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Abstract

Recently, solar energy technologies are a cornerstone of the global effort to transition to-
wards cleaner and more sustainable energy systems. However, in many rural areas of
developing countries, unreliable electricity severely impacts healthcare delivery, resulting
in reduced medical efficiency and increased risks to patient safety. This review explores the
transformative potential of solar energy as a sustainable solution for powering healthcare fa-
cilities, reducing dependence on fossil fuels, and improving health outcomes. Consequently,
energy harvesting is a vital renewable energy source that captures abundant solar and
thermal energy, which can sustain medical centers by ensuring the continuous operation of
life-saving equipment, lighting, vaccine refrigeration, sanitation, and waste management.
Beyond healthcare, it reduces greenhouse gas emissions, lowers operational costs, and en-
hances community resilience. To address this issue, the paper reviews critical solar energy
technologies, energy storage systems, challenges of energy access, and successful solar
energy implementations in rural healthcare systems, providing strategic recommendations
to overcome adoption challenges. To fulfill the aims of this study, a focused literature
review was conducted, covering publications from 2005 to 2025 in the Scopus, ScienceDi-
rect, MDPI, and Google Scholar databases. With targeted investments, policy support,
and community engagement, solar energy can significantly improve healthcare access in
underserved regions and contribute to sustainable development.

Keywords: renewable energy; solar energy; energy storage; rural healthcare; off-grid
solutions; solar-powered health centers

1. Introduction

Access to reliable energy is a fundamental pillar of modern healthcare. However, in
many rural areas of developing countries, healthcare facilities suffer from energy poverty,
leading to inconsistent services, deteriorating patient care, and preventable deaths. Essen-
tial medical functions such as vaccine refrigeration, surgical lighting, sterilization, clean
water supply, sanitation, and waste management depend on electricity. Without reliable
power, rural healthcare facilities struggle to provide even basic services, let alone handle
emergencies or complex medical procedures. Given these challenges, addressing the energy
gap in rural healthcare facilities is an urgent priority, especially as they confront infectious
diseases, maternal health complications, and chronic illnesses in regions most vulnerable
to climate change. Solar energy, a clean, renewable, and increasingly cost-effective resource,
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offers a viable solution. It reduces dependency on fossil fuels while aligning with key
Sustainable Development Goals (SDGs), including good health and well-being (SDG 3),
clean energy access (SDG 7), and climate action (SDG 13).

In many developing countries, household energy needs have traditionally been met
through biomass fuels such as firewood, along with fossil fuels, agricultural waste, diesel,
and kerosene for cooking, boiling water, and lighting. This dependence contributes to air
pollution, exacerbates global warming, and leads to environmental degradation, including
deforestation and ozone layer depletion [1]. Moreover, the lack of reliable electricity has
significantly reduced the quality and availability of primary healthcare in rural facilities,
leading to fewer medical interventions and increased health risks, particularly for women
and children. Beyond healthcare, ensuring reliable electricity in rural areas promotes
broader socio-economic development.

Access to electricity can improve education, drive economic growth, promote envi-
ronmental sustainability, and enhance the overall quality of life [2]. Providing clean water,
effective sanitation, and sustainable environmental practices is essential for public health [3].
Furthermore, modern healthcare facilities require electricity for critical functions such as
vaccine refrigeration, blood storage, sterilization, and diagnostic equipment. However,
only about 34% of hospitals in sub-Saharan Africa currently have reliable electricity access.
While recent data from two countries indicate gradual improvements, ambitious strategies
are still required to enhance healthcare services in the region [4]. Transitioning toward
a more sustainable future, renewable energy plays a crucial role in reducing greenhouse
gas emissions, improving energy security, and promoting economic resilience. By reducing
reliance on imported fossil fuels, renewable energy contributes to achieving key economic
and political objectives [5]. Solar, wind, biomass, biogas, hydropower, and geothermal
energy sources offer cleaner alternatives that support environmental sustainability and
economic progress [6]. The feasibility and efficiency of these energy systems depend on
factors such as location, availability of resources, and technology selection. With advance-
ments in solar energy and declining costs, these solutions are becoming more affordable
and accessible, offering a path toward a cleaner and more sustainable energy future.

According to the International Energy Agency (IEA), solar photovoltaic (PV) technol-
ogy has become the cheapest source of electricity in many regions, making it an attractive
option for healthcare facilities transitioning to renewable energy [7]. While other renewable
sources like biomass, wind, and hydropower are viable, they often face geographical and
logistical challenges and require higher installation costs. Thus, solar energy presents an
optimal solution for sustainable healthcare electrification in rural areas.

This paper reviews the latest solar energy technologies that can transform rural health-
care systems in developing countries. It explores how solar energy can power critical
healthcare infrastructure, analyzes the economic feasibility of adopting these technologies,
and presents case studies of successful solar projects that have improved healthcare delivery.
The paper also discusses challenges to solar energy adoption and proposes strategies to
overcome these barriers through policy reforms, community involvement, and investments
in energy storage systems. By examining the intersection of energy and healthcare, this
review highlights the transformative potential of solar energy in achieving sustainable
healthcare solutions in underserved regions.

Methodology

In this review, a systematic search of the literature was conducted using the Scopus,
ScienceDirect, MDPI, and Google Scholar databases, covering publications from 2005 to
2025, and resulting in a comprehensive collection of references representing the most rel-
evant studies on solar energy solutions in isolated rural areas of developing countries.
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To ensure quality, peer-reviewed publications were considered, following the recommen-
dations in [8]. In addition, uniform search criteria were applied across all databases to
maintain methodological consistency, and articles with titles unrelated to the area of interest
were excluded. Duplicates were manually removed, and reference management tools such
as Mendeley were used to track records throughout the process; however, limitations of
this review include the restriction to English-language publications.

The search keywords included: “Renewable energy in developing countries,” “Solar
energy for rural healthcare,” “Off-grid solar energy,” “Rural health centers,” “Sustainable
energy solutions,” and “Health benefits. And abstracts were screened to confirm the
relevance to the topic, with a focus on solar energy technologies applied to rural healthcare
in developing countries, and full-text articles meeting the inclusion criteria were retrieved
and analyzed in detail to extract data on technology types, implementation challenges,
benefits, and policy recommendations.

2. Solar Energy Technologies

Solar energy, a widely utilized form of renewable energy, can be harnessed either
directly from sunlight or indirectly through various methods. Solar panels can be installed
on rooftops, vehicles, bodies of water, and parking areas, efficiently capturing solar power
to produce both thermal and photovoltaic energy. This provides a sustainable and eco-
friendly energy solution, making solar one of the most extensively utilized renewable
energy sources worldwide [9-12]. Recently, researchers have been actively working to
enhance the efficiency of solar energy technologies, driven by their environmental benefits
and lower installation and maintenance costs compared to other renewable energy systems.
These technologies are generally divided into two categories: solar thermal systems, which
utilize solar energy to generate heat [13], and solar photovoltaic systems, which convert
solar energy directly into electricity [12].

2.1. Solar Photovoltaic Energy Technology

In recent years, the PV industry has seen remarkable growth, surpassing fossil fuel
sources, driven by advancements in PV and wind technologies. This trend positions renew-
able energy to potentially meet over half of the world’s electricity demand by 2040 [14]. In
addition, integrating advanced PV technologies such as perovskites and organic materials
with traditional panels increases efficiency, making continuous innovation critical for sus-
tainable development and the transition to a low-carbon economy [15]. Moreover, off-grid
and microgrid systems utilizing distributed renewable energy sources, such as solar PV,
provide practical solutions for delivering energy to rural and remote areas without access
to the main grid [16]. These systems typically include solar panels, deep-cycle batteries,
charge controllers, inverters, and other components that ensure a reliable power supply
and effective energy distribution [17]. Solar photovoltaic (PV) systems have emerged as
critical components in enhancing healthcare services in rural areas. Their applications can
be categorized into several key domains, including providing reliable power for medical
equipment, improving vaccine storage, facilitating telemedicine, and supporting general
healthcare facility operations. However, their performance can be affected by weather
conditions, and energy storage is required to address power intermittency. As shown in the
schematic diagram below (Figure 1), photovoltaic systems are classified into the following
categories based on their potential for integration with power grids [11].
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Figure 1. Types of photovoltaic systems.
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Recent review articles on solar energy systems, as shown in (Table 1), highlight sig-
nificant challenges to adopting solar systems in isolated rural areas, including high costs,
limited public awareness, inadequate infrastructure, a lack of technical training, and policy

gaps. Despite these barriers, solar technologies offer transformative potential, including

improving healthcare resilience, enhancing rural electrification and quality of life, and

reducing reliance on traditional energy sources, such as traditional diesel generator-based

systems. Addressing financial, regulatory, and technical constraints through targeted

policies and investments are essential for maximizing the benefits of solar energy, foster-

ing sustainable development, and enhancing the quality of life in underserved, isolated

rural communities.

Table 1. Recent review articles related to solar energy systems from the last five years.

Ref. Objectives Country Remarks
Individuals have installed solar PV systems without
adequate training, resulting in unsafe installations.
[18] Perspectives on solar PV system Malawi This is a significant challenge in deploying solar
adoption in sub-Saharan Africa. energy in rural areas, where insufficient knowledge
and training can endanger both the users and
the systems.
The household head’s income, acquisition method,
Examine the factors affecting and repayment terms positively affect the willingness
[19] households” adoption of solar Uganda to adopt solar energy for business use.
PV energy. Financial disclosure affects only the willingness to
embrace solar energy.
The study highlighted the need for collaboration
Assess the public’s among stakeholders to increase awareness and
[20] understanding, knowledge, Baneladesh address adoption barriers such as cost and availability.
and attitudes toward & This matched the challenges of deploying solar energy

solar technology.

in rural areas, where limited awareness
hindered adoption.
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Table 1. Cont.

Ref. Objectives Country Remarks
Ac'ldress.mg enersy poverty: . Transitioning to renewable energy sources is crucial
[21] using climate finance to tackle Indonesia but . bstantial fi ili tment
the energy trilemma. ut requires a substantial financial investment.
Limited financial access, insufficient enforcement of
Develop a sustainable model to policies and regulations, technical constraints, low
[22] enhance the adoption of solar Tanzania awareness, and the significant expense of solar PV
PV technology. systems poses a major challenge to their
widespread adoption.
Techno-economic assessment of It has a superior cost-effectiveness relative to
[23] a standalone Malavsia traditional generator-based systems, decreased
photovoltaic—diesel y reliance on diesel, and improved electricity provision
hybrid system. for rural communities.
Evaluate the readiness and Major obstacles in implementing solar energy in rural
. . . areas include high upfront costs, limited public
[24] challenges Malaysians face in Malaysia d offici that is dependent on
adopting solar energy. awareness, and efficiency that is dependent o
weather conditions.
A techno-economic evaluation Assessed the potential and economic feasibility of
[25] of off-erid solar PV svstems Pakistan these systems for rural electrification, emphasizing
& y ’ the practical benefits of solar energy solutions.
Evaluate farmers’ awareness The study found that perceived benefits and
[26] and the factors influencing their ) government incentives encourage using
adoption of solar-powered solar-powered pumps, while high costs and limited
pumps. subsidy awareness deter adoption.
Solar energy potential of 5.52 kWh/m? daily.
The estimated daily electric loads are 313 Watt-hour
Evaluated the potential and (Wh) for a housghpld, 2064 Wh for a s.chool, and
[27] analyzed solar PV Ethiopia 2040 Wh for a clinic, with corresponding energy costs
energy systems of 1.20 USD/kWh, 0.92 USD/kWHh, and
' 0.87 USD/kWHh, respectively.
Long-term advantages and lower installation
expenses compared to extending the national grid.
Despite Africa’s abundant solar resources, renewable
energy accounts for only a small fraction of its total
The review highlighted the energy supply.
28] potential of PV systems for Mozambidue Challenges such as high costs, insufficient
providing decentralized 4 infrastructure, and dependence on traditional energy
electricity access. sources like biomass for cooking underscore the
difficulties in implementing solar energy in
rural Africa.
Energy poverty in rural areas subjects residents to
various security risks, such as health hazards, fire
accidents, time and financial constraints, illiteracy,
Harnessing solar energy is and additional challenges.
[29] crucial for addressing energy Pakistan It underscored the necessity for policy

poverty in rural regions.

recommendations directed at both the public and
private sectors to address energy barriers, with

a specific focus on implementing solar energy
solutions in rural healthcare settings.




Energies 2025, 18, 3908

6 of 22

Table 1. Cont.

Ref.

Objectives

Country

Remarks

[30]

Developing a sustainable solar
vaccine cold chain and
vaccination program aims to
promote clean energy in

primary healthcare in Lebanon.

Lebanon

Solarizing Primary Health Care Centers (PHCCs) in
Lebanon enhanced vaccine preservation and
strengthened the resilience of health services.

More than 1000 solar direct drive units were deployed
across over 800 health facilities.

Solarizing PHCCs improved vaccine preservation and
boosted overall health service resilience.

Challenges included geographic and structural
limitations, as well as economic factors.

[31]

Rural electrification in sub-Saharan Africa struggles
with limited modern energy access, dependence on
non-eco-friendly sources, and inadequate
infrastructure.

Off-grid solutions, including solar mini-grids and
home systems, can address these challenges,
highlighting the need for effective policies, funding,
and technology to optimize renewable energy in
rural areas.

Energy status in Africa:
challenges, advances, and
sustainable solutions.

Sub-Saharan
Africa

[32]

Institutional barriers to rural electrification in
Tanzania demonstrate how political and regulatory
factors can obstruct effective project implementation.
Primary and secondary data identify key obstacles,
such as non-independent institutions, policy gaps,
and difficulties for governing bodjies.

A key challenge is the lack of political will and
commitment, which impedes the implementation of
large-scale solar power projects in rural areas.

The political economy analysis
of obstacles to rural
electrification.

Tanzania

[33]

Universal access to modern energy and the assurance
of safe childbirth are vital global health priorities, but
there is a lack of comprehensive research on their
adoption and impact.

Reliable lighting is essential for timely and effective
healthcare, as it may improve providers’ ability to
promptly address and mitigate the risk of postpartum
hemorrhage.

The intervention was well-adopted, improved facility
lighting, and modestly enhanced maternal care
during deliveries.

Impact of solar lighting and
electricity on maternity care
quality and timeliness.

Uganda

2.2. Solar Thermal Energy Technology

Currently, the use of solar thermal technologies is rapidly increasing due to the scarcity
of fossil fuels and the need for zero-emission energy. These technologies capture solar en-
ergy either directly or indirectly, converting solar radiation into heat energy. As renewable
energy systems increasingly require energy storage solutions, the significance of thermal
energy storage is growing across various technologies, capturing and storing heat for
applications such as waste heat recovery, cooling heavy electronic equipment, solar water
heating, solar drying, desalination, electricity for residential and commercial buildings,
enhancing thermal comfort in heating, ventilation, and air conditioning (HVAC) system:s,
vapor absorption refrigeration, and various medical and agricultural uses [34-36]. Consid-
ering this growing demand, solar thermal power systems are attracting a growing global
interest because they effectively utilize proven technologies and have demonstrated both
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Solar collector panel

Cold water pipe

economic and technical viability [37]. Moreover, advanced materials are being developed
to capture and store solar energy, and the development of effective and affordable energy
storage technologies is crucial for the widespread adoption of solar power.

To this end, concentrated solar power plants incorporate thermal energy storage
systems, which allow for reliable electricity generation and serve as a more economical
alternative to battery-based storage solutions [38]. A solar collector captures thermal
energy from solar radiation through absorption, with the stored energy then transferred
by a circulating fluid for various specific applications. These collectors are classified into
two primary types: non-tracking collectors, which maintain a fixed position, and tracking
collectors, which adjust their orientation to follow the sun’s movement; tracking collectors
are further categorized into single-axis and dual-axis systems (Table 2).

Table 2. Categorizes solar collectors by operating temperature ranges, absorber types, and collector
ratios [39,40].

. Absorber Temperature Collector
Tracking Type of Collector Type Range (°C) Ratio
Flat plate collector Flat 30to 80 1
Stationary Evacuated tube collector Flat 50 to 200 1
Compound parabolic Tubular 60 to 240 1to5
Fresnel lens 60 to 250 10 to 40
One-axis Parabolic trough Tubular 60 to 300 15 to 45
Cylindrical trough 60 to 300 10 to 50
) Parabolic dish reflector Point 100 to 500 150 to 1500
Two-axis  Heliostat field collector om 150 t02000 100 to 1000

Additionally, collectors are categorized by their working fluid: solar water heaters use
water, while solar air heaters use air. A standard solar water heating system consists of
a solar collector and a storage tank [40]. These systems are further classified into passive
solar water heating (SWH) systems, which utilize thermosyphon action for fluid circulation
without external pumps, and active SWH systems, which rely on pumps to move the fluid,
as illustrated in Figure 2.

Solar collector panels

Heat exchanger

Hot water pipe

Hot water pipe

Hot water

Storage tank/ \

™\ Cold water
(a) (b)

Figure 2. Solar water heating systems: (a) passive and (b) active.
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Support frame

Glass cover plate

Hot water out

Flow tubes

CPC reflector

Flat plate collectors, commonly used for low-temperature heating, feature a flat, rect-
angular box structure featuring a transparent cover and an internal black absorber plate
and are favored for their simple design, ease of installation, and cost-effectiveness [41].
Evacuated tube solar collectors are an effective technology for solar thermal energy, es-
pecially in regions with varied climates. Their ability to maintain high temperatures and
efficiency in various conditions makes them a popular option for solar water heating and
other thermal application [42—44]. The schematic representations of flat plate and evacuated
tube collectors are shown in Figure 3.

Glazin

Evacuated tube

e
Out flow

Out flow
Glass tube.
Evacuated space

Absorbing coating

Insulation Copper sheet

Inner glass tube
Absorber plate Fluid tube

(a) (b)
Figure 3. Flat plate collector (a) and (b) evacuated tube collector.

A Compound Parabolic Collector (CPC) utilizes a parabolic reflector to focus sunlight
onto a receiver, making it well-suited for water heating and industrial applications [45].
CPCs provide significantly higher thermal efficiency compared to flat plate collectors,
particularly when paired with advanced tracking systems [46]. Their extensive solar
capture range and minimal alignment requirements increase their versatility across diverse
locations. A Fresnel solar collector uses Fresnel lenses and prisms to efficiently focus
sunlight onto a smaller area, thereby increasing solar energy capture [47]. It also improves
the performance of systems such as solar cookers and photovoltaic systems by concentrating
solar energy, which enhances the intensity of the captured solar radiation [48,49], and
integrating Fresnel lenses with nanofluids has been investigated, leading to better thermal
conversion efficiencies [50]. The schematic representations of compound parabolic and
Fresnel solar collectors are shown in Figure 4a,b, respectively.

Secondary reflector

Cold water in
~

>
Z/

f\ Angel adjusting wheel

Support column

Glass envelope
Absorber tube

(a) (b)

Figure 4. (a) Compound Parabolic Collector and (b) Fresnel solar collector.



Energies 2025, 18, 3908

9 of 22

Parabolic dish collectg

Fluid tube

The heliostat field solar collector is a key advancement in solar thermal technology
for concentrated solar power systems. Improving its design and efficiency is vital for
enhancing performance and cost-effectiveness, as these fields, which use mirrors to reflect
sunlight onto a central receiver, account for 40% to 50% of total investment costs and can
incur significant energy losses if not optimized [51], as shown in Figure 5.

Heliostats

) Hot tank
Receiver tower

Steam generator

A Power turbine

Cold tank

Cooling tower

Generator Electric grid

Figure 5. Heliostat field solar collector.

Parabolic dish solar reflectors are essential for solar energy applications, as they
focus sunlight for heating, electricity generation, and chemical processes, as shown in
Figure 6a. It employs a parabolic reflector to focus sunlight onto a receiver, converting the
captured solar energy into thermal energy, which can subsequently be used to generate
electricity, cooking, or industrial processes. Enhanced by a conical receiver design, solar
dish collectors achieve average efficiencies ranging from 45% to 62%, depending on design
and operating conditions [52]. In addition, parabolic trough collectors (PTCs) represent
a significant advancement in CSP technology, recognized for their efficiency and versatility,
utilizing parabolic reflectors to concentrate solar radiation onto a receiver tube, where
a heat transfer fluid is heated for electricity generation or other thermal applications. This
technology accounts for more than 80% of the total installed capacity in global CSP plants,
demonstrating its widespread use and advanced development [53,54]. The efficiency
of PTCs depends on various factors, such as precise alignment and the accuracy of the
reflector shape; even minor misalignments can significantly reduce both optical and thermal
performance [55], as shown in the schematic representation in Figure 6b.

Receiver Spiral tube

Receiver pipe.

Fluid dut Fluid in Fluid in

Rotaional axis
”

!

Fluid out

Supports

(b)

(a)

Figure 6. (a) Parabolic dish collector and (b) parabolic trough collector.
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A new solar collector technology, known as hybrid photovoltaic-thermal, integrates
both photovoltaic and solar thermal processes to enhance energy efficiency [56]. This
system improves energy output by increasing the efficiency of photovoltaic conversion and
simultaneously capturing solar heat. It produces electricity using photovoltaic cells and
transforms solar energy into heat. Moreover, the combination of energy storage solutions
with solar power systems has become increasingly prominent, with progress being made
in battery technologies, pumped hydro storage, thermal storage, and other developing
innovations [57].

In rural healthcare contexts, the integration of hybrid photovoltaic-thermal systems
has the potential to deliver significant advantages compared to stand-alone photovoltaic
or thermal systems. Hybrid photovoltaic-thermal systems can achieve total efficiencies of
up to 60-70%, compared to stand-alone photovoltaic systems (15-22%) or thermal systems
(40-70%). By integrating both the electrical conversion efficiency of solar cells and the
heating capabilities of the thermal component, they are particularly suitable for rural
healthcare settings [58,59], which require both electricity for medical equipment and hot
water for cleaning, sterilization, and patient care. However, when comparing costs, hybrid
photovoltaic—thermal systems have a higher initial capital and maintenance expenses,
whereas traditional stand-alone PV systems are more economically viable and have been
more widely adopted in many low-resource environments [59,60]. Figure 7 illustrates this
system, showing photovoltaic cells positioned on one side of an absorber plate and a fluid
channel for heating on the opposite side. In the case of water, copper pipes are attached to
the absorber plate, while for air, a channel is incorporated between the absorber plate and
the rear plate, resembling the structure of solar air heaters.

PV panel

PV support
Fluid tube

Channel base

Figure 7. Hybrid photovoltaic—thermal collector.

3. Energy Storage Technologies

Importance and Role of Energy Storage: Energy storage technologies play a crucial
role in modern energy systems, enhancing energy security, supporting renewable energy
integration, and improving overall efficiency. As the global energy transition accelerates,
storage solutions help mitigate the intermittency of renewable sources and ensure a stable
power supply. These technologies also reduce costs and promote the wider adoption of
clean energy solutions by enhancing grid stability and load management. Research ad-
vancements have led to significant improvements in energy storage materials and system
efficiencies [61-65]. Notable developments include lithium-ion batteries, redox flow batter-
ies, and molten salt energy storage, all of which facilitate the broader adoption of renewable
energy by stabilizing the grid and managing energy fluctuations [61,66,67]. Additionally,
breakthroughs in electrocatalysts for oxygen evolution reactions have further improved
energy storage and conversion efficiencies [61].
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Applications of Energy Storage: Energy storage applications span multiple sectors,
including grid support, transportation, residential and commercial buildings, and industrial
processes. In electricity grids, storage systems balance supply and demand, regulate
frequency, and enable renewable energy integration. In transportation, batteries and fuel
cells power electric and hybrid vehicles. In buildings, energy storage solutions lower peak
electricity demand, provide backup power, and improve overall efficiency. In industrial
settings, they support load management and enhance grid reliability. Solar thermal energy
storage (STES) systems are particularly valuable for maintaining a steady energy supply,
capturing excess solar energy during peak sunlight hours and releasing it when needed.
Technologies such as phase change materials (PCMs) and thermal storage units have been
explored to enhance STES performance [68,69]. For instance, paraffin-based PCMs improve
solar thermal energy conversion efficiency, while molecular solar thermal storage systems
using photochromic molecules present innovative solutions [70].

Thermal Energy Storage (TES) Technologies: Thermal energy storage (TES) technolo-
gies fall into three categories: sensible heat storage, latent heat storage, and thermochemical
heat storage. Sensible heat storage, the most widely used method, utilizes affordable
materials like water and concrete but requires a larger surface area, and latent heat storage
offers higher energy density but may suffer from inefficient heat transfer. Thermochemical
storage boasts the highest capacity but presents challenges in reactor design and durabil-
ity [71]. These TES approaches are crucial for ensuring continuous electricity generation in
concentrated solar power (CSP) plants and for seasonal energy storage [72]. Lithium-ion
batteries (LIBs) have become a leading energy storage option due to their high energy
density, long lifespan, and decreasing costs, making them particularly suitable for off-grid
solar applications in healthcare settings [73,74]. While lead-acid batteries remain widely
used for rural electrification due to their affordability, LIBs outperform them in efficiency
and life-cycle cost [75].

Hybrid Systems: Hybrid renewable energy systems that combine solar photovoltaics
with energy storage solutions, such as lithium-ion batteries and thermal storage, improve
energy efficiency and reduce dependence on fossil fuels [76]. These systems help maintain
critical healthcare services, such as vaccine refrigeration and sterilization, by ensuring
an uninterrupted power supply. To maximize efficiency, advanced energy management
techniques like maximum power point tracking (MPPT) optimize energy extraction from
solar panels, improving battery charging efficiency [77,78]. Additionally, integrating bat-
tery management systems with the Internet of Things (IoT) enhances monitoring and
maintenance, extending the battery’s lifespan and performance [79]. Moreover, integrating
multiple energy storage technologies, such as lithium-ion batteries, lead—acid batteries,
and thermal energy storage, provides a robust approach to meeting energy needs in rural
healthcare settings. Thermal storage solutions, including phase change materials and
thermochemical systems, improve energy efficiency and reliability, particularly for appli-
cations like vaccine refrigeration, medical sterilization, and nighttime lighting in off-grid
clinics [80,81]. These advancements collectively contribute to a more resilient, cost-effective,
and sustainable healthcare infrastructure in rural areas. However, addressing economic
barriers and policy limitations remains critical to maximizing the full potential of these
energy storage technologies.

The classification of energy storage technologies, including TES, as shown in Figures 8
and 9, categorizes them based on the type of energy they store and illustrates these diverse
approaches [61,82,83] and comparisons of different battery technologies (Table 3).
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Table 3. Comparison of different battery technologies [84].
Lead-Acid Lithium-ion
Factors Battery Battery Flow Battery
Performance (%) 75-80 80-86 60-70
Energy per unit mass
50-100 200-350 20-70
(Wh/kg)
Specific power (W /kg) 10-500 100-350 -
Self-discharge rate (%) 0.1 to 0.4 daily 5 monthly 0.1 to 0.4 daily
Depth of discharge (%) 70 Up to 100 100
Installation power cost
(EUR/KW) 150-200 150-200 1000-1500
Service life 500 to 2000 1000-5000 cycles  More than 10,000
Installation energy cost
(EUR/KW) 100-250 3000-800 300-500
Service life (years) 5-15 5-20 10-15

4. Challenges of Energy Access in Rural Healthcare Systems

Technological Barriers: Developing nations face significant challenges in transitioning
to renewable energy sources due to limited access to modern state-of-the-art technologies
and inadequate funding for technological advancements in the renewable energy sector.
Moreover, economic constraints, technological limitations, and policy barriers complicate
this transition [85,86], resulting in a continued reliance on non-renewable energy sources
and elevated carbon emissions [87].

Gender and Health Impacts: In addition to these systemic issues, inadequate energy
access in rural areas disproportionately affects women and contributes to a lack of aware-
ness about family planning. Limited availability of maternal healthcare services increases
health risks during childbirth, while the absence of modern energy sources forces women
to spend excessive time on household tasks and caregiving. Cooking with traditional fuels
exacerbates respiratory diseases, causes eye irritation, and contributes to air pollution.
Considering the effects on healthcare services, the lack of reliable electricity in rural facili-
ties poses critical challenges, as essential medical devices such as sterilization machines,
vaccine refrigerators, and diagnostic tools require consistent power to function effectively.
Inconsistent electricity compromises patient care quality: inadequate lighting can hinder
medical procedures during emergencies, and reliable communication systems are necessary
for coordinating care. Electricity is also essential for water purification and pumping,
ensuring hygiene and preventing infections [88]. Consequently, these energy access issues
contribute to challenges in staff retention, as healthcare professionals are less likely to
work in facilities without reliable power. According to the World Health Organization,
in sub-Saharan Africa, retention rates in off-grid clinics are up to 60% lower than in fully
electrified facilities, and nearly 1 billion people rely on clinics without reliable power, which
negatively impacts healthcare quality and accessibility and limits the implementation of
telemedicine and digital health technologies.

Operational Challenges: Compounding these difficulties, operational issues such as
theft and inadequate maintenance further complicate efforts to electrify rural healthcare
facilities. Hence, addressing these challenges requires a comprehensive approach that
includes the investment in sustainable energy solutions, particularly solar power, improved
infrastructure, and better coordination among stakeholders [89]. Implementing solar power
systems can provide a sustainable energy source for rural healthcare facilities, enhancing
both access and quality of care [90]. Engaging local communities in energy projects fosters
a sense of ownership and improves maintenance [38].
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Role of Policy: In addition, policy support from governments and non-governmental
organizations (NGOs) is crucial for prioritizing electrification in rural healthcare as part
of broader development objectives [90]. Ultimately, a holistic approach that combines
technological progress, community participation, and supportive policies is essential for
successfully addressing these challenges. The adoption of solar energy systems in remote
rural health centers and clinics in developing countries is strongly influenced by socio-
economic factors, such as income levels and government policies, which play a crucial role
in determining the feasibility and long-term sustainability of these energy solutions. To
begin with, income levels significantly affect the implementation of solar systems in rural
households and healthcare facilities, which often operate with limited financial resources.
This financial constraint makes the initial costs of solar installations a considerable obstacle.
However, recent research shows that solar energy systems can become cost-effective in the
long run by reducing the reliance on costly and unreliable fossil fuels, ultimately improving
socio-economic conditions in isolated rural communities [25,91].

In addition, government policies have a substantial impact on the adoption of so-
lar energy in rural health centers. Supportive initiatives such as solar energy subsidies,
tax incentives, collaborations with international aid organizations, and investments in
infrastructure can greatly enhance the success of solar energy projects [7,92]. A signifi-
cant example is the healthcare initiative in Ghana and Uganda, where government and
international collaborations effectively implemented solar energy to enhance healthcare ser-
vices [93]. By enabling the operation of essential medical equipment, extending operating
hours, and providing reliable vaccine storage through solar refrigeration, these initiatives
contribute to better healthcare outcomes. Conversely, unclear policies or bureaucratic
challenges can deter investment and slow the deployment of solar energy systems, as seen
in the difficulties of integrating solar solutions into existing healthcare infrastructures [92].
The socio-economic benefits of solar energy adoption extend beyond electricity supply.
Reliable energy access in rural health centers has been linked to improved healthcare
services, particularly in maternal and child health [94,95].

5. Successful Solar Energy Implementations in Rural Healthcare

The implementation of solar energy in rural healthcare facilities has proven to be
a game changer in addressing the persistent issue of unreliable electricity in developing
countries. Many medical centers in remote areas struggle to maintain consistent power,
which severely limits their ability to store vaccines, provide adequate lighting, and operate
essential medical equipment. By offering a sustainable and renewable alternative, solar
energy enhances healthcare resilience, improves service delivery, and fosters environmen-
tal sustainability. In addition, the long-term maintenance of solar infrastructure in local
communities relies on robust training models and active community engagement. Key
strategies include community-based maintenance, hands-on technical training, raising
awareness about the benefits of solar energy, collective ownership models, public-private
partnerships, local governance, and mobile-based monitoring, all of which support collabo-
ration, shared decision-making, resilience, and ultimately the longevity of solar projects.

Moreover, the effective implementation of off-grid solar energy projects in the health
sector of rural areas in developing countries depends on several critical success factors.
These factors include technological, economic, social, and policy aspects, all of which
contribute to the overall effectiveness and sustainability of solar energy initiatives.

Technological Suitability: Ensuring the right solar technologies are selected is crucial
for effective implementation in rural healthcare settings. Photovoltaic systems, known
for their scalability, have proven to be particularly effective in powering essential medical
equipment, including vaccine refrigerators and diagnostic tools [95]. A continuous and
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reliable power supply is essential, especially in emergencies [92], and integrating solar
solutions with existing healthcare infrastructure significantly improves service availability,
extends operational hours, and enhances patient care. Despite its many benefits, the high
initial cost of solar installations remains a major challenge for rural communities. Reliability
is also essential; solar energy solutions must provide a consistent power supply to allow
health services to operate effectively, particularly during emergencies.

Economic Viability and Financial Sustainability: Economic factors are essential for
the success of solar projects. High initial investment costs for solar home systems can
be a significant hurdle for many rural communities. Financial models that incorporate
subsidies, microfinancing, and community-driven ownership can help address this issue
and promote sustainability [96]. Over time, solar energy reduces operational costs, al-
lowing healthcare facilities to allocate resources more efficiently and generate long-term
savings [95]. Additionally, surplus solar energy can support local economic activities, such
as mobile phone charging and refrigeration, further strengthening community engagement
and generating additional income [97].

Community Engagement and Capacity Building: Community involvement plays
a critical role in the long-term success of solar energy projects. When local stakeholders are
actively engaged in planning and maintaining these systems, they are more likely to ensure
their continued functionality [92,98]. Training healthcare workers and local technicians
in the operation and upkeep of solar infrastructure fosters self-sufficiency and reduces
reliance on external support [99]. Moreover, including community members in decision-
making processes allows energy solutions to be tailored to their specific needs, which
significantly increases the chances of successful adoption and integration into existing
health systems. By combining community involvement with capacity building, these
projects create a sustainable framework that empowers local stakeholders and strengthens
the resilience of health systems. This collaborative approach ensures that solar energy
initiatives are integral parts of a comprehensive strategy focused on improving health
outcomes, rather than isolated solutions.

Policy Support and Institutional Frameworks: Establishing supportive policy environ-
ments is vital for the effective implementation of solar energy projects, particularly in the
healthcare sector. Government policies and institutional backing are also vital in promoting
solar energy adoption in healthcare. Regulatory frameworks that encourage investment,
simplify approval processes, and align renewable energy initiatives with broader health
and development goals can significantly accelerate adoption [92,100]. For instance, Cuba’s
government-backed solar programs have successfully improved healthcare electrification
in remote areas, demonstrating how policy-driven initiatives can create a widespread
impact [101]. A study in Ghana demonstrated that solar-powered community health ser-
vices significantly improved healthcare delivery by enabling essential services that were
previously unavailable due to electricity shortages [97].

International organizations such as the United Nations Development Program and
the United Nations International Children’s Emergency Fund (UNICEF) provide essential
technical assistance and funding to help nations implement effective policy frameworks
that align with sustainable development and healthcare objectives [7]. Additionally, robust
monitoring and evaluation systems are necessary to track the effectiveness of solar energy
projects, identify areas for improvement, and optimize long-term healthcare outcomes.

A 2017 report from the United Nations Development Program showcased the impact
of solar energy deployment, highlighting installations in approximately 1000 healthcare
centers across 15 countries, including Malawi, Zimbabwe, Liberia, Namibia, and Zam-
bia [102]. These initiatives have demonstrated how solar power can strengthen healthcare
infrastructure, reduce operational costs, and enhance access to medical services. For in-
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stance, the installed solar panels power the Sipape Rural Hospital in Bulawayo, Zimbabwe
and Zambia, providing a consistent power supply needed for vaccine refrigerators and
many life-saving medical devices. This helps ensure that healthcare workers can reduce
complications, manage data without interruption, and provide continuous care during
pregnancy and childbirth (Figure 10). However, while these installed solar energy projects
report overall benefits, they often lack statistical data on percentage improvements in

service delivery and operational sustainability, thereby indicating a gap that future research
should address.

Figure 10. Solar panels installed at rural hospitals in Zimbabwe and Zambia [103]: (a) Solar panels
powering the rural hospital in Bulawayo, Zimbabwe; (b) a healthcare professional delivers a baby at
Chongwe District Hospital, Zambia; (c) keeping data secure without power interruptions at Sipape
Rural Hospital in Bulawayo, Zimbabwe; and (d) a fetal heart rate monitor assisting a mother at
Chongwe District Hospital, Lusaka Province, Zambia.

6. Conclusions

Renewable energy sources, particularly solar power encompassing both concentrating
solar power and solar photovoltaic systems, are receiving increasing global attention as
promising solutions for future electricity generation. This review underscores the role
of solar energy in strengthening rural healthcare systems in developing countries, based
on a systematic peer-reviewed literature search, while acknowledging the limitation of
English-language source restriction.

The present review study explores the transformative potential of solar energy in
improving healthcare systems in rural areas of developing countries, where access to
reliable electricity is often limited. By providing a sustainable, cost-effective, and eco-
friendly solution, solar energy enables the continuous operation of critical healthcare
equipment, enhances patient care, and reduces dependence on fossil fuels through reliable
24 h electrification.
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Recent advancements in solar energy technologies, such as photovoltaic and solar
thermal systems, have significantly improved the affordability and accessibility of solar
energy. Off-grid solar systems, including microgrids and battery storage solutions, have
further expanded the reach of clean energy to remote areas. To fully unlock the potential of
solar energy, governments, non-governmental organizations, and the private sector must
collaborate to ensure financial accessibility and promote capacity-building initiatives in
local communities. Solar energy offers a practical and scalable solution for bridging the
energy gap in rural healthcare.

Despite these benefits, challenges such as high installation costs, a lack of technical
training, and policy barriers hinder widespread adoption. Targeted investments, govern-
ment incentives, and community engagement are essential for overcoming these obstacles.
By integrating solar energy into rural healthcare infrastructure, nations can enhance medical
services, promote environmental sustainability, and achieve key Sustainable Development
Goals (SDGs).

Future research should focus on developing cost-effective systems that combine solar
photovoltaic and thermal technologies, creating policy-driven frameworks and financial
models to support scalable deployment, enhancing community-based training and mainte-
nance programs to ensure long-term sustainability, and exploring digital solutions such as
the Internet of Things (IoT) and smart sensors for the remote monitoring and maintenance
of solar-powered healthcare facilities, which have a promising future.
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