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Abstract—

The research work provides a comprehensive overview of
the challenges and opportunities in the current energy
landscape, particularly focusing on the role of microgrids in
addressing the issues associated with the increasing energy
demand, population  growth, and  technological
advancements. The review addresses the rapid urbanization
and population growth, coupled with technological
advancements, have indeed led to an upsurge in energy
demand globally. As suburban areas expand quickly, the
demand for electricity in these regions rises, and traditional
power grids may struggle to keep up with the increasing load.
The mismatch between energy demand and generation poses
a significant challenge. This can lead to power systems
operating close to their limits, making them susceptible to
disturbances and outages. The vulnerability of power system
models to disturbances highlights the need for more resilient
and adaptive energy solutions. Therefore optimal renewable-
based microgrids are proposed as a promising alternative to
reduce dependency on centralized power grids. Microgrids
can enhance energy reliability, efficiency, and sustainability,
particularly in areas where traditional grid infrastructure is
lacking. Microgrids are identified as a solution for rural
electrification, addressing both economic feasibility and
long-term stability. The study aims to review the techno-
economic aspects of microgrids, including the sizing and
integration of Renewable Energy Sources (RES). The review
addresses research gaps and implies a need for further
exploration and development in microgrid-based energy
management systems. Identifying and addressing these gaps
will contribute to the effectiveness and efficiency of rural
electrification. In summary, the study aims to provide a
review summary of insights into the challenges and solutions
associated with rural electrification through microgrids,
emphasizing the importance of renewable energy sources and
efficient energy management techniques. This research is
crucial for addressing the evolving energy landscape and
promoting sustainable and accessible energy solutions for
diverse communities.
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renewable energy, optimization method, and power grid.
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The study offers a concise and thorough summary of
microgrids, encompassing their constituents, uses, and the
broader framework of renewable-driven microgrids in
tackling rural electrification energy issues.

The paper is well-structured, with a clear introduction to
microgrids, their components, and applications. The
inclusion of Fig. 1 is to depict the review paper's overview
structure for a good visual aid for readers. The applications
of microgrids include healthcare facilities and remote mining
sites as potential applications for microgrids add practical
context. Research conducted by [1] in Uttarakhand, India,
reveals the highest observed level of RES penetration,
reaching approximately 90%.The emphasis on the need for
alternative  technologies, particularly environmentally
friendly ones, and the focus on renewable energy sources
align well with the current trends in sustainable energy [1].
[2] established an efficient Direct Current (DC ) microgrid by
integrating solar photovoltaics (PV)and energy storage,
creating a self-sustaining microgrid. Their system underwent
evaluations under various daily weather conditions, and the
findings affirm that the suggested configuration is both more
efficient and reliable. The connection between global
warming issues and the shift to environmentally friendly
technologies is well-articulated [3]. The focus on planning
and optimization of renewable-based microgrids is crucial.
The review considers delving into specific planning strategies
and optimization techniques. Balancing sustainability,
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reliability, and economic feasibility is important [3]. Load
analysis, storage assessment, grid stability, cost benefit
analysis, optimization strategies, life cycle cost analysis and
financial risk mitigancy planning are essential for microgrid-
based rural electrification. The acknowledgment of
electrifying remote regions as imperative for global energy
access is a strong concluding point. [4] mentioned that, the
economic dispatch problem of electrical power generation is
to schedule the committed generating units output so as to
meet the required load demand while satisfying the system
equality and inequality constraints.

II. LITERATURE REVIEW

Microgrid systems: The use of microgrids is being
extensively researched as a feasible means to tackle
challenges of rural electrification and remote areas.
Microgrids deliver the most viable means to integrate RESs
into the grid enabling clean energy for the African continent.

Research  indicates  that microgrid-based  rural
electrification necessitates an ample amount of investigation,
incorporating both technological and socio-economic aspects
into an appropriate design for the specific area [5], [6].

Appropriate  implementation = methodologies  of
microgrids for rural electrification have been actively
investigated on a global scale. This aids in the reduction of
carbon emissions and the desire for options to the current
means of power system stages. Microgrids enable the
possibility of an integration of both distributed energy
resources and renewable energy resources fully recognized.
Therefore, lowering prices of low-carbon technologies forms
a future that permits a large percentage of renewable energy
fraction as well as job creation about electricity access [5],
[6].

Moreover, the ability of microgrids to operate off-grid and
on-grid enables many possibilities including reliable
transmission on transient and steady states mode of grid
operation due to disturbances caused by accidents or natural
disasters [5]. Microgrids controllers are able to regulate
voltage and frequency [7]. Microgrids also improve the
availability of electricity due to their capability to act
independently of the main power grid [7]. In addition,
microgrids in remote areas can be integrated into the main
grid once the main grid has reached a suitable level of
expansion and presents a great opportunity to assist in
fostering rural electrification. They also improve productivity
and security through lighting, use of clean energy for
cooking; improve telecommunications for rural areas, and
community development such as improved irrigation
methods for agriculture as well as provision of basic services
dependent on electricity [5].

III. OFF-GRID MICROGRID SYSTEM FOR RURAL
ELECTRIFICATION

A literature review on microgrids for rural electrification
from various researchers, engineers, and scientists
emphasized the importance of involving social and
environmental issues during the planning, designing, and
implementation of microgrid-based rural electrification.
Most of the researchers indicated solar PV as the solution for

most of African nations in terms of affordability as compared
to other RE sources.

Developing countries such as Rwanda adopted an
affordable solar system at a very infancy stage and considered
government support as well as incentives to make rural
electrification more affordable [6]. [8] conducted a study for
grid-connected  microgrid system using HOMER,
consequently, the findings were technically, economically,
and environmentally feasible. Traditional power systems
challenges such as substantial power loss on both
transmission and distribution systems, poor power quality
and reliability and eventually it is not environmentally
friendly. These challenges can be rectified by applying low-
cost microgrids to improve power quality, reliability, and
minimum power losses by integrating as well as optimizing a
variety of renewable energy sources [11].

[10] confirmed that most rural villages still need
electrification in some countries. Only off-grid microgrid
based on renewables is the potential solution. Additionally,
[11] stated that microgrid-based rural electrification enables
economic and social welfare to communities via benefits such
as healthcare clinics power supply, technology access,
household task advancement, and water quality. Nonetheless,
due to low population density, and low electricity demand,
the cost of the transition of the existing network into an
isolated community can be very high as compared to a based
microgrid-based electrification system.

Moreover, the system provided fixed-period electricity to
productive buildings and free electricity to community
buildings. Their research stated as techno-economically
viable based on the payback period and internal rate of return
[12], wutilized a standalone diesel generator to operate in
remote areas of Nigeria. Integrating an RE system that
addresses both technical functionality and economic
feasibility, was undertaken.. Their research used mixed
scenarios such as PV systems, diesel generators, PV-Battery
as well as PV-diesel hybrid systems. According to the
research outcomes, the PV Battery system has 100%
renewable penetration, and no emission, thus making it the
most environmentally friendly than the rest of the systems.
Diesel generator was considered as the one having increased
greenhouse effect and global warming.

In [13]development of a green and hybrid microgrid was
done for rural electrification about the availability of local
resources and local demands this has aided in improving
living standards due to the fact that communities' health,
education, information exchange, income generation as well
as women empowerment are the main benefits of the project.
Nevertheless, proper regulatory policies and guidelines must
be primed to enable the long life cycle of the project.

Another research conducted by [14] indicated that
approximately 600 million people in Africa lack access to
electricity. Access to energy is considered as one of the
primary causes contributing to the disparity between
developed and developing countries.[15] utilized PV system
for the assessment of the microgrid-based rural electrification
which indicated that a reduction of 80% in monthly expenses
as well as wider access to electricity might be achieved by
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utilizing both collaborative consumptions equipped with
correct policies and regulations and community ownership.
[6] designed a standalone photovoltaic microgrid to find an
affordable solution for rural electrification in the long-term.
The research outcomes indicated that the efficacy of the
group sharing load demand model design has proven green
energy solutions to the mid- and low-income rural population
in Rwanda. The study also revealed that only 12% of rural
villages access grid connection, therefore off-grid PV
microgrids are highly recommended to meet basic energy
demand in rural areas [6].

IV. CLASSIFICATION OF THE OPTIMIZATION METHODS

Optimization methods utilized in microgrid systems
have become a very crucial research study lately. A well-
planned rural electrification involves both classical and
computer intelligence optimization techniques. According to
the literature, optimal microgrids are considered promising
options for the current crises of demand increase due to rapid
population growth. In [16], the Particle Swarm Optimization
method was used to solve the Combined Economic Emission.
Microgrid control as well as energy management systems are
achieved because of optimization applications. [17] stated
that energy demand is expected to increase by 34% up to
2030, therefore, fundamentals for achieving reliable and
stable microgrids are as follows;

e  Voltage/ current control.

e  Active/reactive power balance.

e  Size of the microgrid as well as technologies to be

utilized.

Types of RES to be integrated and their positions.
Control strategies and communication protocols
[17].

Classical optimization methods on the other hand are based
on mathematical programming and involve formulating a
mathematical model of the problem and then finding the
optimal solution by solving the corresponding mathematical
optimization problem[4]. This study investigates two
classical optimization methods applied to microgrids namely;
Quadratic Programming, and Convex Programming.

In the research work [18], they proposed the classic two-
stage robust optimization technique to ameliorate the
microgrid system. Uncertainties such as power output of
renewable energy sources and power demand of loads.
Nevertheless, the technique was considered as the worst-case
rundown, so an expected-scenario-oriented two-stage robust
optimization was utilized to take the edge off the drawback
of the classic two-stage robust optimization technique. The
outcomes of their work were effective and the cleft analysis
of the results conducted, thus recuperated the economic
efficacy improvement of the system [18].

Quadratic Programming(QP): (QP) is a classical
optimization technique that has been applied to address
various optimization challenges in microgrid systems.
QP-based optimization models have been developed for
economic dispatch and unit commitment in microgrids [19].
Research by [20] proposed a QP formulation for economic
dispatch, considering cost minimization, power balance, and
system constraints. QP models have been used to optimize

the commitment and dispatch of different energy sources,
such as renewable energy, storage, and conventional
generators, to meet load demand efficiently [21].

Furthermore, QP techniques have been applied to
optimal control and voltage regulation in microgrid systems.
Studies by [22], and [23] presented QP-based models for
optimal voltage control in microgrids, considering voltage
constraints, power losses, and system stability [24]. In [25]
QP was utilized to design an optimal communication network
for microgrids contemplating cyber-attacks and time delays
challenges.These models optimize the control of distributed
energy resources, reactive power devices, and grid
connections to maintain voltage stability and quality [26].

Again, QP optimization has been utilized for energy
storage management and optimization in microgrids [27].
Research by [28] proposed a QP-based approach to optimize
the operation of energy storage systems, considering factors
such as load demand, renewable generation, and storage
capacity. QP models have been used to determine the optimal
charging and discharging profiles of energy storage,
considering system constraints, efficiency, and economic
considerations [27].

QP techniques have been extended to address
uncertainty and stochasticity in microgrid systems. Studies
by [8], and [29] presented QP-based models for optimal
dispatch under uncertainty, considering uncertain renewable
generation and load demand forecasts. These models
incorporate probabilistic forecasting methods and scenario-
based approaches to account for uncertainty and optimize
microgrid operations under different scenarios [30] and[31].

At this juncture, QP optimization has been applied to
enhance microgrid resilience and fault management [32].
Research by [33] proposed a QP-based model for fault
detection and reconfiguration in microgrids, aiming to
minimize power loss and restore system stability. QP models
have been used to optimize the reconfiguration of microgrids
during fault events, considering system constraints and
restoration priorities [34].

Convex Programming (CP): This is a classical
optimization technique that has been applied to address
optimization challenges in microgrid systems. Moreover, CP-
based optimization models have been developed for Optimal
Power Flow (OPF) in microgrids. Research by [35] proposed
a CP formulation for OPF in microgrids, considering cost
minimization, power balance, and system constraints. CP
models have been used to optimize the dispatch of different
energy sources, such as renewable energy, storage, and
conventional generators, to meet load demand efficiently
while considering system constraints [36]. CP techniques
have been applied to optimize energy management and
storage in microgrid systems [37]. Studies by [30]and [38]
presented CP-based models to optimize the operation of
energy storage systems in microgrids, considering factors
such as load demand, renewable generation, and storage
capacity. CP models address the optimal scheduling and
control of energy storage operations, considering system
constraints, efficiency, and economic considerations [39].

More so, CP optimization has been utilized for
demand response and load shaping in microgrids [40].
Research by [41] proposed a CP-based framework for
demand response management in microgrids, considering
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price-based incentives, load flexibility, and system
constraints. CP models optimize the scheduling and control
of flexible loads, taking advantage of demand response
resources and time-of-use pricing [42].

CP optimization has been applied to enhance
microgrid resilience and reliability. Research by [43]
presented a CP-based approach for microgrid restoration and
reconfiguration during grid disturbances, aiming to minimize
outage duration and maintain critical loads [44]. CP models
optimize the reconfiguration of microgrids, considering
system constraints, availability of energy sources, and
restoration priorities [40].

Furthermore, CP techniques have been extended to

multi-objective optimization in microgrid systems. Studies
by [45] presented CP-based models that simultaneously
optimize conflicting objectives, such as cost, environmental
impact, and reliability, in microgrid operation. CP models
utilize Pareto-based optimization techniques to explore trade-
offs among different objectives and identify optimal
solutions.
The application of CP classical optimization in microgrid
systems allows for efficient resource allocation, load
management, voltage regulation, control strategies, and
decision-making. By formulating mathematical models and
utilizing CP and QP algorithms, researchers have addressed
various challenges in microgrid operation, considering
economic, stability, environmental, and reliability aspects.
These studies contribute to the development of optimized,
resilient, and sustainable microgrid systems that can
effectively integrate renewable energy, storage, control
mechanisms, and demand response resources. Again [46]
described in detail strengths and shortcomings of QP

V. RESEARCH GAPS IN THE FIELD

The review identified research gaps in the areas of Energy
Management and Control as well as Life Cycle Assessment
for microgrid-based rural electrification. Here are some
potential areas for future research based on the mentioned
gaps:

Energy Management and Control:

e Explore the integration of smart technologies,
machine learning algorithms, or artificial
intelligence to optimize energy distribution, storage,
and consumption in microgrids [49] and [50].

e  Assess the impact of demand-side management and
load forecasting on the efficiency and reliability of
microgrid-based rural electrification [47], [48], and
[51].

Life Cycle Assessment

e Consider the embodied energy, carbon footprint,
and other environmental indicators associated with
different components of microgrid systems [52].

e Investigate ways to enhance the sustainability and
eco-friendliness of microgrid technologies, taking
into account local environmental conditions [47],
[48], [52] and [53].

Hybrid Systems Integration:

e Explore the integration of hybrid systems,
combining various renewable energy sources and
energy storage technologies within microgrid
frameworks [47], [49], [50] and [54].

e Investigate the synergies and challenges of
integrating solar, wind, biomass, or other renewable
sources to optimize power generation in rural
electrification projects.

Community Engagement and Social Impact:

e Examine community engagement strategies in the
planning, implementation, and operation phases of
microgrid projects [S1], [55] and [56].

e Assess the social impacts of microgrid-based rural
electrification, including changes in community
dynamics, economic development, and overall
quality of'life [52], [57], [58], [59], and [60].

Policy and Regulatory Frameworks [61]:

e Investigate the role of policy and regulatory
frameworks in supporting or hindering the
deployment of microgrid solutions in rural areas.

e Explore ways to incentivize private and public
investments in microgrid projects through effective
policy measures.

Resilience and Reliability:

e Assess the resilience and reliability of microgrid
systems in rural electrification, especially in the face
of natural disasters or other external shocks.

e Explore methods to enhance the robustness of
microgrid designs and improve their ability to
withstand and recover from disruptions [55], [61]
and [62].

VI. SUMMARY AND DISCUSSION

The review comprehensively explores the planning and
optimization of renewable-based microgrids for rural
electrification, emphasizing the complexity of the process. It
underscores the significance of a thorough examination of
planning and optimization strategies, particularly in the
context of underserved rural areas with evolving energy
demands. The synthesis of renewable sources within
microgrid frameworks is identified as a crucial solution, and
planning dynamics are highlighted, emphasizing strategic
foresight in selecting suitable resources tailored to specific
rural conditions. The importance of configuring optimal
system architectures and integrating robust storage solutions
is emphasized, showcasing the multifaceted nature of
microgrid planning. Optimization is recognized as essential
for performance, with a focus on advanced algorithms and
modeling techniques to enhance efficiency, reliability, and
economic viability. The discussion extends to challenges in
implementing renewable-based microgrid systems, spanning
technological, regulatory, and socio-economic factors,
advocating for a holistic approach. The review aims to
critically analyze the latest developments and emerging
trends, providing insights into the evolving landscape of rural
electrification through renewable-based microgrids. The
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ultimate goal is to equip readers with a nuanced
understanding of the intricacies involved in planning and
optimizing these microgrids, emphasizing their significance
in the success of rural electrification initiatives.

VIL CONCLUSIONS

Review papers from 2019 to 2022 suggest a strong focus on
optimization methods in microgrid systems. Particle Swarm
Optimization (PSO) emerges as a prominent method due to
its applicability, flexibility, quick convergence time, and high
performance. The ability of PSO to be easily combined with
other intelligent techniques for enhanced performance is
highlighted. Other hand the classical method Mixed Integer
Programming techniques are widely used in microgrid
optimization, indicating the versatility of mathematical
programming approaches. Microgrids contribute to improved
control and management efficiency in energy systems. While
data-driven electrical vehicle modelling optimization
techniques exhibit good performance, they come with
challenges such as high computational requirements, large
memory space, and time-intensive processes. The research
investigation studies investigate the impact of data fed to
agents on the overall performance of microgrids,
emphasizing the importance of data quality and relevance.
Future research opportunities lie in exploring the feasibility
of combining multiple optimization techniques with various
objectives into the same multi-agent system. The challenges
related to communication delays, convergence issues, and
potential collisions between agents are identified as crucial
research opportunities.
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