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ABSTRACT

Access to reliable and affordable electricity remains a persistent challenge in remote and secluded regions
of Nigeria, where grid extension is often economically unfeasible and infrastructural complex. This study
investigates strategies for enhancing the efficiency of renewable electricity generation through the
implementation of a Renewable Energy Micro Utility (REMU) model. The REMU concept integrates
decentralized renewable energy technologies—such as solar photovoltaic (PV) systems, small-scale wind
turbines, and biomass gasifiers—with localized micro grid management and community-based ownership
structures. Using a mixed-method approach, the research combines field data on energy demand and
resource availability with simulation-based modeling in MATLAB and HOMER software to evaluate
system performance under varying load and environmental conditions. Efficiency improvements are
assessed through technical indicators such as generation-to-load ratio, capacity utilization factor, and
energy loss minimization, as well as socioeconomic metrics including affordability, reliability, and
sustainability. The findings highlight that hybrid REMU systems can achieve over 30% higher energy
conversion efficiency compared to conventional stand-alone installations, while significantly reducing
dependence on fossil fuels. Policy recommendations are proposed for integrating REMUS into Nigeria’s
rural electrification strategy, emphasizing financial incentives, regulatory frameworks, and local capacity
development. The study concludes that the REMU model offers a viable, scalable, and sustainable
pathway to bridging Nigeria’s rural energy access gap and advancing the national renewable energy
agenda.

Keywords: Renewable Energy Micro Utility (REMU), rural electrification, energy efficiency, hybrid
micro grid, sustainable development, Nigeria

INTRODUCTION

Energy is a critical driver of socioeconomic development, serving as the foundation for industrialization,
healthcare delivery, education, and technological innovation. In developing economies like Nigeria,
access to reliable and affordable electricity remains a major challenge, particularly in remote and secluded
areas where national grid extension is either technically impractical or economically unviable (Akinyele
& Rayudu, 2016). According to the International Energy Agency (IEA, 2022), over 85 million
Nigerians—approximately 40% of the population—still lack access to electricity, with the majority
residing in rural and hard-to-reach communities. The situation not only constrains livelinood activities but
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also undermines progress toward achieving the United Nations Sustainable Development Goal 7 (SDG-
7), which advocates for affordable, reliable, sustainable, and modern energy for all (United Nations,
2021).

Conventional grid expansion programs have failed to meet Nigeria’s growing energy demands due to
aging infrastructure, high transmission losses, and limited capital investments (Oyedepo, 2012).
Consequently, there has been a growing shift toward decentralized renewable energy systems that can
provide localized and sustainable electricity generation (Aliyu, Dada, & Adam, 2018). Technologies such
as solar photovoltaic (PV), micro-hydropower, biomass, and small-scale wind turbines have proven viable
for Nigeria’s climatic and geographical conditions (Shaaban & Petinrin, 2014). However, despite the
abundance of renewable energy resources, their deployment in rural areas has been inefficient,
fragmented, and poorly coordinated, often due to technical, financial, and policy-related barriers (Sambo
et al., 2020).

To address these challenges, the Renewable Energy Micro Utility (REMU) model has emerged as a
promising framework for improving the efficiency and sustainability of rural power systems. A REMU
operates as a localized energy micro-utility that integrates multiple renewable energy sources, advanced
storage technologies, and smart microgrid control to optimize generation, distribution, and consumption
at the community level (Ebhota & Jen, 2021). By combining technical innovations with community
ownership and private-sector participation, REMUs can enhance both system reliability and economic
viability (Maina & Nwosu, 2023). The concept draws inspiration from successful implementations in
countries such as India and Kenya, where hybrid micro-utilities have significantly expanded rural
electrification coverage while reducing greenhouse gas emissions (Bhattacharyya, 2015; Kirubi et al.,
2019).

In Nigeria, adopting the REMU framework offers a pathway to overcoming the inefficiencies associated
with stand-alone renewable systems and donor-driven pilot projects that often lack long-term
sustainability (Sambo et al., 2020). The integration of hybrid energy sources—such as solar-biomass-
wind combinations—within a micro-utility structure can improve overall system efficiency, reduce
energy losses, and enhance power reliability (Ebhota & Jen, 2021). Moreover, the REMU approach aligns
with Nigeria’s Renewable Energy Master Plan (REMP), which targets a 30% renewable energy
contribution to the national grid by 2030 (Energy Commission of Nigeria [ECN], 2015).

Therefore, this study seeks to examine how the Renewable Energy Micro Utility model can be
strategically applied to enhance the efficiency of renewable electricity generation in Nigeria’s remote and
secluded regions. It explores technical design principles, energy management optimization, and policy
mechanisms necessary for effective implementation. The outcome aims to contribute to the development
of scalable, sustainable, and community-driven renewable energy systems capable of bridging Nigeria’s
rural electrification gap.

Statement of the Problem

Nigeria possesses abundant renewable energy resources—particularly solar, wind, biomass, and small
hydropower—but continues to experience one of the lowest electricity access rates in sub-Saharan Africa
(Aliyu et al., 2018; IEA, 2022). The persistent lack of reliable electricity in remote and secluded areas has
hampered social welfare, economic productivity, and educational outcomes, thereby widening the urban—
rural development gap (Oyedepo, 2012). Conventional approaches to rural electrification—mainly grid
extensions and stand-alone renewable systems—have proven inadequate due to high infrastructural costs,
maintenance challenges, and policy inconsistencies (Shaaban & Petinrin, 2014; Sambo et al., 2020).
Furthermore, existing off-grid renewable projects often suffer from inefficiencies in energy generation
and distribution, primarily because they operate in isolation without integrated energy management
systems. Many of these projects are donor-driven and fail to achieve long-term sustainability once
external funding ends (Ebhota & Jen, 2021). Technical inefficiencies, such as energy losses during
storage and conversion, and non-optimal matching of load profiles to available generation, further limit
the performance of these systems (Akinyele & Rayudu, 2016).
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The Renewable Energy Micro Utility (REMU) model presents a potential solution by integrating
various renewable energy sources through a localized, hybrid microgrid structure managed by an
independent community-based or private operator (Maina & Nwosu, 2023). However, empirical studies
examining how this model can be effectively adapted to Nigeria’s rural context—considering its socio-
economic, climatic, and policy conditions—remain scarce.
Thus, the central problem of this study is the lack of an efficient, scalable, and sustainable framework
for generating renewable electricity in remote and secluded Nigerian communities. Specifically,
there is limited research on how REMUs can improve system efficiency, enhance local participation, and
ensure economic viability in off-grid energy development. Without addressing these gaps, efforts to
achieve universal energy access and support rural transformation will remain largely ineffective.
Research Objectives
General Objective
The general objective of this study is to evaluate and enhance the efficiency of renewable electricity
generation in remote and secluded areas of Nigeria through the application of the Renewable Energy
Micro Utility (REMU) model.
Specific Objectives
The specific objectives of the study are to:
1. Assess the current state and challenges of renewable energy generation and distribution in remote
and rural areas of Nigeria.
2. Analyze the design principles and operational framework of the REMU model as applicable to
Nigeria’s off-grid energy sector.
3. Develop a technical and economic model to simulate REMU-based hybrid renewable energy
systems (solar, wind, and biomass).
4. Evaluate the efficiency improvement of renewable electricity generation under the REMU
framework compared to conventional stand-alone systems.
5. Examine the socio-economic implications of implementing REMUs in rural communities,
including affordability, job creation, and local participation.
6. Recommend policy and institutional strategies to support the large-scale adoption of REMUs for
rural electrification in Nigeria.
Research Questions
To address the problem identified and meet the objectives of this study, the following research questions
are proposed:
1. What are the current challenges and limitations affecting renewable energy generation and
distribution in remote and secluded areas of Nigeria?
2. How does the Renewable Energy Micro Utility (REMU) model differ from conventional stand-
alone renewable systems in structure and operation?
3. To what extent can the REMU model enhance the technical efficiency and reliability of
renewable electricity generation in off-grid communities?
4. What is the potential economic and social impact of deploying REMUs in rural Nigeria,
particularly in terms of affordability, sustainability, and local empowerment?
5. Which combination of renewable energy sources (e.g., solar—biomass, solar-wind, hybrid
systems) yields the optimal performance under REMU configurations?
6. What policy and institutional frameworks are necessary to support the scaling and sustainability
of REMU-based systems across rural regions of Nigeria?
Research Hypotheses
To empirically test the proposed research framework, the following hypotheses are formulated in both
null (Ho) and alternative (H:) forms:
Technical Efficiency Hypotheses
e Hoi: There is no significant difference in the energy generation efficiency between conventional
stand-alone renewable systems and the REMU-based hybrid model.
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e Hu: The REMU-based hybrid model significantly improves the energy generation efficiency
compared to conventional stand-alone renewable systems.
Economic Viability Hypotheses
e Ho: The implementation of the REMU model does not significantly reduce the cost per kilowatt-
hour of electricity generation in remote areas.
e Hiz: The implementation of the REMU model significantly reduces the cost per kilowatt-hour of
electricity generation in remote areas.
Social and Sustainability Hypotheses
e Hos: The REMU model does not have a significant effect on social and economic sustainability
indicators (e.g., job creation, affordability, and community ownership).
e Hi: The REMU model has a significant positive effect on social and economic sustainability
indicators (e.g., job creation, affordability, and community ownership).
Policy and Implementation Hypotheses
e Hoa: There is no significant relationship between supportive policy frameworks and the successful
implementation of REMU systems in Nigeria.
e Hia: There is a significant positive relationship between supportive policy frameworks and the
successful implementation of REMU systems in Nigeria.
Significance of the Study
This study is significant in several respects—technological, socio-economic, environmental, and policy-
related.
First, the research contributes to the technological advancement of renewable energy systems by
exploring the Renewable Energy Micro Utility (REMU) as an integrated hybrid framework for
decentralized power generation. While many rural electrification projects in Nigeria have been limited to
stand-alone systems, the REMU model proposes a coordinated energy-sharing network that maximizes
generation efficiency and reduces wastage through smart load management (Akinyele & Rayudu, 2016;
Maina & Nwosu, 2023).
Second, the study holds economic importance by providing empirical evidence on the cost-effectiveness
of REMUs compared to traditional stand-alone systems. Given Nigeria’s limited financial resources and
high rural poverty rates, optimizing system efficiency can significantly lower the levelized cost of
electricity (LCOE) and attract private sector participation in off-grid power solutions (Sambo et al.,
2020).
Third, the study has social and developmental relevance, as reliable and affordable electricity access is a
key enabler of education, healthcare delivery, and small-scale enterprise development in rural areas
(Oyedepo, 2012; IEA, 2022). The successful implementation of the REMU model can thus promote
inclusive growth and reduce rural-urban migration by improving living standards in remote communities.
Furthermore, this research contributes to environmental sustainability by promoting the use of clean
energy sources—solar, wind, and biomass—instead of fossil fuels. By emphasizing hybrid renewable
integration, the REMU framework aligns with Nigeria’s commitment to the UN Sustainable Development
Goal 7 (Affordable and Clean Energy) and its Energy Transition Plan (ETP) 2022-2060 (Federal
Government of Nigeria, 2022).
Finally, the findings of this study will provide evidence-based policy recommendations for
stakeholders—including the Rural Electrification Agency (REA), the Nigerian Electricity Regulatory
Commission (NERC), and development partners—toward scaling decentralized, community-driven
renewable micro-utilities as a sustainable pathway for universal energy access.
Scope and Limitations of the Study
Scope of the Study
The scope of this study covers both technical modeling and policy evaluation of the Renewable Energy
Micro Utility (REMU) system.
It focuses on:
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e The assessment of existing renewable electricity generation systems in remote and secluded areas
of Nigeria, with emphasis on solar, wind, and biomass sources.

e The simulation and optimization of hybrid REMU configurations to determine efficiency gains in
energy generation and distribution.

e The evaluation of economic and social impacts of REMU adoption, including cost efficiency,
reliability, and local community benefits.

e Case studies or modeling parameters drawn from selected Northern and Middle Belt states where
electricity access is lowest (e.g., Kebbi, Taraba, Niger, and Plateau).

Data will be obtained from both secondary sources (e.g., REA reports, IEA energy data, and published
models) and primary field data, where applicable, to ensure robust validation.

Limitations of the Study

Despite its scope, the study is subject to the following limitations:

1. Data Availability: Reliable data on small-scale renewable installations and local consumption
profiles in remote areas may be scarce, potentially limiting the precision of simulation inputs.

2. Technical Simplifications: The REMU efficiency model may rely on theoretical assumptions
(steady-state conditions, uniform resource availability) that may not fully represent field
conditions.

3. Financial and Logistical Constraints: Conducting field validations across multiple remote
regions may face resource and accessibility limitations.

4. Policy Uncertainty: The rapidly evolving regulatory environment in Nigeria’s power sector may
affect the generalizability of policy recommendations.

Nevertheless, these limitations are mitigated through robust modeling techniques, comparative
scenario analysis, and the integration of sensitivity testing to ensure the validity of conclusions.

Literature Review

Renewable energy technologies have emerged as vital solutions to Nigeria’s electricity deficit,
particularly in rural and secluded areas where grid extension remains economically unfeasible. Renewable
sources such as solar photovoltaic (PV), wind, biomass, and mini-hydro are abundant across the country,
yet remain largely underexploited due to infrastructural and policy barriers (Oyedepo, 2012; IEA, 2022).
The Renewable Energy Micro Utility (REMU) concept introduces a community-based, decentralized
model that integrates hybrid renewable systems under a unified operational and business structure.

Unlike traditional mini-grids, the REMU model functions as a localized utility operator responsible for
generation, storage, distribution, and billing, while leveraging hybrid energy optimization algorithms to
ensure consistent power delivery (Maina & Nwosu, 2023). Conceptually, REMU emphasizes energy
sharing, load balancing, and socio-economic ownership, aligning technological efficiency with local
participation and sustainability.

Theoretical Review

The Energy Access and Development Nexus

The relationship between electricity access and socio-economic development is well-established in the
literature (Bhattacharyya, 2012; Karekezi & Kimani, 2002). Reliable energy supply drives agricultural
mechanization, industrialization, healthcare delivery, and education outcomes. However, in Nigeria,
where over 80 million people lack access to electricity (World Bank, 2023), rural electrification remains
a developmental bottleneck.

The Energy Ladder Theory suggests that communities transition from traditional to modern energy
sources as income rises (Leach, 1992). However, in rural Nigeria, this transition is hindered by high
capital costs and unreliable institutional support. REMU, as a micro-utility framework, aims to break this
barrier by enabling access to clean energy through scalable community ownership and hybrid
integration.
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Micro grid and REMU Theories

The REMU model builds upon micro grid theory, which emphasizes small-scale, self-sufficient power
systems capable of operating autonomously or connected to the main grid (Colson & Nehrir, 2011).
However, unlike standard microgrids, the REMU model incorporates utility management features such as
dynamic pricing, energy metering, and local governance.

According to de Carvalho et al. (2021), integrating hybrid sources (e.g., solar—biomass—wind) within
micro-utilities enhances overall efficiency by optimizing resource complementarity—solar during the
day, wind at night, and biomass for baseload generation. The REMU framework thus represents a hybrid
techno-economic model merging energy engineering principles with cooperative management structures.
Empirical Review

Renewable Energy Challenges in Nigeria

Several studies have examined the barriers to renewable energy deployment in Nigeria. Oyedepo (2012)
identified inadequate policy implementation, weak grid infrastructure, and low investment as the major
obstacles. Similarly, Aliyu et al. (2018) found that poor technical maintenance and inconsistent
government incentives hinder the sustainability of rural solar projects.

In a broader African context, Ebhota and Jen (2021) noted that donor-funded rural electrification projects
often collapse post-implementation due to lack of community ownership. This observation underscores
the necessity for locally managed utility structures such as REMUs.

Efficiency of Hybrid Renewable Systems

Research has demonstrated that hybrid renewable systems—combining solar, wind, and biomass—offer
higher reliability and lower variability in energy output (Akinyele & Rayudu, 2016; Olatomiwa et al.,
2015). Using simulation models such as HOMER and RETScreen, these studies showed that
hybridization can reduce the leveled cost of electricity (LCOE) by 20-30% compared to single-source
systems.

Amare et al. (2022) further argued that integrating multiple renewable sources enhances system thermal
and electrical performance by reducing downtime and improving load-following capabilities. Such multi-
source optimization forms the technical foundation for the REMU model.

Micro-Utility Models and Socio-Economic Benefits

The Renewable Energy Micro Utility concept has gained traction in developing economies for its
potential to combine energy access with local economic empowerment (Maina & Nwosu, 2023). In
Kenya and Tanzania, community-managed micro-utilities have successfully provided electricity to rural
schools, health centers, and small businesses (Kirubi et al., 2009).

Empirical evidence suggests that locally owned micro-utilities ensure higher payment compliance, better
system maintenance, and stronger community engagement. This supports the hypothesis that REMU can
outperform traditional government-led electrification schemes in sustainability.

Policy and Institutional Context

The Nigerian government has introduced several policies to promote renewable energy adoption,
including the National Renewable Energy and Energy Efficiency Policy (NREEEP, 2015) and the Rural
Electrification Strategy and Implementation Plan (RESIP, 2016). These frameworks encourage private-
sector-led mini-grid deployment, yet implementation has been slow due to regulatory bottlenecks and
inconsistent subsidy regimes (Sambo et al., 2020).

The REMU model aligns closely with these policies by promoting private-community partnerships under
a regulated but flexible framework. However, there is still a lack of empirical policy evaluation to
determine how such models perform under Nigeria’s socio-economic realities—a gap this study seeks to
fill.

Conceptual Model

Based on the reviewed literature, this study adopts a conceptual model that links renewable energy inputs
(solar, wind, biomass) with operational efficiency outputs (generation capacity, reliability, cost per
kWh) mediated by the REMU governance framework.
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This model posits that improved coordination and integration within REMU systems will enhance
technical efficiency, reduce operational costs, and strengthen long-term sustainability.
Summary of Literature Gaps
From the reviewed studies, it is evident that:
1. Most renewable energy research in Nigeria focuses on technical design rather than institutional
models like REMU.
2. Few studies have quantified efficiency gains from hybrid micro-utilities in Nigeria’s rural
context.
3. There is limited evidence on the economic and social impacts of community-owned energy
systems.
4. Policy implementation gaps persist between national renewable energy strategies and on-the-
ground realities.
Therefore, this study fills a crucial gap by combining technical efficiency modeling with socio-economic
and policy evaluation to propose a scalable REMU framework for rural electrification.

RESEARCH METHODOLOGY
Research Design
This study adopts a mixed-methods research design, combining both quantitative and qualitative
approaches to comprehensively assess the efficiency, feasibility, and socio-economic impact of
Renewable Energy Micro Utilities (REMUS) in remote areas of Nigeria.
The quantitative component involves model-based simulations of hybrid renewable systems (solar, wind,
and biomass) using optimization tools such as HOMER Pro and RET Screen to evaluate technical and
economic efficiency. The qualitative component includes key informant interviews, field observations,
and guestionnaires administered to energy practitioners, community stakeholders, and policy experts.
This dual approach ensures a robust triangulation of results—bridging empirical data with theoretical
understanding (Creswell & Plano Clark, 2018).
Study Area
The study focuses on remote and secluded communities in Northern and Southwestern Nigeria, where
access to the national electricity grid is minimal. Selected communities include Gusau (Zamfara State),
Shiroro (Niger State), and Iseyin (Oyo State).
These locations were chosen due to their varying renewable energy potential (solar irradiation, wind
speed, and biomass availability) and distinct socio-economic characteristics. According to the Nigeria
Energy Transition Plan (FGN, 2022), these zones represent critical intervention areas for decentralized
renewable energy systems.
Population of the Study
The target population consists of:
1. Energy users in off-grid rural communities;
2. Local REMU operators or mini-grid developers;
3. Officials from the Rural Electrification Agency (REA) and Nigerian Electricity Regulatory
Commission (NERC);
4. Renewable energy experts and NGOs working on rural electrification projects.
The population is heterogeneous, encompassing technical, policy, and socio-economic perspectives on
renewable energy deployment.
Sample Size and Sampling Technique
The study employs a multi-stage sampling technique.
1. Stage 1 — Geographical Selection: Three geopolitical zones were screened for renewable
potential and remoteness.
2. Stage 2 — Community Selection: Within each zone, one rural community was randomly
selected.
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to ensure representation of households, technicians, and policymakers.

The sample size is determined using Yamane’s (1967) formula:
N

n = P
1+N(e)=

Where:
(n) =sample size,
(N) = population size,
(e ) = margin of error (0.05).
Given an estimated population of 1,200 rural dwellers across selected sites, the computed sample size is
approximately 300 respondents.
Sources of Data
The study utilizes both primary and secondary data sources.
e Primary data: Collected through structured questionnaires, interviews, and focus group
discussions.
e Secondary data: Derived from technical reports, policy documents (e.g., NREEEP, ETP 2022),
journals, World Bank and IEA datasets, and existing renewable energy project evaluations.
This multi-source approach enhances data reliability and depth.
Research Instruments
The main instruments include:
1. Structured Questionnaire — for collecting quantitative data on energy consumption patterns,
satisfaction levels, willingness to pay, and system reliability.
2. Interview Guide — for qualitative insights from energy experts, local leaders, and policymakers.
3. Simulation Software — HOMER Pro and RET Screen were used to model REMU system
performance, evaluating metrics like Leveled Cost of Energy (LCOE), Net Present Cost (NPC),
and Renewable Fraction (RF).
The instruments were validated through pilot testing and expert review to ensure clarity and consistency.
Model Specification
To assess the efficiency of REMU systems, the study employs a techno-economic optimization model
integrating both engineering and econometric components.
Technical Model
The technical performance of the hybrid REMU system is modeled as:

nsys = f(sP!r'-' I"'1""1"’ Bg’an’ Esrm" D!ond)

Where:
Neys = System efficiency,
S g = Solar PV contribution,

W, = Wind turbine output,

B,.,, = Biomass generator output,
E_,.,. = Energy storage efficiency,

D,,.; = Daily load demand.
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The simulation output (from HOMER/RET Screen) provides performance indices including energy
availability, renewable penetration, and cost per KWh.

Econometric Model

To analyze determinants of energy generation efficiency, a multiple regression model is specified as:
Eaff = JBI} + ﬁlRENmz’x + 182 Cﬂpuri! + JGSPDLS:A;J;J + JE-}LDE;JRJT + £
Where:

E.;r = Efficiency of renewable energy generation,

REN = Hybrid renewable mix ratio,

mix
CAP,,,, = Capacity utilization rate,

POL.,,, = Policy and institutional support index,

LOZ = Local participation and maintenance level,

part
u; = Error term.

This model is estimated using Ordinary Least Squares (OLS) in STATA and cross-validated through R
statistical modeling for robustness.
Validity and Reliability of Instruments
Instrument validity was ensured through expert consultation with renewable energy engineers and
academic reviewers. Reliability was tested using Cronbach’s Alpha (a), with values above 0.70
considered acceptable (Nunnally, 1978). Pilot testing among 20 respondents ensured consistency and
internal coherence.
Method of Data Analysis
e Quantitative data: Analyzed using descriptive statistics (mean, standard deviation, frequency
tables) and inferential statistics (regression, correlation, ANOVA).
o Qualitative data: Analyzed through thematic analysis, categorizing responses into themes such
as energy access, affordability, and sustainability.
e Simulation results: Compared across scenarios (solar-only, hybrid, and REMU maodels) to
determine optimal system configuration.
Results will be presented using charts, tables, and graphs for clarity.
Ethical Considerations
Ethical clearance was obtained from the host institution’s Research Ethics Committee.
Participants were informed of the study’s purpose, and informed consent was obtained before data
collection. Confidentiality and anonymity were maintained throughout the research process. No
respondent was coerced or induced to participate.

DATA PRESENTATION, ANALYSIS, AND DISCUSSION

Introduction

This chapter presents the results and analysis of data collected from selected remote communities and
renewable energy stakeholders in Nigeria. The results are discussed in relation to the research objectives
and hypotheses formulated in Chapter One. Data were analyzed using both statistical techniques and
simulation-based modeling, incorporating the Renewable Energy Micro Utility (REMU) framework.
The presentation is organized under the following subsections:
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Descriptive analysis of respondents and system characteristics,
Simulation results from the REMU maodels,

Regression and inferential statistical analysis, and

Discussion of key findings.

el NS>

Descriptive Statistics of Respondents
A total of 300 respondents participated in the study, comprising rural dwellers, mini-grid operators, and
energy policymakers.

Category Frequency Percentage (%)
Rural Households 180 60.0
Energy Practitioners 60 20.0
Policy Experts (REA/NERC) 30 10.0
NGO/Community Leaders 30 10.0
Total 300 100

Source: Field Survey (2025)
Respondents’ educational and occupational distributions reveal a predominantly rural population with
basic education levels, yet high interest in adopting renewable energy systems.
4.3 Technical Simulation Results (HOMER/RETScreen)
To assess the efficiency and economic feasibility of REMU-based systems, three scenarios were
modeled:
1. Scenario A: Stand-alone Solar PV System
2. Scenario B: Hybrid (Solar + Wind + Biomass) System
3. Scenario C: REMU System (Decentralized Hybrid with Storage and Smart Control)
Table 4.2: Technical Performance Indicators of Renewable Configurations

Parameter Scenario A Scenario B Scenario C (REMU)
Average Power Output (kW) 47.3 62.8 81.5
Renewable Fraction (%) 924 95.6 99.2
Energy Storage Efficiency (%) 73.2 81.5 91.8
System Reliability (hours/day) 16.7 21.3 24.0
Levelized Cost of Energy (3/kWh) 185.6 148.4 122.7
Net Present Cost (3¥ million) 78.5 62.3 55.4

Source: Simulation Results (HOMER Pro, 2025)

Interpretation:

The REMU model demonstrates superior efficiency and cost-effectiveness. It achieves 99.2% renewable
penetration, lower LCOE (¥122.7/kWh), and extended system reliability (24 hours/day), making it a
viable solution for energy-deprived communities.

Econometric Analysis

To evaluate the determinants of renewable energy efficiency, an Ordinary Least Squares (OLS)
regression model was estimated using STATA and R.

Model:

Esff = JEI]I + ﬁlRENJni.r + ﬁ: Cﬂpuri: + JEEPUL + JG-}Lsznrr + F:‘

supp

Table 4.3: Regression Results (STATA Output)

. Coefficient  Std. t- p- .
Variable ®» Error Statistic Value Decision
Constant 2.145 0.331 6.48 0.000 -
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Variable ((is(;efﬁdent Etr(ior gtatistic Value  Decision
Renewable Mix (REN,;..) 0.482 0.075 6.43 0.000 Significant
Capacity Utilization (CAP ;) 0.375 0.092 4.07 0.000 Significant
Policy Support (PULS.HW) 0.257 0.066 3.89 0.001  Significant
Local Participation (LOC,,4,-_) 0.124 0.071 1.75 0.081  Not Significant
R2 = 0.82, Adj. R2 = 0.79, F(4,295) = 51.3, p <

0.001

Source: Author’s Computation (STATA, 2025)

Interpretation:

Renewable mix, capacity utilization, and policy support significantly improve energy efficiency,
explaining about 82% of variation in REMU system efficiency. Local participation, while positive, was
not statistically significant at the 5% level—suggesting that training and technical engagement remain
areas for improvement.

Pre/Post-Intervention Analysis

To test whether REMU deployment significantly improved electricity access and reliability, an
ANCOVA model compared pre- and post-intervention mean values.

Table 4.4: ANCOVA Results (Pre/Post Intervention)

Dependent Variable:  Daily Energy Access (hours) Coefficient SE p-value

Post-test (After REMU) 21.4 0.72  0.000
Pre-test (Before REMU) 10.8 0.65 0.001
Covariate: Income Level 0.18 0.06  0.004

F(2,297) = 2432,p < 0.001

Interpretation:
The results confirm a significant improvement in electricity access after REMU implementation, even
after controlling for household income. The increase in mean energy access from 10.8 to 21.4 hours/day
demonstrates tangible progress toward energy inclusion.
Interpretation:
Figure 4.1 shows that REMU achieves the highest efficiency, indicating superior integration of hybrid
sources and storage systems.
Discussion of Findings
The findings align with previous studies (Aziz, 2009; Coccarelli et al., 2015; Qayyum et al., 2023) that
emphasized the role of hybridization and smart energy management in improving renewable system
performance.
e Technical Findings: REMU’s integration of solar, wind, and biomass enhances resilience and
efficiency, addressing intermittency issues common in single-source systems.
e Economic Findings: Lower LCOE and reduced NPC validate the economic viability of REMU,
particularly for community-scale projects.
e Social Findings: Increased reliability and community satisfaction underscore REMU’s potential
for energy inclusion and local empowerment.
However, challenges such as limited technical capacity and policy bottlenecks persist, necessitating
supportive institutional frameworks.
Summary of Findings
1. REMU significantly outperforms single-source renewable systems in both technical efficiency
and cost-effectiveness.
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2. Key determinants of energy efficiency include renewable mix, capacity utilization, and policy
support.

3. REMU deployment resulted in a 10-hour improvement in average daily energy access across
test communities.

4. Despite progress, community-level training and maintenance structures remain weak points in
sustainability.

SUMMARY, CONCLUSION, AND RECOMMENDATIONS
5.1 Introduction
This chapter provides a summary of the major findings from the study, conclusions drawn from the
analysis, and recommendations for policy, practice, and future research. The study investigated how the
Renewable Energy Micro Utility (REMU) model can enhance the efficiency of generating renewable
electricity in remote and secluded areas of Nigeria, addressing both technical and socio-economic
dimensions of sustainable energy access.
5.2 Summary of the Study
The research was structured around five main objectives:
1. To identify the existing challenges in renewable electricity generation and distribution in remote
areas of Nigeria.
2. To develop and evaluate the Renewable Energy Micro Utility (REMU) framework for
decentralized, hybrid renewable systems.
3. To assess the technical and economic efficiency of the REMU model compared with
conventional renewable configurations.
4. To examine the socio-economic and environmental impacts of REMU deployment.
5. To propose institutional and policy measures to support REMU scalability in rural energy
development.
A mixed-method approach was adopted, integrating survey data, simulation modeling (HOMER/RET
Screen), and econometric analysis (STATA/R). Data were gathered from 300 respondents, including
households, mini-grid operators, and policymakers in selected Northern and Middle Belt communities.
The quantitative analysis revealed that the REMU model achieved:
e 815 kW average power output,
e 99.2% renewable fraction,
e 91.8% storage efficiency, and
e N122.7/kWh leveled cost of energy (LCOE) — all outperforming traditional systems.
Regression results demonstrated that renewable mix, capacity utilization, and policy support
significantly  influenced renewable generation efficiency (R2 = 0.82; p < 0.001).
The ANCOVA analysis confirmed that daily energy access improved from 10.8 to 21.4 hours after
REMU deployment.

Summary of Major Findings
Based on data analysis and modeling, the study made the following key findings:
1. Technical Performance:
REMU-based systems significantly enhanced power output, energy reliability, and renewable
fraction compared with conventional solar or hybrid configurations.
2. Economic Efficiency:
The REMU model reduced generation costs (LCOE and NPC) due to shared infrastructure and
optimized load management through smart micro-utilities.
3. Policy Influence:
The presence of supportive regulatory frameworks, such as rural electrification policies and
renewable energy incentives, contributed positively to REMU success.
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REMU systems promoted inclusive development through community ownership, job creation,
and reduced fossil fuel dependence.

5. Challenges Identified:
Despite the benefits, barriers such as limited technical capacity, financing gaps, and inconsistent
government support persist, hindering large-scale adoption.

Conclusions
This study concludes that the Renewable Energy Micro Utility (REMU) framework provides a
technically efficient, economically viable, and socially inclusive solution to Nigeria’s rural
electrification challenges.
By decentralizing generation and incorporating smart control systems, REMUs enhance energy
reliability, reduce cost, and facilitate sustainability in areas underserved by the national grid. The
statistical and simulation evidence strongly supports the hypothesis that REMU deployment leads to
significant improvements in renewable energy efficiency and access.
Furthermore, REMUs can serve as a strategic instrument for achieving Nigeria’s Energy Transition
Plan (ETP 2030) and the UN Sustainable Development Goal 7 (Affordable and Clean Energy).
Policy and Practical Recommendations
Technical and Operational Recommendations
e Implement hybrid REMU configurations combining solar, wind, and biomass with energy
storage to ensure 24-hour reliability.
e Introduce smart monitoring and predictive maintenance systems to optimize load distribution
and reduce system downtime.
o Encourage local fabrication and maintenance training programs to build technical capacity and
sustainability at the community level.
Financial and Economic Recommendations
e Establish renewable micro-financing schemes and public—private partnerships (PPPs) to
support REMU infrastructure deployment.
e Provide tax relief and import duty exemptions on renewable components to reduce system
capital costs.
o Introduce performance-based subsidies tied to energy access and reliability metrics rather than
capital investment.
Policy and Institutional Recommendations
o Strengthen the Rural Electrification Agency (REA) to act as a coordinating body for
community-scale REMU projects.
o Develop a National Micro-Utility Policy Framework to regulate and guide REMU operations
across states.
e Integrate REMU concepts into Nigeria’s Renewable Energy Master Plan for long-term energy
diversification.
Social and Environmental Recommendations
e Promote community ownership models, where users participate in management and profit-
sharing mechanisms.
e Ensure environmental safeguards through proper waste management, especially for battery and
biomass systems.
e Encourage gender-inclusive participation in energy cooperatives to ensure equitable benefits.
5.6 Contribution to Knowledge
This study contributes to the growing body of literature on renewable energy and rural electrification in
the following ways:
1. Itintroduces a contextualized REMU framework tailored to Nigeria’s rural energy landscape.
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2. It empirically validates the technical and economic efficiency of REMU systems using both
simulation and regression analysis.
3. It provides policy-relevant insights on how to integrate micro-utilities into the national energy
architecture.
Limitations of the Study
While the research offers significant insights, it faced certain limitations:
o Data collection was constrained to a limited number of rural communities, affecting
representativeness.
e Simulation models assumed ideal operating conditions; real-world losses and behavioral
variability were not fully captured.
o Limited access to financial data from private renewable developers restricted cost validation
depth.
Recommendations for Future Research
e Future studies should conduct longitudinal performance evaluations of existing REMU
projects to assess sustainability over time.
e Integration of Al-based predictive maintenance models and Internet of Things (loT)
technologies should be explored for operational optimization.
e Comparative studies between REMU and traditional mini-grid systems in different ecological
zones of Nigeria can further validate scalability potential.
5.9 Final Remarks
In conclusion, this study demonstrates that Renewable Energy Micro Utilities (REMUs) offer a
transformative pathway for achieving energy security, economic growth, and environmental
sustainability in remote Nigerian communities. The successful deployment of REMUs could mark a
turning point in bridging Nigeria’s rural-urban energy divide and advancing the nation’s commitment to
clean energy transitions.
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