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Abstract—This work focuses on multi-energy microgrid systems
(MEMG) for remote areas to face energy poverty mitigation. The
study is based on renewable energy sources—solar, wind, and
biomass—and evaluates the technical, economic, social, and
environmental feasibility of using these systems. The study was
carried out by reviewing literature using IEEE Xplore and
Scopus databases. The results revealed that research and
publications on MEMGs have increased significantly in 2021-
2024. Moreover, the results were reviewed, in which 93% of the
articles demonstrated MEMGs configurations and discussed
energy access issues, whereas 5% discussed review assessments.
Moreover, the results indicate that hybrid microgrids can provide
a reliable and sustainable electricity supply, helping to improve
the quality of life and socio-economic development in remote
areas. Additionally, hybrid microgrids can contribute to
sustainable development goals by reducing emissions and
ensuring the security of energy supply. However, the challenges
include high initial investment, regulatory obstacles, and others.
The findings of this study have practical implications for
addressing energy poverty in remote areas.

Index Terms--Energy poverty, Environmental sustainability,
Multi-energy microgrid systems, Renewable resources.

1. INTRODUCTION

Energy poverty is still a major problem in remote areas
because of the lack of access to reliable and affordable energy.

More than 1.2 billion people don't have access to electricity, of

which a significant number are living in rural areas of sub-
Saharan Africa with an electrification rate of 35% or less
according to IEA and IRENA [1].

No electricity access not only hinders economic
development but also endangers people's lives in all aspects
such as health and education, making poverty and inequality
vicious circles [2]. More than 598 million people in Sub-
Saharan Africa still lack access to electricity, and this
exacerbates poverty and hinders socioeconomic development
[3]. Lack of energy access hinders socioeconomic development
and perpetuates poverty, as communities are unable to engage
in activities that require energy resources [4].
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The purpose of this review work is to analyse the recent
research that has been conducted on MEMGs developed to
support energy poverty challenges and to identify the
challenges, barriers and opportunities for deployment. This
review has identified case studies in Africa and technology
developments that have shown the potential for these systems
to support energy access in underserved communities [5].

This literature review focuses on the goal of researching
MEMGs, discussing their solutions to energy poverty, and best
practices for their applications in remote areas. It also discusses
the main technological, economic, and social factors affecting
their operation [2].

The study integrates results from various literature to,
therefore, explain thoroughly how MEMGs can be effectively
implemented in rural electrification programs. The significance
of this research lies in the possibility of contributing to a
sustainable development that improves the quality of life in
isolated areas, providing access to electricity and subsequently
other essential services such as health, education, and clean
water, improving the living conditions [4], [6].

Furthermore, employing renewable technologies can
contribute to environmental sustainability by reducing
greenhouse emissions and promoting economic development
through the creation of jobs [7]. Finally, this work underlines
the importance of the development of energy solutions in
transforming the lives of those living in energy poverty and
enhancing humanity's development.

A. Challenges and Obstacles

In remote regions, challenges to providing reliable and
affordable energy access are significant. Geographic isolation
often results in high infrastructure development costs, making
it economically unfeasible for utility companies to extend
traditional grid systems [7]. Lack of infrastructure, such as
roads and communications, further impedes the delivery and
maintenance of energy [6]. Economic constraints,
encompassing low-income levels and limited finances, hinder
investment in energy solutions, leaving many communities
without reliable energy sources [7].



B. Socioeconomic and Environmental Issues

The socioeconomic and environmental impact of energy
poverty is severe. Lack of electricity access is linked to poor
health outcomes, such as indoor air pollution from burning
traditional biomass fuels for cooking, which leads to respiratory
diseases [1], [2]. Similarly, energy poverty restricts educational
opportunities and economic opportunities, maintaining poverty
cycles and inequality, and has an environmental impact, as
communities often resort to unsustainable practices, such as
deforestation for firewood, which contributes to climate change
and biodiversity loss [7].

C. Advantages and Limitations of Different RES

Significant RES available in remote areas include solar,
wind, hydropower, biomass, and diesel generators. Solar
energy has emerged as the favoured option for off-grid
electrification owing to its technical suitability and increasingly
cost-effective nature. Wind energy is also suitable in some areas
depending on the site conditions [8]. Hydropower can deliver
reliable energy, subject to water availability and topography,
[9]. Biomass [10] is a conventional source of energy in many
regions, although its sustainability is under threat due to
overexploitation while diesel generators provide immediate
power but are expensive and contribute to greenhouse gas
emissions [5]. These RES have their advantages and
limitations, addressed in TABLE 1.

As a solution, MEMGs can help overcome energy poverty
in a rural area by integrating different energies such as solar,
wind [8], biomass and diesel generators to satisfy the energy
requirements of a community [11]. MEMGs can minimize the
rural community's reliance on fossil fuels, minimize the cost of
energy, and increase energy security by using locally available
RES in rural areas [9]. MEMGs are a distributed energy system
that integrates most energy-supplying resources locally to
enhance the reliability and security of the energy system. RES
generation with energy storage, and control technologies
constitute the heart of the MEMGs [12].

D. Technological Developments and Benefits in MEMG's

By integrating generation, storage, and control
technologies, MEMGs can create a more reliable energy supply
that can be operated independently or in conjunction with the
main grid. MEMGs have the potential to bring many benefits to
remote areas, including improved energy reliability, higher
RES penetration and lower energy costs for consumers [13].
They also have the potential to improve energy security,
decrease dependence on fossil fuels, and reduce environmental
impact by using local resources [8]. Recent technical
developments such as smart grids, advanced storage, power
electronics, and control technologies have also enhanced the
performance and feasibility of microgrid systems [10].

E. Emerging Technologies Integrated in MEMGs

Some of the latest technologies in the field of MEMGs
include the development of energy storage technology, lithium
batteries for RES reliability, power electronics, and control
technology in the field of enhancing the integration and
management of various energy sources [3]. Emerging
technologies, including blockchain, artificial intelligence (Al),
and the Internet of Things (IoT) are being used more and more
in MEMGs applications.

TABLE L. ADVANTAGES AND LIMITATIONS OF RES TECHNOLOGIES
RES Advantages Limitations Ref.
- Scalability b d
Solar - Quick to deploy ;untl:ipgi ence on
Energy - Suitable for remote E . (61,171
Systems arcas - Energy storage
. required
- Low maintenance
Wind - Subst{mtlal power - Variability in wind
generation speed
Energy . . [6],(8],
S - Environmental - Location
ystems . . .
friendliness requirements
- Reliability and Envi tal
Hydropower | Continuous Supply imnzclionmen . [8], [9]
- Energy Storage P
- Continuous energy - Disputes about
. i [10],
Biomass supply food production 1]
- Waste management - Labor-intensive

Blockchain can assist in peer-to-peer energy trading, while
Al can be used to optimize energy management and predictive
maintenance [6]. IoT devices can be used to monitor and control
the energy system in real-time, improving operational
efficiency and user engagement [8].

F. Socioeconomic and  Environmental
Technological Development

Benefits  of

MEMGs can provide permanent access to electricity in
support of local businesses, education, and health care [10],
[14], [15], [16]. Environmentally, MEMGs can help reduce
greenhouse gas emissions and encourage sustainable energy
sources [9]. By using RES, MEMGs also help to mitigate the
effects of climate change and promote environmental
stewardship [1].

G. MEMGs: An Enabler for Sustainable Development Goal

MEMGs can contribute significantly to multiple SDGs,
especially SDG 7 (affordable and clean energy) by providing
greater energy access to isolated regions with renewable
resources [3]. This energy delivery is vital for universal
electricity access in regions where traditional grid infrastructure
is unavailable. [17]

These systems reduce fossil fuel dependence while
promoting clean energy and ensuring affordable, reliable,
sustainable, and modern energy for all. MEMGs contribute to
SDG 13 (climate action) by reducing emissions as it shifts from
fossil fuels to renewables, SDG 10 (reduced inequalities) by
expanding energy access to the underserved, empowering the
vulnerable and creating renewable jobs locally [2], [4], [9].

MEMGs also support SDG 12 (responsible consumption
and production) by encouraging efficient use of local
renewables, reducing transmission loss, and creating a
renewable energy culture [6].

Beyond these direct contributions, MEMGS can have
indirect contributions to other SDGs. By providing energy
access, MEMGs can enable local businesses to improve
livelihoods, contributing to SDG 1 (poverty reduction) and
SDG 8 (economic growth). The integration of community
participation and engagement in MEMGs design and
implementation can also promote social equity and
empowerment, aligning with the goals of SDG 10 (reducing
inequality) [10].



II. METHODOLOGY

This work review adopts a systematic approach to explore
the role of MEMGs in mitigating energy poverty in remote
areas. The methodology employed a detailed review of existing
literature on empirical studies, theoretical frameworks, and case
studies illustrating the role of MEMGs on energy access with a
focus on unsolved issues and future direction.

Objective and Research Scope: The main objective is to
review recent research on the MEMGs developed to serve
energy poverty challenges, to identify challenges, barriers, and
opportunities for MEMGs deployment and to identify future
trends. The review includes research manuscripts, conference
manuscripts, reports and others, considering the last five years
of research on energy access in remote areas.

Review Search Strategy: A systematic search was
conducted to identify relevant literature from various sources
including Google Scholar, IEEE Xplore, ScienceDirect,
Scopus, Springer and Web of Science. The search keywords
were “energy poverty”, “multi-energy”, “microgrid systems”,
“renewable energy” and “environmental sustainability”. The

search was limited to English-language publications.

Selection Criteria: The review was selected based on
inclusion and exclusion criteria. The filter focused on analysing
article titles, abstracts and conclusions to determine the
relevancy and timeliness of the findings. Only studies based on
RES, microgrids and energy poverty that have been peer-
reviewed for further consideration were considered.

Data Synthesis and Analysis: Relevant information was
extracted from the selected articles, including publications
years, research methods employed, significant findings,
challenges, barriers, opportunities and future trends identified.
The initial search retrieved 150 documents but applied
exclusion criteria and analysed the abstracts and conclusions, in
some instances reducing the number to 40 documents.

As shown in Fig. 1, 83% of the 40 references were journal
manuscripts, 10% were books, 5% review manuscripts, and 2%
were conference manuscripts. Fig. 2 shows the last research
results over the period 2021 to 2025 considering the mix of
MEMGs and energy poverty. From this, the investigation kept
32 references for this review.

TABLE II resumes some of the successful projects
implemented, mainly in Africa [18]-[31], promising solutions
in terms of integration of RES, low cost and environmental
benefits, with several challenges and gaps to consider, which
include long-term sustainability, socio-political integration,
community involvement, high initial cost and supportive
policies, and empirical data. Hence, the projects are focused on
these areas to fully realize the potential of MEMGs in Africa.

III. OVERVIEW OF THE RESULTS AND DISCUSSION

A. Key Findings from Literature Review

Energy poverty has severely hindered the social and
economic development in remote African areas as stated
previously [1]. MEMGS is a practical solution for energy
poverty in underdeveloped areas. Literature usually integrates a
variety of power sources such as RES, and energy storage
devices to provide reliable and sustainable power [3].
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Figure 1. Distribution of reference type included in the review.
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Figure 2. The trend of MEMGs vs Energy Poverty period from 2021 to
2025.

Hybrid microgrid systems combining multiple RES can
improve energy reliability and reduce costs [10]. Moreover,
several case studies also illustrate that hybrid microgrid systems
can mitigate greenhouse gas emissions for better environmental
sustainability [3].

B. Technological Advancements in MEMGs

Innovations in energy storage such as batteries and hydro
pumped have improved the reliability of RES, addressing
intermittency [8]. Advancements in power electronics and
control systems improved the integration and management of
multiple energy sources in microgrids, enhancing efficiency
and responsiveness to local energy needs [18]. Hence, the
integration of emerging technologies such as blockchain, Al,
and IoT provides enhanced data management, predictive
maintenance, and optimized energy distribution, improving
overall performance [2].

C. Socioeconomic and Environmental Impacts of MEMGS in
Remote Regions

The socioeconomic benefits of MEMGs in remote areas are
remarkable. Access to electricity increases health outcomes,
improves educational opportunities, and promotes economic
activities for poverty reduction in these areas [6], like
enhancing the job creation and bustling local economic
activities have been observed with the connection of
microgrids. Environmentally, using RES results in a reduction
in GHG emissions [3], [4].



TABLE IIL SUMMARY OF SOME EXISTING RESEARCH ON MEMGS VS. ENERGY POVERTY
Ref Topic MG configuration Key Findings Research Gaps
- Energy access has socio-economic benefits | - Lack of clear comprehensive policy to support
Energy  Poverty . in rural areas implementation. Socio-economic conditions in the
21 Relief in Zambia Biogas/SPV, Battery | _ Relationship between energy access/ poverty | areas are not considered. The financing cost is high
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- Socio-political factors influencing microgrid
PV. WT. Biomass. | - Hybrid system supplies the required energy | implementation were overlooked.
[6] MG Feasibility H :ir DE} batte * | - The system was economically feasible - Limited consideration for future load demand
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Ener Povert - Explores the linkages between energy
[16] and &y Eco?lomiz Energy poverty vs | poverty and economic development and | - Under-explores the long-term economic impacts of
development emphasizes the importance of access to clean | energy poverty interventions
Development energy
Energy poverty vs . - Energy poverty is detrimental to health - Energy poverty's effects on long-term health are
(20] health Biogas, Solar PV - Solid biomass fuels dominate in Ghana insufficiently studied.
Economic analysis - Cost-effective - Lack of data for long-term sustainability.
[21] Y SPV, DG, Wind - Environmentally friendly - Lack of data for the cost of maintenance, long-term
of MEMGS S
- Low net present cost performance, and scalability
Feasibility of | PV, Wind, Biogas, | _ Dual-'ax1s solar tracker improved energy | _ The study does not address the long-term
(22] MEMGS Geothermal p rqduct}on . operational challenges of hybrid systems
- Highlighted environmental benefits
Feasibility of . . . . . - Lack of detailed environmental impact analysis.
[23] MEMGS PV, Wind, Biomass - Proved economical for rural electrification - Need a diverse set more case studies across regions.
Community . Tl}e.suc.cess (.)f solgr - Community influences the perceived | - Reduction of Small sample size and geographic
[24] engagement in | mini-grid projects in
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mini-grid projects Sierra Leone.
MEMGS in South SPV, . Wll:ld, DG, | _ Low cost, High renewable fraction - Financial and resources are urgent for policy
[25] Africa Batteries in South | Low emissions increase.
Africa. - Technical challenges in advanced integration.
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[26] HRES . .
Infrastructure development reduce energy poverty. infrastructure investments.
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[27] and Economic . . . S
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Urban Areas remote area - 34% of urban households are in energy | energy poverty in urban settings
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Energy  Poverty Ener overty vs | The study examines the links between energy | - Lack of qualitative data to support the findings
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- This study uses the poverty gap index to
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[31] Sub-Saharan gy P Y poverty in Sub-Saharan Africa understand the impact of energy poverty on Sub-

Africa

Africa

- Energy poverty in Sub-Saharan Africa is
hampering socio-economic development

Saharan Africa.




D. Challenges and Barriers to MEMG Adoption

One of the challenges found is the skilled manpower for
designing, implementing, and maintaining these systems. The
complexity of integrating different energy sources and ensuring
MEMGs reliability under varying conditions [9], [19]. Another
challenge is the high initial capital costs of establishing the
microgrid system and so, rural communities cannot afford
MEMGs as well as the lack of policies that do not cover the
development of decentralized energy systems [4], [20].

Other issues are related to community acceptance and
awareness of RES technologies, as well as capacity building
and community engagement. While MEMGs provide a
promising solution to energy poverty in remote areas,
overcoming the challenges associated with its implementation
will be essential for successful deployment and long-term
sustainability [19], [21].

Further research and investment in technology, policy
frameworks, as well as community engagement and education
will be critical in addressing these barriers and realizing the full
potential of multi-energy microgrid systems [9]. The related
work has examined some studies in MEMGs integration to
address energy poverty in remote areas.

Energy poverty brings many challenges to socio-economic
development for the community, especially in African rural
arcas, where there still is less than 15% in some areas for
electricity access [21]. The studies showed that RES integration
is a key technology for providing sustainable and reliable
energy, considering solar, wind, and biomass integration in
such areas, reducing significantly the access costs to the main
grid [3].

The studies have also shown that the amalgamation of
multiple energy sources in hybrid microgrid systems like
MEMGs, may provide energy reliability and lower cost
compared to an extended grid [2]. Hence, it could be a great
opportunity for international investment and study,
implementing real cases applications, promoting international
diplomacy, and increasing the robustness and findings shown
in published projects.

E. Limitations and Prospects for Future Research

The findings are derived mainly based on theoretical
models and simulations and may not be representative of real-
life conditions. Social and cultural factors not adequately
explored may affect the acceptance and success of multi-energy
microgrids in different communities [6], [32]. Also, there is a
lack of study related to the initial capital costs associated with
the deployment of MEMGs systems. [12]

Even though technical and economic aspects are commonly
addressed, the social and cultural aspects are also commonly
ignored, which may affect the acceptance and sustainability of
MEMGs projects [1], [2], [12]. MEMGs require technical
expertise for installation and maintenance. Also, the regulatory
and policy challenges that restrict the development of MEMGs
systems are not enough to support the incentives [20]. Future
research includes:

e  Empirical studies to understand the performance and
impact of deployed MEMGs in the context and its cost-
effective solutions,

e  Exploring the impact of socio-economic factors on the
deployment and sustainability of microgrids and the
role of community engagement and local government
in its implementation,

e Evaluating the scalability of microgrids in different
geographies and socio-economic conditions to identify
best practices for wider adoption,

e Developing policy frameworks for supporting
microgrids in remote areas. Exploring the role of
emerging technologies such as blockchain and IoT for
MEMGs.

IV. CONCLUSION

MEMGs-integrated RES like solar, wind and biomass are a
promising solution for energy poverty in remote areas. These
systems provide reliable and sustainable electricity, which is a
critical ~factor for rural community socioeconomic
development. The deployment of renewable energy-based
microgrid systems is considered a reliable solution for
supplying power to rural communities, improving their quality
of life, and creating job opportunities. Smart grids and advanced
energy management systems can be integrated into microgrids
for more efficient and reliable operation. Moreover, MEMGs
have the potential to contribute to sustainable development and
the achievement of SDGs.

These systems can directly support SDG 7, which aims to
ensure access to affordable, reliable, sustainable, and modern
energy for all. By facilitating the transition to RES, microgrids
contribute to SDG 13 by reducing greenhouse gas emissions
from traditional energy sources. Furthermore, by integrating
community engagement in the design and implementation of
these systems, social equity and empowerment are vastly
promoted, realizing SDG 10, which focuses on reducing
inequalities.

Future research should focus on developing affordable
solutions and policies for the deployment of microgrids in
remote areas. Emerging technologies such as blockchain and
IoT could play an important role in optimizing microgrids’
operation and management. Policymakers should develop
supportive regulatory and financial frameworks that encourage
investment in the microgrid infrastructure.

Community engagement and capacity building should also
be considered a priority to ensure the successful
implementation and sustainability of microgrids. Addressing
energy poverty requires further effort and innovation like multi-
energy microgrids. Multi-energy microgrids not only bring
benefits to energy access but also contribute to long-term
sustainable development goals. MEMGs reduce dependence on
fossil fuels and promote renewable energy development, which
can mitigate climate change and support environmental
sustainability. Therefore, it is important to maintain the
momentum of research, policy, and implementation of MEMGs
to help remote communities benefit from them.
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