
 
                                      JOURNAL OF SCIENCE TECHNOLOGY AND EDUCATION 13(1), MARCH, 2025 

                        ISSN: 2277-0011; Journal homepage: www.atbuftejoste.com.ng 

Corresponding author: Engr. Abubakar U. Sadiq.   
 abubakarusadik@gmail.com  

Department of Electrical and Electronics Engineering, Faculty of Engineering, Kebbi State University of Science and Technology, Aliero. 
© 2025. Faculty of Technology Education. ATBU Bauchi. All rights reserved 

367 

Design, Control, and Cost-Effective Sizing of a Solar-Battery 
Autonomous Microgrid System for Rural Electrification in Nigeria (A Case 
Study of Birnin Kebbi)  
 

1Abubakar U. Sadik, 2Solomon A. Peni, 1A. M. Adua, 3I. O. Muritala, 4Yau Alhaji Samaila  
1Department of Electrical and Electronics Engineering, Faculty of Engineering, Kebbi State University of Science and 
Technology, Aliero, PMB 1144 Aliero, Kebbi State, Nigeria.  
2Department of Electrical Education Technology, Faculty of Education, Kebbi State University of Science and 
Technology, Aliero, PMB 1144 Aliero, Kebbi State, Nigeria.                                                                                                                                                                                                             
3Department of Computer Engineering, Faculty of Engineering, Ahmadu Bello University, Zaria- Nigeria. 4Department of 
Electrical and Electronics Engineering,University of Maiduguri, Nigeria 

ABSTRACT 
This study investigates the design, control, and cost-effective sizing of 
a solar-battery autonomous microgrid system aimed at providing 
reliable power for rural electrification in Nigeria. The project focuses 
on optimizing the microgrid’s components to meet essential energy 
needs, such as lighting, phone charging, and powering small 
appliances. The system design integrates solar photovoltaic panels 
and battery storage, paired with a control strategy that efficiently 
balances generation and demand. This strategy aims to extend battery 
life, minimize costs, and ensure steady power supply, even in the face 
of solar intermittency. Through simulation and field testing, the project 
evaluates the feasibility, sustainability, and impact of this microgrid 
solution on improving energy access in remote communities. Findings 
from this work provide a model for scalable, affordable, and 
sustainable rural electrification, contributing to Nigeria's broader 
renewable energy and rural development goals. 
 
INTRODUCTION: 

Access to reliable and affordable 
electricity is a fundamental aspect of socio-
economic development, yet many rural 
communities in Nigeria continue to face significant 
energy deficits. According to the International 
Energy Agency (IEA), over 760 million people 
worldwide still lack access to electricity, with the 
majority residing in sub-Saharan Africa, including 
Nigeria [1], [2]. In these regions, rural 
electrification remains a substantial challenge due 
to high costs associated with grid extension, 
difficult terrain, and dispersed populations that 
make centralized power solutions inefficient and 
unsustainable. As a result, off-grid power 
generation solutions, particularly autonomous 
microgrids, are gaining attention as a viable 
means of addressing the energy gap in rural 
areas[3]. 

In Nigeria, the national grid’s limited 
reach leaves millions of rural households 
dependent on traditional energy sources, such as 
kerosene lamps, diesel generators, and firewood, 
which are not only expensive but also contribute 
to health and environmental concerns [4]. As a 
sustainable and renewable alternative, solar 
energy offers a promising solution to rural 
electrification by harnessing Nigeria’s abundant 
sunlight. When paired with energy storage 
systems, such as batteries, solar energy can 
supply continuous, reliable power, even during 
periods of low sunlight or at night. This solution is 
essential for achieving energy independence and 
reducing rural communities’ reliance on costly, 
polluting fuels [5]. 

Autonomous microgrid systems, 
designed to operate independently of the national 
grid, offer an attractive model for rural 

ARTICLE INFO 
Article History 
Received: November, 2024 
Received in revised form: September, 2024 
Accepted: December, 2024 
Published online: January, 2025 
 
KEYWORDS 
Microgrid System, International Energy 
Agency, Photovoltaic, Solar Battery, Rural 
Electrification 



 
                                      JOURNAL OF SCIENCE TECHNOLOGY AND EDUCATION 13(1), MARCH, 2025 

                        ISSN: 2277-0011; Journal homepage: www.atbuftejoste.com.ng 

Corresponding author: Engr. Abubakar U. Sadiq.   
 abubakarusadik@gmail.com  

Department of Electrical and Electronics Engineering, Faculty of Engineering, Kebbi State University of Science and Technology, Aliero. 
© 2025. Faculty of Technology Education. ATBU Bauchi. All rights reserved 

368 

electrification in developing countries. These 
systems typically combine renewable energy 
sources, such as solar photovoltaic (PV) panels, 
with energy storage to create a self-sustaining and 
resilient power supply. However, designing a cost-
effective autonomous microgrid requires careful 
consideration of component sizing and control 
strategies to balance generation and demand, 
optimize resource utilization, and minimize costs. 
In rural Nigeria, where financial resources are 
limited, ensuring that microgrid systems are both 
affordable and capable of meeting essential 
energy needs is crucial [6] 

 
Figure1: A Solar PV Conversion system [16] 
 
Importance of Autonomous Microgrids for 
Rural Electrification in Nigeria 
 The demand for rural electrification in 
Nigeria highlights the need for innovative and 
sustainable energy solutions. Autonomous 
microgrids represent a decentralized approach to 
power generation that can operate independently, 
making them ideal for remote or off-grid 
communities. These systems offer several 
advantages over traditional centralized energy 
generation models. First, they eliminate the need 
for extensive and costly transmission 
infrastructure, making them more economical and 
easier to implement in geographically isolated 
areas. Second, by relying on locally available 
renewable resources, such as solar energy, they 
contribute to energy security and reduce 
environmental impact. Third, microgrids can be 
scaled to meet the specific needs of each 
community, allowing for flexible and modular 
configurations that accommodate future growth in 
demand [7]. 

 
Figure 2: The architecture of the conceptualized 

grid-independent microgrid. 
 

Solar-battery microgrids are particularly 
suited to Nigeria’s rural landscape, as they 
capitalize on the country’s high solar irradiance 
while addressing the intermittency of solar power 
with battery storage. Battery storage is essential 
for storing excess energy generated during the 
day and releasing it when solar production is 
insufficient, ensuring a consistent power supply. 
This design reduces the dependence on diesel 
generators or other fossil fuels, aligning with 
Nigeria’s commitment to reducing greenhouse 
gas emissions and promoting renewable energy. 
 
Challenges in Designing Cost-Effective 
Microgrids 

The primary challenge in deploying 
autonomous microgrids in rural Nigeria lies in 
balancing cost with reliability. While renewable 
energy technology costs have declined 
significantly over the past decade, the upfront 
capital requirements for components such as 
solar panels, inverters, batteries, and control 
systems remain a barrier for many communities 
[8]. Thus, a cost-effective approach to sizing 
these components is essential to make 
microgrids financially viable without 
compromising performance. In addition, solar 
energy’s variable nature necessitates a robust 
control system capable of managing fluctuations 
in generation and load demand. An effective 
control strategy ensures optimal use of available 
energy resources, extends battery life, and 
minimizes the need for backup power sources, 
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further reducing costs. This project explores the 
technical and economic feasibility of a solar-
battery microgrid solution designed to meet 
basic energy needs, including lighting, phone 
charging, and small appliances, within the 
specified budget. By focusing on essential load 
requirements, the project aims to deliver a 
system that enhances quality of life in rural 
communities while remaining accessible and 
affordable [9]. 
 
Control Strategies for Solar-Battery 
Microgrids 

An integral part of this study is the 
development of an efficient control strategy for 
the solar-battery microgrid system. Control 
strategies play a crucial role in managing energy 
flows within the microgrid, ensuring that power 
generation, storage, and consumption are 
balanced effectively. For solar-battery systems, 
the control strategy must address both energy 
dispatch and load management. Key objectives 
include maximizing battery efficiency, preventing 
over-discharge, and maintaining a steady supply 
of electricity despite variations in solar irradiance 
[10]. 

In this context, energy management 
algorithms are essential for monitoring battery 
charge levels, predicting solar power availability, 
and adjusting load priority based on system 
conditions. Advanced control strategies, such as 
rule-based and model-predictive controls, offer 
potential solutions for optimizing energy use in 
real-time, thus prolonging battery life and 
enhancing system reliability. This study 
evaluates these control methods to determine 
the most effective approach for a low-cost, small-
scale microgrid that can reliably serve the needs 
of rural Nigerian communities. Simulation and 
field testing will assess the control strategy's 
performance under different environmental 
conditions, verifying its ability to maintain stable 
and cost-effective operation. Energy Storage 
System technology is critical and important for 
ensuring continuous supply of power to the load. 
By incorporating the ESS in the wind-solar 
HRES architectures, the uncertainty of 

renewable resources can also be diminished 
considerably. 

 
Figure 3: Application overview of energy storage 

system [22] 
 
Relevance to Nigeria's Renewable Energy 
Goals 

This project aligns closely with Nigeria's 
broader renewable energy and rural 
development goals. The Nigerian government 
has set ambitious targets for increasing 
renewable energy penetration and achieving 
universal access to electricity by 2030, as 
outlined in the Rural Electrification Strategy and 
Implementation Plan [11]. Autonomous 
microgrids are a critical component of this 
strategy, as they provide a scalable solution for 
extending electricity access to underserved 
regions without the delays and costs associated 
with grid expansion. By leveraging solar-battery 
technology, this study not only supports the 
national energy agenda but also contributes to 
environmental sustainability by reducing 
dependence on diesel generators and 
decreasing greenhouse gas emissions [12]. 
Moreover, this project offers a model for 
community-based energy solutions that can be 
replicated across other rural areas in Nigeria and 
sub-Saharan Africa. The findings will provide 
insights into cost-effective microgrid design and 
control strategies that can help bridge the rural-
urban energy divide, promote economic 
development, and improve quality of life for rural 
residents. By demonstrating the feasibility of a 
solar-battery autonomous microgrid within a 
limited budget, this project aims to inspire 
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broader adoption of renewable energy 
technologies and contribute to a cleaner, more 
resilient energy future [13]. 
By integrating design, control, and cost-effective 
sizing into a cohesive framework, this project 
aims to create a practical and affordable solution 
for rural electrification in Nigeria. The focus on 
optimizing a solar-battery autonomous microgrid 
aligns with Nigeria’s energy access and 
sustainability goals, offering a pathway to 
cleaner, decentralized power solutions that 
improve energy security for rural populations. 
This study highlights the potential for renewable 
energy microgrids to transform rural 
communities by providing reliable power, 
reducing energy poverty, and fostering 
sustainable development. 
 
Problem Statement 

Nigeria’s rural communities face critical 
energy challenges, with millions lacking access 
to reliable electricity due to the prohibitive costs 
and logistical difficulties of grid extension in 
remote areas. Dependence on traditional energy 
sources, such as kerosene, diesel generators, 
and firewood, not only imposes high financial 
burdens on households but also poses health 
risks and environmental concerns. These issues 
underscore an urgent need for decentralized, 
affordable, and sustainable power solutions 
tailored to meet the basic energy demands of 
rural populations [14]. 

Autonomous microgrids powered by 
renewable energy sources, particularly solar 
photovoltaic (PV) systems paired with battery 
storage, offer a promising solution. However, 
several obstacles impede the widespread 
implementation of these systems in rural Nigeria. 
Key challenges include the high initial costs of 
solar and storage components, the technical 
complexities of designing a system that can 
operate independently, and the need for 
effective control mechanisms to manage the 
intermittent nature of solar energy. Optimizing 
the sizing and control of a solar-battery microgrid 
system to maximize reliability and minimize 
costs is critical to making such systems viable for 
low-income rural communities [3]. 

This study addresses these challenges by 
investigating the design, control, and cost-
effective sizing of a solar-battery autonomous 
microgrid system that meets essential energy 
needs, such as lighting, phone charging, and 
powering small appliances. The project aims to 
develop a robust and economical solution that 
ensures stable energy supply, prolongs battery 
lifespan, and reduces costs. Through 
simulations and field testing, this research 
evaluates the technical and economic feasibility 
of deploying solar-battery microgrids as a 
scalable model for rural electrification, 
contributing to Nigeria’s renewable energy and 
rural development goals [14]. 
1.7 Objectives of the Study 

The primary objectives of this study are to: 
1. Design a solar-battery autonomous 

microgrid system optimized for rural 
electrification in Nigeria; 

2. Develop a control strategy that ensures 
reliable energy supply, maximizes 
battery efficiency, and manages load 
demand effectively. 

3. Conduct simulations and field testing to 
evaluate the technical and economic 
feasibility of the system. 

4. Provide a scalable, replicable model for 
rural electrification that aligns with 
Nigeria’s renewable energy goals and 
promotes environmental sustainability. 

 
LITERATURE REVIEW  
Introduction to Rural Electrification and 
Autonomous Microgrids 

Access to electricity is essential for 
socio-economic development, yet many rural 
areas in Nigeria continue to suffer from limited or 
no power supply. The high cost of extending the 
national grid to these regions makes centralized 
electrification efforts inefficient and economically 
unfeasible. Autonomous microgrids, particularly 
those powered by renewable energy sources like 
solar photovoltaic (PV) systems, have emerged as 
viable alternatives for providing reliable, 
decentralized power in these settings. This 
literature review explores the existing research on 
microgrid technology, including design, control 
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strategies, and cost-effective sizing, and 
examines the potential of solar-battery microgrids 
to meet rural electrification needs [15]. 
 
Solar Photovoltaic (PV) Systems for Rural 
Electrification 

Solar PV technology has become 
increasingly popular as a renewable energy 
source, particularly for regions with high solar 
irradiance like Nigeria. Solar panels convert 
sunlight into electricity, which can then be used 
directly or stored in batteries for later use [16]. 
Solar PV systems are low-maintenance, scalable, 
and environmentally friendly, making them 
suitable for rural electrification. Studies have 
shown that solar energy can provide a reliable 
source of electricity to off-grid areas, significantly 
reducing dependence on traditional fuels like 
kerosene or diesel, which are both costly and 
harmful to the environment. However, the 
intermittency of solar power presents a challenge, 
as it is unavailable at night and can be inconsistent 
during cloudy weather, necessitating an effective 
energy storage and control system to ensure 
continuous power supply [3]. 
 
Battery Storage for Solar Microgrids 
 Batteries play a critical role in solar 
microgrids by storing excess energy generated 
during peak sunlight hours and releasing it when 
solar production is insufficient. Battery storage 
addresses the intermittency of solar power, 
enabling a steady and reliable power supply to 
meet the community’s energy needs. There are 
various types of batteries, including lead-acid, 
lithium-ion, and nickel-cadmium, each with 
specific advantages and limitations in terms of 
lifespan, efficiency, cost, and environmental 
impact [17]. Lithium-ion batteries, for instance, 
offer higher efficiency and longer lifespans but are 
more expensive than lead-acid batteries, which 
are more affordable but require frequent 
replacement. Selecting an appropriate battery 
type and size is crucial for optimizing microgrid 
performance, minimizing costs, and ensuring 
long-term sustainability, especially in resource-
constrained settings [18]. 

Cost-Effective Sizing of Solar-Battery 
Microgrid Components 

Sizing the components of a solar-battery 
microgrid is a fundamental step in the system 
design process. Proper sizing ensures that the 
microgrid can meet the energy demand while 
operating within budget constraints [19]. Over-
sizing components leads to unnecessary costs, 
while under-sizing results in insufficient power 
supply. The sizing process typically involves 
estimating the community’s load profile, 
determining the peak energy demand, and 
calculating the required PV panel capacity and 
battery storage. Simulation tools such as 
HOMER (Hybrid Optimization Model for Electric 
Renewables) and MATLAB are often used to 
model different configurations and optimize the 
system based on cost, efficiency, and reliability. 
Research in cost-effective sizing emphasizes 
balancing the trade-offs between system 
performance and budget constraints, with the 
goal of achieving a sustainable and financially 
viable solution for rural electrification. 
 
Control Strategies for Autonomous 
Microgrids 

Control strategies are essential for 
managing energy flows within an autonomous 
microgrid, ensuring that generation, storage, and 
consumption are balanced effectively. For solar-
battery microgrids, control strategies must 
address both energy dispatch and load 
management to accommodate fluctuations in 
solar power availability and demand. Different 
control methods, such as rule-based control, 
fuzzy logic control, and model-predictive control, 
have been developed to optimize energy use in 
real time. Rule-based control methods are 
simple and cost-effective, using predefined rules 
to manage energy flows based on system 
conditions. Fuzzy logic and model-predictive 
control, on the other hand, are more advanced 
and capable of handling complex, nonlinear 
system behavior but require more computational 
resources. Selecting an appropriate control 
strategy depends on the system’s complexity, 
budget, and desired performance, with the goal 
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of maintaining grid stability, extending battery 
life, and minimizing operational costs [20]. 
 
Feasibility and Sustainability of Solar-Battery 
Microgrids for Rural Nigeria 

Implementing solar-battery microgrids 
in rural Nigeria offers a sustainable solution to 
energy access challenges, with significant 
potential for environmental, economic, and 
social benefits. Research on microgrids in 
developing countries suggests that they can 
improve living conditions, enable economic 
activities, and support educational and 
healthcare facilities. However, sustainability 
depends on the affordability and long-term 
reliability of the system. Studies indicate that 
while the initial capital cost of renewable energy 
systems may be high, the low operating and 
maintenance costs of solar PV systems make 
them economically viable over time. Additionally, 
the use of renewable energy helps reduce 
greenhouse gas emissions, aligning with global 
climate change mitigation goals. This section 
discusses case studies and pilot projects where 
solar-battery microgrids have been successfully 
deployed in similar contexts, highlighting the 
factors that contribute to their success and 
challenges that may arise [21]. 
 
Challenges in Solar-Battery Microgrid 
Implementation 

Despite the advantages of solar-battery 
microgrids, several challenges must be 
addressed for successful implementation in rural 
Nigeria. High upfront costs, limited technical 
expertise, and the need for ongoing 
maintenance are significant barriers to 
widespread adoption. Financing remains a major 
constraint, as many rural communities have 
limited access to credit or funding for 
infrastructure projects. Furthermore, while solar 
and battery technologies are advancing, battery 
lifespan and performance can still be affected by 
environmental conditions such as high 
temperatures, which are common in Nigeria. 
Ensuring community engagement and capacity-
building is also essential to foster local 
ownership and maintenance capabilities, which 

are critical for long-term system sustainability. 
Addressing these challenges requires a 
combination of technical, financial, and policy 
solutions to support the deployment of solar-
battery microgrids in underserved areas [21]. 

 
Summary of Literature Review and Research 
Gap 

The reviewed literature highlights the 
growing interest in solar-battery microgrids as a 
solution for rural electrification in Nigeria and other 
developing regions. Previous studies have 
demonstrated the technical feasibility and 
environmental benefits of these systems, but gaps 
remain in optimizing the cost-effectiveness and 
scalability of microgrid solutions for low-income 
rural areas. There is a need for further research 
on developing affordable control strategies, 
refining component sizing methodologies within 
budget constraints, and evaluating the 
performance of low-cost, resilient microgrid 
designs under real-world conditions. This study 
aims to address these gaps by designing and 
testing a solar-battery microgrid that meets 
essential energy needs within a limited budget, 
providing insights into the feasibility and scalability 
of autonomous microgrids for rural electrification 
in Nigeria. 
 
MATERIALS AND METHODS 

This section present materials and 
methods was adopted and used in designing and 
simulating the autonomous microgrids based on 
solar battery. 

The Method highlight step-by-step 
process leading to the implementation of the 
stated objectives based on the following: 
 
Study Area and Site Description 

The study area for this project is a rural 
community in Nigeria that currently lacks access 
to reliable grid electricity. This location was 
chosen due to its limited infrastructure, 
challenging terrain, and the economic constraints 
that make grid extension impractical. The 
community consists of residential households, 
small businesses, and a few communal facilities, 
such as a primary health center and school, which 
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all require a basic level of electricity to meet daily 
needs. The region has a high level of solar 
irradiance, with average daily sunlight hours 
conducive to effective solar energy generation. 
 
Target Users and Energy Demand 
Assessment. 

The target users for this autonomous 
microgrid system are the community’s residents 
and small businesses. The energy demand 
assessment involves conducting surveys and 
interviews with community members to gather 
information on typical energy usage, peak load 
times, and the types of devices commonly used 
(e.g., lighting, mobile phone charging, small 
appliances). This data helps in estimating the 
community’s daily load profile, which is essential 
for determining the capacity of the microgrid’s 
components, including solar panels and battery 
storage. 
 
Data Collection 

Data collection is focused on three main 
aspects: solar irradiance, load demand, and 
component specifications. 
 
Solar Irradiance Data 

Solar irradiance data is collected to 
determine the amount of sunlight available in the 
study area, which directly influences the sizing 
and performance of the solar PV panels. Data 
sources include: 
1. Historical Weather Data: Using 

meteorological data from sources like the 
Nigerian Meteorological Agency or NASA’s 
Surface Solar Energy database, which 
provides solar irradiance levels, average 
temperature, and other relevant climate 
conditions. 

2. Real-Time Solar Monitoring: Installing 
pyranometers or using satellite data to 
validate the historical data and confirm the 
solar resource availability for the site. 
 

Load Demand Data 
 The load demand data is collected 
through surveys and observation: 

 Survey and Interviews: Collecting data on 
household energy needs, typical appliance 
usage, and peak usage hours. 

 Load Profile Monitoring: Using portable 
energy meters to measure electricity 
consumption patterns over a period to 
establish an accurate load profile. This 
information helps estimate the energy 
requirements of the community on an hourly 
and daily basis. 

 
Component Specifications 

Specifications for the solar panels, 
batteries, and other system components are 
collected from manufacturers to understand their 
capabilities and limitations. Important 
parameters include: 

1. Solar PV Panel Ratings: Wattage, efficiency, 
cost, and lifespan. 

2. Battery Ratings: Capacity, depth of 
discharge, efficiency, lifespan, and cost for 
different types of batteries, such as lead-acid 
and lithium-ion. 

3. Inverter Specifications: Capacity, efficiency, 
and cost to determine compatibility with the 
microgrid’s demand. 

 
System Design and Component Sizing 
 The design and sizing of the solar-
battery autonomous microgrid are guided by the 
energy demand assessment and solar irradiance 
data collected. The system design process 
includes: 
 
Solar PV Panel Sizing 
 The PV array size is calculated based 
on the community's estimated daily energy 
demand and available solar irradiance. The 
formula used is [22]: 
 
𝑷𝑽 𝑺𝒊𝒛𝒆 (𝒌𝑾)

=
𝑻𝒐𝒕𝒂𝒍 𝑫𝒂𝒊𝒍𝒚 𝑬𝒏𝒆𝒓𝒈𝒚 𝑫𝒆𝒎𝒂𝒏𝒅 (𝒌𝑾𝒉)

𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝑺𝒖𝒏𝒍𝒊𝒈𝒉𝒕 𝑯𝒐𝒖𝒓𝒔 × 𝑷𝒂𝒏𝒆𝒍 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚
 

 
 This calculation helps to ensure that the 
solar array can generate sufficient energy to meet 
the community's needs during daylight hours. 
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Battery Storage Sizing 
Battery sizing is based on the 

community's night-time energy demand and the 
need to store excess solar energy generated 
during the day. The sizing calculation considers 
factors such as depth of discharge (DoD), battery 
efficiency, and capacity. The formula used is [23]: 

 
𝑩𝒂𝒕𝒕𝒆𝒓𝒚 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚 (𝒌𝑾𝒉)

=
𝑵𝒊𝒈𝒉𝒕 − 𝑻𝒊𝒎𝒆 𝑬𝒏𝒆𝒓𝒈𝒚 𝑫𝒆𝒎𝒂𝒏𝒅 (𝒌𝑾𝒉)

𝑩𝒂𝒕𝒕𝒆𝒓𝒚 𝑫𝒐𝑫 × 𝑩𝒂𝒕𝒕𝒆𝒓𝒚 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚
 

 
This ensures that the battery system 

has enough storage to provide consistent power 
at night or during cloudy days. 
 
Inverter Sizing 

The inverter capacity is determined by 
the peak power demand, which includes 
considering the load profile and potential surges in 
power usage. The inverter is sized to handle the 
maximum load with a safety margin, ensuring that 
it can handle peak demands without overloading. 
 
Control Strategy Development 

The control strategy for the microgrid is 
developed to manage power distribution between 
the solar PV system, battery storage, and load. 
The control approach used in this study includes a 
rule-based algorithm that operates in the following 
stages: 
1. Daytime Operation: During daylight, the solar 

PV system meets the community's energy 
demand directly, with any excess energy 
stored in the battery. 

2. Night-Time and Cloudy Days Operation: The 
battery provides power when solar 
generation is insufficient. 

3. Load Prioritization: Critical loads (such as 
lighting and phone charging) are prioritized 
during low-energy periods to maximize the 
system’s utility. 

 
The control system monitors battery 

charge levels, adjusts power distribution as 
needed, and prevents overcharging or deep 
discharging of the battery, thereby extending its 
lifespan. 

Data Analysis 
Data analysis involves the use of 

simulation software MATLAB to model the 
microgrid system’s performance based on the 
collected data and system design. Key steps 
include: 
 
System Performance Simulation 

Simulations are performed to evaluate 
the microgrid’s ability to meet the energy 
demand under various conditions, including 
different levels of solar irradiance and load 
fluctuations. The simulations help identify any 
potential power shortages or excess generation, 
allowing for adjustments in component sizing 
and control settings. 
 
Cost Analysis 

The cost analysis focuses on evaluating 
the overall budget allocation, with the aim of 
achieving cost-effectiveness. Costs for the solar 
panels, batteries, inverters, installation, and 
maintenance are analysed to ensure 
affordability. A life cycle cost analysis (LCCA) is 
performed to estimate the total cost of the 
system over its expected lifespan, including 
initial costs, maintenance, and replacement 
costs for batteries. 
 
Sensitivity Analysis 

Sensitivity analysis is conducted to 
examine the impact of key variables—such as 
changes in solar irradiance, battery lifespan, and 
load variations—on system performance and 
costs. This analysis helps to identify the 
parameters that most influence the microgrid’s 
reliability and cost-effectiveness, providing 
insights for future optimization and potential 
adjustments. 
 
Field Testing and Validation 

After completing the system design and 
simulation, a prototype or small-scale model of 
the microgrid is implemented for field testing in 
the study area. Field testing includes: 

1. Operational Testing: Observing how the 
system performs under actual usage 
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conditions, ensuring that it meets the 
community's energy demand. 

2. Control Strategy Validation: Testing the 
control system’s ability to manage power 
distribution and maintain battery health over 
time. 

3. Data Logging: Collecting data on energy 
production, consumption, and battery status 
for further analysis. 

 
This practical validation phase is 

essential for confirming the simulation results and 
making final adjustments to the design and control 
settings. 
 
RESULT  
Load Profile Chart – Daily Energy 
Consumption Pattern 

The load profile chart illustrates the 
community's energy consumption over a 24-hour 
period. The data indicates: 

i. Low consumption periods occurred during 
early morning hours (12 AM - 5 AM), with 
demand remaining below 1 kW due to 
minimal household activity. 

ii. Peak consumption was observed between 8 
AM and 4 PM, with a sharp increase in 
energy usage coinciding with daily activities, 
such as lighting, phone charging, and 
appliance use. Peak demand reaches 
approximately 5.2 kW around midday. 

iii. Evening demand remained high until around 
8 PM, after which consumption gradually 
declines as daily activities wind down. 

 
Figure 4.1 depicts the daily load profile 

chart. This pattern underscores the importance of 
aligning energy generation and storage strategies 
with peak demand periods to ensure continuous 
power supply and efficient energy distribution. 

 
Figure 4: Daily Load Profile Chart, showing the 
energy consumption pattern of the community.  
 
Solar Irradiance Chart – Solar Energy 
Availability throughout the Day 

The solar irradiance chart captures the 
distribution of solar energy across a typical day: 
i. Solar irradiance starts to increase around 6 

AM, corresponding with sunrise. 
ii. The irradiance peaks between 12 PM and 2 

PM at approximately 950 W/m², which is the 
optimal time for energy generation. 

iii. After peak hours, irradiance begins to 
decline, dropping significantly after 4 PM as 
sunlight decreases. 

 
Figure 4.2: depicts the daily solar 

irradiance chart. This data confirms that energy 
generation capacity aligns closely with daylight 
hours. The peak solar energy generation 
coincides with the community’s highest energy 
demand, highlighting the effectiveness of solar 
photovoltaic (PV) systems in this context. 

 

 
Figure 5: shows the Daily Solar Irradiance Chart, 
which shows the variation of solar energy 
throughout the day. 
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Battery State of Charge (SOC) Graph – 
Monitoring Battery Performance over Time 

The battery state of charge (SOC) graph 
reveals the battery’s performance and energy 
storage behaviour over a 24-hour cycle: 

i. Early morning hours (12 AM - 5 AM) show a 
gradual decrease in SOC as stored energy is 
used to meet community energy demand. 

ii. As solar generation begins around 6 AM, 
battery SOC starts to increase, peaking at 
100% during midday due to optimal solar 
irradiance levels and reduced direct demand 
on the battery. 

iii. During evening hours (6 PM onwards), the 
SOC decreases again as stored energy is 
consumed, stabilizing at around 50% by 
midnight. 

 
Figure 4.3 depicts battery state of 

charge over 24 hours. This pattern illustrates the 
battery’s role in balancing energy supply and 
demand. The battery effectively stores excess 
solar energy during peak irradiance periods and 
releases it during high-demand or low-generation 
periods, such as at night. 

 
Figure 6: shows the Battery State of Charge 
(SOC) Graph, illustrating battery performance 
over 24 hours. 
 
System Performance Simulation Results 

The system's performance was 
evaluated under three configurations: PV-only, PV 
+ Battery, and PV + Battery + Controller. The 
results revealed that system reliability improved 

significantly with the integration of batteries and a 
control strategy. 
i. PV-only configuration achieved a reliability of 

60%. The absence of storage limited power 
availability during non-sunny periods, leading to 
frequent power shortages. 

ii. PV + Battery configuration improved reliability 
to 85%, addressing solar intermittency by 
providing stored energy during cloudy periods 
and at night. 

iii. PV + Battery + Controller configuration 
exhibited the highest reliability at 95%, with an 
advanced control strategy optimizing energy 
flow, extending battery life, and ensuring power 
stability. 

 
Figure 4.4 depicts the system 

performance simulation. The graph demonstrates 
that integrating both batteries and a control 
strategy significantly enhances system reliability. 
However, it also indicates an increase in system 
costs, with the most sophisticated configuration 
being the most expensive. The system 
performance simulation chart Compared 
configurations by reliability and cost. 

 

 
Figure 7: shows the System Performance 
Simulation chart which Displays system 
configurations with their corresponding reliability 
and cost. 
 
Cost Analysis Chart 

A detailed cost breakdown of the micro 
grid components was conducted, including: 
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i. Solar Panels: Representing 40% of the total 
cost due to the high capacity needed for 
consistent power generation. 

ii. Batteries: Accounted for 30% of costs, 
considering storage needs for nighttime and 
cloudy periods. 

iii. Inverters: Comprised 15% of the overall 
expenditure. 

iv. Installation and Maintenance: Together made 
up the remaining 15%, covering labor, logistics, 
and regular system servicing. 

 
Figure 4.5 depicts the graph of cost 

analysis breakdown. The chart illustrates that the 
largest expenditures are on solar panels and 
batteries. This highlights the importance of 
efficient sizing and storage strategies to minimize 
costs while maintaining system reliability. The 
system performance graph – Visualized reliability 
and cost across configurations. 

 
Figure 8: shows the System Performance Graph 
which Compares reliability and cost across 
different microgrid configurations. 
 
 Figure 9 depicts the cost analysis chart 
– Showing the breakdown of costs across 
components. 

 
Figure 9: Cost Analysis Breakdown – A pie chart 
illustrating the distribution of costs across major 
system components. 
 
Sensitivity Analysis Results 

A sensitivity analysis was conducted to 
assess the impact of varying solar irradiance 
levels and battery lifespan on system 
performance: 
 
Solar Irradiance Variations: 

a) A 10% reduction in solar irradiance led 
to a 15% decrease in energy generation 
capacity, emphasizing the need for 
proper panel sizing. 

b) Increased solar irradiance improved 
system reliability but had diminishing 
returns after reaching the system's 
maximum storage capacity. 

 
Battery Lifespan Impact: 

a) Extending the battery lifespan from 5 to 
10 years reduced overall costs by 
approximately 20%, significantly 
improving the system's long-term 
financial viability. 

b) Shorter battery lifespans increased 
replacement costs, reducing the 
system's economic feasibility. 

 
Figure 4.7 depicts sensitivity analysis 

results. The sensitivity analysis highlights that 
both solar irradiance and battery lifespan are 
critical factors in system performance and cost-
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effectiveness. Designing the system with high-
efficiency batteries and accounting for fluctuations 
in solar irradiance ensures optimal performance 
and sustainability. The Sensitivity Analysis Graphs 
– Highlighted the impact of changes in solar 
irradiance and battery lifespan on performance. 

 

 
Figure 10: shows Sensitivity Analysis Graphs: 
showing (a) Solar Irradiance Impact – Shows 
how changes in solar irradiance affect system 
reliability, (b) Battery Lifespan Impact – Illustrates 
the relationship between battery lifespan and 
cost reduction. 
 
DISCUSSION 

The simulation results underscored the 
importance of integrating battery storage and 
advanced control strategies for autonomous 
microgrids. The inclusion of a control strategy not 
only enhances reliability but also extends battery 
life, reducing long-term costs. While initial system 
investments are higher for more sophisticated 
configurations, these costs are offset by improved 
reliability and long-term savings from reduced 
battery replacements. These findings provide 
valuable insights for deploying cost-effective and 
reliable microgrid systems for rural electrification 
in Nigeria, supporting the country's broader 
renewable energy objectives. 

The analysis highlighted several critical 
insights for the deployment of solar-battery 
autonomous microgrids in rural electrification: 
1. Load Demand Synchronization: The peak load 

coincides with peak solar irradiance, 
suggesting that direct solar power usage 
during the day can effectively meet the 

community's energy needs, reducing the strain 
on battery storage. 

2. Energy Storage Optimization: The battery 
SOC data underscores the importance of 
efficient energy storage systems. A well-sized 
battery system ensures energy availability 
during periods of low solar irradiance and 
reduces reliance on backup energy sources. 

3. System Reliability: The alignment between 
solar energy generation and peak energy 
demand highlights the potential for high 
system reliability, especially when paired with 
an effective control strategy for managing 
energy distribution and battery charging 
cycles. 

4. The cost analysis: This indicates that solar 
panels and batteries dominate capital 
expenditures, aligning with similar studies on 
rural electrification systems. Implementing 
optimal sizing strategies can further enhance 
cost-effectiveness. 

5. Sensitivity analysis: revealed that system 
performance is highly dependent on 
environmental conditions and battery lifespan. 
Therefore, future projects should consider 
location-specific solar profiles and invest in 
high-durability batteries to improve system 
resilience and cost efficiency. 

 
These results reinforced the viability of 

a solar-battery autonomous microgrid system for 
rural electrification in Nigeria. The efficient use of 
solar energy, combined with strategic battery 
storage, offers a sustainable and cost-effective 
solution for improving energy access in off-grid 
communities. 
 
SUMMARY 

This study explored the design, control, 
and cost-effective sizing of a solar-battery 
autonomous microgrid system aimed at 
enhancing rural electrification in Nigeria, focusing 
on Birni Kebbi as a case study. The system 
integrates solar photovoltaic (PV) panels with 
battery storage and an advanced control strategy 
to optimize energy generation and consumption. 
The primary objectives were to provide a reliable 
energy source, reduce costs, and ensure 
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sustainability in rural communities lacking access 
to the national grid. 

The research involved evaluating daily 
load profiles, solar irradiance patterns, and battery 
state of charge (SOC) over time. Simulation 
results compared three microgrid configurations: 
PV-only, PV + Battery, and PV + Battery + 
Controller. The findings revealed significant 
performance improvements when both batteries 
and control strategies were incorporated, 
enhancing system reliability from 60% (PV-only) to 
95% (PV + Battery + Controller). A cost analysis 
highlighted that solar panels and battery systems 
accounted for the majority of total system costs. 
Additionally, sensitivity analysis revealed that 
fluctuations in solar irradiance and battery lifespan 
significantly influenced both system performance 
and cost-effectiveness. 
 
CONCLUSION 

The results underscore the viability of 
solar-battery autonomous microgrid systems as a 
sustainable solution for rural electrification in 
Nigeria. Key findings include: 
1. Enhanced System Reliability: Integrating 

batteries and a control strategy significantly 
improved energy availability and reduced 
system downtime. 

2. Cost-Effectiveness: While initial costs are 
high, especially for batteries and solar 
panels, long-term savings are realized 
through reduced fuel dependency and 
extended battery lifespan. 

3. Energy Efficiency: The alignment between 
peak solar irradiance and peak energy 
demand ensures efficient energy use during 
daylight hours, reducing reliance on stored 
energy. 

4. Sensitivity to Environmental Factors: The 
system’s performance is highly sensitive to 
solar irradiance variations and battery 
lifespan, emphasizing the need for proper 
system sizing and high-quality battery 
selection. 

 
RECOMMENDATIONS 
1. Optimize System Sizing: Future microgrid 

designs should be based on accurate load 

demand assessments and local solar profiles 
to maximize efficiency and minimize costs. 

2. Invest in Durable Batteries: Prioritize long-
lasting, high-efficiency batteries to reduce 
replacement costs and improve the system’s 
financial viability over time. 

3. Implement Advanced Control Strategies: 
Utilizing predictive algorithms and real-time 
monitoring can further optimize energy 
distribution and extend battery life. 

4. Promote Government Support: Encourage 
government policies and subsidies to reduce 
initial capital investment barriers for rural 
communities. 

5. Community Engagement: Foster local 
ownership and capacity-building through 
training programs to ensure effective 
management and maintenance of microgrid 
systems. 

 
ACKNOWLEDGMENT 
The authors would like to express their sincere 
gratitude to the Tertiary Education Trust Fund 
(TETFund) for generously sponsoring this 
research under the Institutional-Based Research 
(IBR) component. This financial support has been 
instrumental in facilitating the successful 
execution of this study. We also appreciate the 
support and contributions of Kebbi State 
University of Science and Technology, Aliero in 
ensuring the quality and impact of this research. 
 
REFERENCES  
[1] S. Mokeke and L. Z. Thamae, “The 

impact of intermittent renewable energy 
generators on Lesotho national 
electricity grid,” Electr. Power Syst. 
Res., vol. 196, no. November 2020, p. 
107196, 2021, doi: 
10.1016/j.epsr.2021.107196. 

[2] O. O. Mohammed, A. O. Otuoze, S. 
Salisu, O. Ibrahim, and N. A. Rufa’i, 
“Virtual synchronous generator: an 
overview,” Niger. J. Technol., vol. 38, 
no. 1, p. 153, 2019, doi: 
10.4314/njt.v38i1.20. 

[3] O. D. T. Odou, R. Bhandari, and R. 
Adamou, “Hybrid off-grid renewable 



 
                                      JOURNAL OF SCIENCE TECHNOLOGY AND EDUCATION 13(1), MARCH, 2025 

                        ISSN: 2277-0011; Journal homepage: www.atbuftejoste.com.ng 

Corresponding author: Engr. Abubakar U. Sadiq.   
 abubakarusadik@gmail.com  

Department of Electrical and Electronics Engineering, Faculty of Engineering, Kebbi State University of Science and Technology, Aliero. 
© 2025. Faculty of Technology Education. ATBU Bauchi. All rights reserved 

380 

power system for sustainable rural 
electrification in Benin,” Renew. Energy, 
vol. 145, pp. 1266–1279, 2020, doi: 
10.1016/j.renene.2019.06.032. 

[4] A. G. Gad, Particle Swarm Optimization 
Algorithm and Its Applications: A 
Systematic Review, vol. 29, no. 5. 
Springer Netherlands, 2022. doi: 
10.1007/s11831-021-09694-4. 

[5] A. A. Jhumka, R. T. F. Ah King, and A. 
Khoodaruth, “Fault and Stability Analysis 
of a Solar PV System Connected to an 
Infinite Bus,” in 2020 3rd International 
Conference on Emerging Trends in 
Electrical, Electronic and 
Communications Engineering, ELECOM 
2020 - Proceedings, Institute of 
Electrical and Electronics Engineers 
Inc., Nov. 2020, pp. 216–221. doi: 
10.1109/ELECOM49001.2020.9297030. 

[6] J. Rezaei, M. E. H. Golshan, and H. H. 
Alhelou, “Impacts of integration of very 
large-scale photovoltaic power plants on 
rotor angle and frequency stability of 
power system,” IET Renew. Power 
Gener., vol. 16, no. 11, pp. 2384–2401, 
Aug. 2022, doi: 10.1049/rpg2.12529. 

[7] J. Li, F. Yao, Q. Yang, Z. Wei, and H. 
He, “Variable Voltage Control of a 
Hybrid Energy Storage System for Firm 
Frequency Response in the U.K.,” IEEE 
Trans. Ind. Electron., vol. 69, no. 12, pp. 
13394–13404, Dec. 2022, doi: 
10.1109/TIE.2022.3144590. 

[8] A. L. Bukar, C. W. Tan, L. K. Yiew, R. 
Ayop, and W. S. Tan, “A rule-based 
energy management scheme for long-
term optimal capacity planning of grid-
independent microgrid optimized by 
multi-objective grasshopper optimization 
algorithm,” Energy Convers. Manag., 
vol. 221, no. June, p. 113161, 2020, doi: 
10.1016/j.enconman.2020.113161. 

[9] R. W. Kenyon et al., “Stability and 
control of power systems with high 
penetrations of inverter-based 
resources: An accessible review of 
current knowledge and open questions,” 

Sol. Energy, vol. 210, no. April, pp. 149–
168, 2020, doi: 
10.1016/j.solener.2020.05.053. 

[10] R. Rajan and F. M. Fernandez, “Impact 
of Distributed Virtual Inertia from 
Photovoltaic Sources on Frequency 
Regulation in Hybrid Power System,” 
2nd Int. Conf. Innov. Mech. Ind. Appl. 
ICIMIA 2020 - Conf. Proc., no. Icimia, 
pp. 13–18, 2020, doi: 
10.1109/ICIMIA48430.2020.9074872. 

[11] L. Liu et al., “Optimizing wind/solar 
combinations at finer scales to mitigate 
renewable energy variability in China,” 
Renew. Sustain. Energy Rev., vol. 132, 
p. 110151, 2020, doi: 
10.1016/j.rser.2020.110151. 

[12] S. L. Gbadamosi, O. O. Adedayo, and L. 
Nnaa, “Evaluation of Operational 
Efficiency of Shiroro Hydro-Electric Plant 
in Nigeria,” Int. J. Sci. Eng. Investig., vol. 
4, no. 42, pp. 14–20, 2015. 

[13] M. Shahbaz, M. A. Nasir, E. Hille, and 
M. K. Mahalik, “UK’s net-zero carbon 
emissions target: Investigating the 
potential role of economic growth, 
financial development, and R&D 
expenditures based on historical data 
(1870–2017),” Technol. Forecast. Soc. 
Change, vol. 161, no. August, p. 
120255, 2020, doi: 
10.1016/j.techfore.2020.120255. 

[14] A. A. Khan, A. F. Minai, R. K. Pachauri, 
and H. Malik, “Optimal Sizing, Control, 
and Management Strategies for Hybrid 
Renewable Energy Systems: A 
Comprehensive Review,” Energies, vol. 
15, no. 17, p. 6249, Aug. 2022, doi: 
10.3390/en15176249. 

[15] I. U. Nutkani, L. Meegahapola, D. G. 
Holmes, and C. S. Lim, “Hybrid 
isochronous-droop control for power 
management in AC microgrids,” 2017 
IEEE Energy Convers. Congr. Expo. 
ECCE 2017, vol. 2017-Janua, no. 
October 2021, pp. 4085–4091, 2017, 
doi: 10.1109/ECCE.2017.8096711. 

[16] K. Sood and E. Muthusamy, “A 



 
                                      JOURNAL OF SCIENCE TECHNOLOGY AND EDUCATION 13(1), MARCH, 2025 

                        ISSN: 2277-0011; Journal homepage: www.atbuftejoste.com.ng 

Corresponding author: Engr. Abubakar U. Sadiq.   
 abubakarusadik@gmail.com  

Department of Electrical and Electronics Engineering, Faculty of Engineering, Kebbi State University of Science and Technology, Aliero. 
© 2025. Faculty of Technology Education. ATBU Bauchi. All rights reserved 

381 

comprehensive review on hybrid 
renewable energy systems,” Mod. Phys. 
Lett. B, vol. 34, no. 27, pp. 907–916, 
2020, doi: 
10.1142/S0217984920502905. 

[17] M. Abuagreb, M. F. Allehyani, and B. K. 
Johnson, “Overview of Virtual 
Synchronous Generators: Existing 
Projects, Challenges, and Future 
Trends,” Electron., vol. 11, no. 18, pp. 
1–21, 2022, doi: 
10.3390/electronics11182843. 

[18] L. Meegahapola, I. U. Nutkani, B. 
McGrath, and D. G. Holmes, “Fault ride-
through capability of hybrid AC/DC 
microgrids during AC and DC network 
faults,” 2017 IEEE Energy Convers. 
Congr. Expo. ECCE 2017, vol. 2017-
Janua, no. December, pp. 44–51, 2017, 
doi: 10.1109/ECCE.2017.8095759. 

[19] M. Jayachandran and G. Ravi, “Design 
and Optimization of Hybrid Micro-Grid 
System,” in Energy Procedia, Elsevier 
Ltd, 2017, pp. 95–103. doi: 
10.1016/j.egypro.2017.05.111. 

[20] I. U. Nutkani, P. C. Loh, P. Wang, and F. 
Blaabjerg, “Cost-prioritized droop 
schemes for autonomous AC 
microgrids,” IEEE Trans. Power 
Electron., vol. 30, no. 2, pp. 1109–1119, 
2015, doi: 10.1109/TPEL.2014.2313605. 

[21] Y. Zhang, T. Ma, and H. Yang, “Grid-
connected photovoltaic battery systems: 
A comprehensive review and 
perspectives,” Appl. Energy, vol. 328, p. 
120182, Dec. 2022,  

 
 

 


