-grids, and by reducing overall system losses when local generation lowers long-distance transmission dependence (Babajide & Brito, 2021). At the policy level, Nigeria’s Renewable Energy and Energy Efficiency frameworks, including the National Renewable Energy and Energy Efficiency Policy (NREEEP) and the National Energy Efficiency Action Plan (NEEAP), explicitly link renewable deployment with energy-use efficiency and conservation targets; however, the degree to which deployed solar assets translate into measurable improvements in energy efficiency and conservation at community and utility scales remains under-documented (Mahmood et al., 2024).
This study, therefore, examines the impact of solar energy interventions on energy efficiency and conservation in the Federal Capital Territory, Nigeria. It explores the extent to which solar technologies have impacted energy performance, reduced energy waste, and contributed to sustainable energy consumption patterns. By assessing these impacts, the research aims to provide evidence-based insights that can guide policymakers, stakeholders, and practitioners in optimizing renewable energy strategies to enhance energy security and environmental sustainability in the FCT and beyond. The study's findings aim to inform more targeted deployment strategies and complementary efficiency measures that can enhance the contribution of solar investments to Nigeria’s energy transition goals.
2.0. Materials and Methods
The current study employed a mixed-method approach. The mixed method, that is, a quantitative and qualitative approaches were used through a survey method to collect primary datasets.  The data were collected across the six Area Councils of the FCT. The outcome from the analysis was used to investigate the socio-techno-economic implications of solar energy interventions and implications on energy efficiency and conservation based on the adoption of solar energy technologies across the region. The primary datasets collected through the survey approach among solar energy users cut across household, commercial and service sectors in the capital city. The following users of Solar energy technologies considered were Solar Home Systems (SHS), mini-grids, solar lanterns and solar street lights. The primary data collected was obtained using research tools that are questionnaires, interviews and focused group discussions. Relevant ethical considerations were identified and addressed accordingly. The validity and reliability of the research tools were investigated and affirmed. 
2.1. Sampling Techniques
The study’s interest lies in solar energy interventions in Abuja, home to around 3.8 million people (NBS, 2020). A survey was carried out after the reconnaissance survey to sample several solar energy users across the FCT. In the survey, sample from the population was obtained by disaggregating each Area Council into urban, peri-urban, and rural areas. Sampling techniques steps, as outlined in Ajay and Micah (2014) and Taherdoost (2018) was employed. The current study has strategically considered the Taherdoost approach to establish the study’s sampling process. The target population was categorized according to solar energy users in the FCT and across the six Area Councils. The sampling frame includes households, agencies and communities that have access to one or more solar PV mini-grid interventions (either public, private and/or private-public funded), rooftop solar energy systems and others that employ any kind (either modern or raw state) of solar energy resource for commercial or domestic use.  However, currently, there is no estimated number or assessment study on solar energy resource users across all Area Councils in the FCT. More so, two control groups/cases would be selected from those users who are not connected to the grid/ have no access to grid electricity and those who have access to the grid. The intervention provides the test case, and the baseline is the control case. Equation 1 was used to estimate the size of solar energy users in the FCT. The equation was employed to estimate levels of precision and risk that the researcher is willing to accept, based on Bartlett et al. (2021), originally based on Cochran and Wiley (1977).

Where,  is the estimated sample size,  is the critical value of the desired confidence level,  is the margin of error,  is the estimated proportion of an attribute that is present in the population.
The variability of the population adopting the solar energy intervention is unknown, so we assume the value of p equals 0.5 and desire a 95% confidence interval level and a  margin of error. This implies that the value of equation 1 is represented accordingly: Z is 1.96 at a 95% confidence level, p = 0.5 and e = 0.05



The sample size   at a 95% confidence level was estimated at 384. The estimated sample size of 384 respondents is an aggregate from the six Area Councils. However, the total sample size obtained from the unknown population variable was 335. Also, the statistical techniques that would be employed to investigate the socioeconomic impact are based on the report by Adams et al (n.d.). The statistical techniques investigated and entailed the following: i) impact assessment; ii) cost-based assessment; iii) energy-efficient behaviour using solar technologies through a statistical analytical approach in STATA. Hence, about 335 data points were considered during the data collection process. Figure 1 shows the spatial distribution of the solar energy intervention, which reveals the users of solar energy intervention, where solar energy data were collected across the FCT. 
3.0. Results
According to Figure 2, solar energy interventions were clustered across where it has been applied. Also, it revealed that more interventions were established in the AMAC. In addition, some Area councils have overlapped with another; for instance, the Kuje Area Council is in significant proximity to the AMAC, and as such, some interventions in the Area Councils closest to AMAC were found to have overlapped with AMAC.
[bookmark: _Toc194410250]3.1. Descriptive Analysis of Solar Energy Intervention
This section presents the description and summary of the primary data collected. The descriptive analysis of the solar energy interventions is presented according to the thematic sections highlighted in the research tool. They included the respondent and system profile, the technical profile of intervention, the socio-economic performance profile and the energy efficiency behaviour sections.
Respondent and System Profile
The current study has identified four solar technology applications in the FCT, which are Solar Home System (SHS), Mini-grid, solar light and solar lantern. Figure 2 shows the solar technology intervention used across the FCT. Figure 2 indicates that approximately 70.75% of the respondents reported using SHS to meet their basic electricity needs. Also, around 20%, 9.55% and 3.28% of respondents indicated that they used solar lanterns, mini-grids and solar street lights to meet their energy needs, in that order. 
[image: IMG_256]
[bookmark: _Toc188728106][bookmark: _Toc188728539]Figure 1. Distribution of Off-grid Solar Interventions in the Six (6) Area Councils in the FCT, Nigeria.


[bookmark: _Toc188728110][bookmark: _Toc188728543]Figure 2. Solar energy technology intervention type in the Federal Capital Territory.
Also, in terms of occupation (according to Figure 3), about 159 respondents, representing around 47%, are entrepreneurs who claim to use one or two solar interventions. Entrepreneurs are the highest users of solar technology, while the unemployed are the least users, with about 2.7% of users, or about 9 respondents out of 335 respondents.

[bookmark: _Toc188728111][bookmark: _Toc188728544]Figure 3. The occupation of solar energy technology users in the FCT
More so, Figure 4 shows the solar energy intervention consumer type in the FCT. According to Figure 2, the consumer type and use of solar energy technology were found to be most prominent among the households or residential users (47%) followed by commercial users (35%), cultural/religion centres (7%), service/institution sector (7%), health care centre (3) and community hall (2%) with about 158, 116, 23, 23, 9 and 6 respondents in that other.
Further, Figure 4 shows the sponsors of solar energy intervention in the FCT. Over 62% of solar energy interventions were financed from personal funds; this implies that about 210 respondents are directly responsible for the financing of their solar technology, irrespective of the technology type.  individual users. On the other hand, about 25% of the respondents claimed that their solar energy intervention was sponsored as a result of proceeds from their private businesses. This could imply that about 87% of the respondents have not obtained grants or loans to finance their solar energy intervention, but have done so on an individual basis. 

[bookmark: _Toc188728112][bookmark: _Toc188728545]Figure 4. The consumer type and use of solar energy intervention in FCT
Also, around 8% of respondents claimed that they obtained their solar energy intervention from the government (of which, most belong to the service sector). About 2.4% and 2.1% of respondents said their solar energy intervention was sponsored by foreign donors and through a public-private partnership/alliance. A small proportion is financed through mini-grid intervention (according to researchers' assessment during the field survey).
So far, the analysis of results shown and discussed from Figure 2 to Figure 5 have shown an overview of the study analysis based on the system profile of respondents on solar energy intervention. The presented outcomes have not disaggregated the analysis by regions. This implies that the analysis within and between the council areas has yet to be provided.



[bookmark: _Toc188728113][bookmark: _Toc188728546]Figure 5. The consumer type and use of solar energy intervention in FCT
3.2 Technical Profile of Intervention
The technical characteristics were considered for analysis during the study to investigate the technical attributes of solar intervention in the FCT. Such technical attributes included the year of solar intervention installed, the installed capacity, battery replacements, frequency of solar intervention maintenance, type of lightning systems, type of appliance used with the solar system and duration of solar electricity. The sub-section presents the outcome of the technical analysis.
On the assessment of the year of solar system installed, the result showed that the majority of the respondent installed their solar system an average of three years. Also, while some installed their solar for one year, 11 years was the longest that the respondents had had their solar system. According to Figure 6, 67% of respondents claimed that they obtained their solar energy intervention between one and three years, and about 6% claimed they had installed their solar system above 6 years.

[bookmark: _Toc188728114][bookmark: _Toc188728547]Figure 6. Duration of solar intervention installation
On the other hand, Figure 7 presents the percentages of capacity installed. According to the Figure, about 43% of respondents installed between 1000W and 2000W, followed by 20% accounting for about 68 of respondents installed less than 1000W. Also, 16% of respondents installed between 2500 watts and 3500 watts and 15% installed above 5000 watts to meet their electricity needs using solar energy intervention.

[bookmark: _Toc188728115][bookmark: _Toc188728548]Figure 7. The proportion of installed solar systems according to capacity in watts
Further, on solar system battery replacement, about 67% of respondents claimed that they have not changed their solar system battery since they acquired the solar system, and around 33% reported that they have replaced their battery at least once after purchase of the solar system.
Also, routine maintenance was investigated, and the study revealed, according to Figure 8, that about 34% of respondents conducted monthly maintenance on their solar system. Such routine maintenance activities included cleaning solar panels, checking auxiliary connecting cables for breakage and disconnections, cleaning the inverter and battery and checking the state of connected batteries and charge regulators for appropriate voltage and current readings.

[bookmark: _Toc188728116][bookmark: _Toc188728549]Figure 8. Frequency of Routine Maintenance on Solar System


[bookmark: _Toc188728117][bookmark: _Toc188728550]Figure 9. Lighting type used with solar energy intervention

[bookmark: _Toc188728118][bookmark: _Toc188728551]Figure 10. Average electricity hours received from solar energy intervention in FCT



 



3.3. Energy Efficiency Behaviours
This sub-section presents results from the analysis of energy efficiency among solar energy users. Figure 11 shows the assessment of energy efficiency behaviour among respondents. The Figure provides outcomes that inform how the solar energy intervention was maintained and managed, including their energy conservation strategies
The outcome showed that most solar energy users had adopted significant energy efficiency behaviours despite approximately 43% of respondents having prior knowledge of solar system installation. It was also seen (in Figure 11) that about 89% of respondents regularly perform routine cleaning of their solar panels, around 91% ensure that their solar panels are not shaded by trees or shadows, and approximately 87% make sure that their battery and inverter house are well ventilated. Additionally, about 77% have carried out routine checks on the solar system wiring. 
In addition, respondents had engaged in several energy conservation behaviours. Around 87% ensured they turned off the lights whenever they left their rooms, and 94% turned off their air conditioner when no one was in the room. Also, about 94% ensured that their windows were opened when the outside temperature was cool on bright days and 95% claimed that they used special low electricity consumption lighting bulbs at home and offices. More so, about 92% of respondents ensured that their fridge/refrigerator doors were properly closed after use.
On the contrary, some respondents claimed that they do not turn off the stand-by button of their TV set, nor do they unplug all of their electrical devices when not in use, at around 70% and 58% of the respondents, respectively. This implies that there is a need for energy efficiency advocacy on the aspect of saving Phantom loads among solar energy users.
Among other efficient behaviours, analysis from the mean (0.97) revealed that more respondents were willing to turn off the air conditioner in rooms when there were no people. 



[bookmark: _Toc188728122][bookmark: _Toc188728555]Figure 11. Assessment of energy efficiency behaviour

4. Discussion
The current study has explored the impact of solar energy interventions on energy efficiency and conservation in the Federal Capital Territory. The study revealed that embracing solar energy technologies encourages the deployment of energy-efficient technologies, which is a reliable way to achieve energy efficiency and conservation, as supported by several studies (Adebayo & Ullah, 2024; Golenishchev-kutuzov et al., 2024; Mills & Schleich, 2012). Hence, efforts to promote renewable energy will directly translate into the adoption of energy-efficient behaviour. This is evidenced in the current study, which revealed that a significant number of solar energy users have embraced efficient energy technologies and behaviour as a result of adopting solar energy technologies, and they are largely satisfied with their choices. Also, solar energy technologies have largely been used to meet basic energy needs such as lighting, television and fans. The study’s result on energy efficiency and behaviour aligns with Shari et al. (2023), which revealed that energy efficiency technologies, behaviour and solar energy technologies are reliable technologies that could enhance a paradigm shift in Nigeria's transition to clean energy.
Convincingly, solar energy technologies have significantly influenced the socio-economic and environmental well-being of solar end-users. According our study, about 75%, 74% and 53% of respondents, respectively claimed that they had experienced overall happiness in their homes, had better income and improved social life viz-a-viz watching television programs with the solar energy intervention; and around 75% of respondents installed solar technology because of their dissatisfaction and epileptic electricity supply from the national grid, coupled with high electricity bills and the remaining 25% because of zero access to the national grid. These impacts are in tandem with what was obtained in rural Ethiopia, according to Beyene et al. (2024).
The study contributed significant insights into solar energy deployment in the FCT, through analyzing solar energy interventions across multiple sectors of the energy users. The study provides a detailed understanding of how adopting renewable energy technology, especially solar energy, could significantly contribute to the overall regional and national energy efficiency behaviour in developing countries, as evidenced in Andrade-arias et al. (2025) and Moore (2024).
Furthermore, Socioeconomic and Environmental Benefits: The study provided a clear pathway of the impact of adopting solar energy technologies, as it has the singular benefit of enhancing a nation's overall modern energy consumption and achieving significant socioeconomic benefits. Also, the study contributed to the impact assessment based on solar energy in FCT by evaluating how solar energy interventions have influenced electricity accessibility in urban, peri-urban, and rural areas. This contributes to the broader discourse on energy equity and sustainability in Nigeria.
5.0. Conclusion and Recommendation
The study concludes that there is a need to intensify energy-efficiency advocacy among solar energy users in the FCT, as solar energy users have experienced significant social and economic benefits from using solar energy interventions. Many users have reported experiencing happiness in their homes, improved children’s academic performance, and improved business economics, among other benefits. However, the epileptic electricity supply from the national grid has motivated many to embrace solar energy interventions. Hence, embracing solar energy technologies has enabled users to adopt energy-efficient devices and energy-efficiency behaviours or conservation strategies to maximize the electricity generated by the solar device. The study also reports that significant social and economic benefits were derived from using the solar intervention. The study recommends advocacy and sensitization on energy efficiency and conservation behaviour as a reliable legislative effort that should be deliberately supported across all public and private sectors. The relevant authorities should support publicity through the media, social media and other print outlets to promote energy-efficiency technology and engage the people of the FCT in conservation behaviour. Also, households and commercial users of solar energy should be encouraged to use special energy-efficiency technology, such as smart technologies that automate energy usage in the FCT.
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Occupation of solar technology users (People)

Frequency	Civil servant 	Entrepreneur	 Both	 Unemployed	Farmer	Artisan	102	159	25	9	23	17	Occupation


Frequency



Consumer Type and Use of solar energy technology (People)

Frequency	Household/residential 	Commercial 	Cultural/religion	Health care	Service/institution 	Community 	158	116	23	9	23	6	Consumer type


Frequency



Sponsor of solar energy intervention (%)


Self	Government	Private	Foreign donor	Private-public partner	62.7	8.1	24.8	2.4	2.1	

Duration of Solar Intervention Installed


 1-3 years	 4-6 years	>	6 years	0.67	0.27	0.06	

Capacity (Watt) of Installed Solar Intervention (%)

Percentage	20%
43%
16%
6%
15%

<	1000 Watt	1000-2000 Watt	2500-3500 Watt	4000-5000 Watt	>	5000 Watt	20.3	42.7	16.100000000000001	5.7	15.2	


Frequency of People's on Solar System's Routine Maintenance 

Frequency	Monthly	Three months	Four months	Six months	Annually	114	41	44	59	77	
Frequency



Number of People's Lighting Devices Used

Yes 	Light Emitting Diode (LED)	Compact Fluorescent Light (CFL)	Halogen	Incandescent/yellow bulb	292	122	6	5	No	Light Emitting Diode (LED)	Compact Fluorescent Light (CFL)	Halogen	Incandescent/yellow bulb	43	213	329	330	



Number of People's Solar Electricity Hour 

Frequency	 	<	=5 hour	6-10 hours	11-15 hours	16-20 hours	21-24 hours	15	79	74	73	94	
Frequency



Assessment of Energy Efficiency Behaviour

No	Knowledge of solar installation	Routine cleaning of solar panel	Solar panel shaded	Ventilated battery and inverter house 	Routine check on wires	Smart home technologies	Turn off the lights when leaving the room	Turn off stand-by button of TV set	Unplug all electrical devices when not in use	Turn off the air conditioner when there are no people	Open windows when the outside temperature is cool	Use of special low electricity consumption lighting bulbs 	Check if fridge door is properly closed	191	36	306	44	77	269	42	236	193	11	20	17	26	Yes	Knowledge of solar installation	Routine cleaning of solar panel	Solar panel shaded	Ventilated battery and inverter house 	Routine check on wires	Smart home technologies	Turn off the lights when leaving the room	Turn off stand-by button of TV set	Unplug all electrical devices when not in use	Turn off the air conditioner when there are no people	Open windows when the outside temperature is cool	Use of special low electricity consumption lighting bulbs 	Check if fridge door is properly closed	144	299	29	291	258	66	293	99	142	324	315	318	309	



Solar Technology Users in FCT (%)

percentage users	
Solar Home System	Mini-Grid	Street Light	Solar Lantern	0.70750000000000002	9.5500000000000002E-2	3.2800000000000003E-2	0.2	
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