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ABSTRACT

The integration of renewable energy into healthcare systems presents a transformative approach to
enhancing energy security, reducing operational costs, and improving patient care in both urban and
rural health facilities. This paper examines the significance, benefits, challenges, and technological
innovations in renewable energy solutions tailored for healthcare applications. Solar, wind, and bioenergy
technologies are evaluated for their potential to provide uninterrupted power for critical medical services,
including vaccine refrigeration, surgical operations, and digital health record systems. Case studies from
developing regions highlight successful implementations and their impact on healthcare resilience.
Furthermore, future trends in smart grids, energy storage, and policy frameworks are discussed to
illustrate the path toward a sustainable and energy-efficient healthcare sector. The findings underscore
the urgent need for investment in renewable energy to mitigate healthcare disparities, particularly in
underserved areas.
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INTRODUCTION
Healthcare is an essential sector for a country, and providing stable energy to it is of the utmost
importance. Energy is required in health facilities for operations and I'T applications and also for gearbox
lifts, which lowers deaths and accidents. To deliver quality healthcare at lower costs, hospital-to-grid
connection systems are urgently needed. Renewable sources include sunlight, air, and water. Examples of
renewable energy are solar energy, wind energy, and bioenergy. Solar energy is stored and is used in the
night. After storing the energy in the battery, it supplies energy to the connected system. Healthcare is
considered one of the largest consumers of energy within the public sector. The increasing trend in
energy demand in this sector is proportional to the increase in modernization in the sector. Health
systems need different energy services at the facility and tiered settings. In facility settings, a continuous
power supply is required to facilitate surgical procedures and manage the condition of admitted patients.
Piped water and an improved system for the disposal of medical waste are also needed. This results in an
increase in the operation and maintenance costs of basic amenities. With increased health infrastructure,
energy demand has grown rapidly. The energy demand pressure in urban health is increasing three times
the national growth rate. Health posts and sub-health posts are worked according to the grid electricity,
whereas a health center requires a connection of 15 kW or more capacity in the new schedule. According
to the planning of the electric department hospitals, a connection is recommended as per the capacity of
the transformer. A diesel generator or an inverter is used as a backup of electricity in the absence of the
grid, which is expensive compared to the grid. Some of the district hospitals also have a system of battery
backup provided by different projects. A hospital is equipped with the sectional division of transformers,
and every section has different transformers for the electrical appliances. Since the late 1990s, hospitals
have been upgraded with high-tech services implemented through donor initiatives, and after that, the

This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited

Page | 75



https://www.eejournals.org Open Access
grid connection was incompressible. Owing to the large amount of equipment and long duration, it is
difficult to sustain the system through backup during load shedding. Trained professionals are required to
install the system. Many times, there is a mismatch in the capacity of the installed system and the grid
system [1, 27].
Significance and Benefits
The consideration of renewable energy within the healthcare sector is highlighted, focusing on the
necessity for future resilience and innovational advancement. Through numerous facts and insights, the
purpose emphasizes the significance of this sector, delineating it as a venture of great importance and
opportunity. It varies on a global scale how the benefits from renewable energy may be nourished within
healthcare, and the challenges present extensive variety and scale. For example, in developing nations, a
sizeable proportion of healthcare facilities lack reliable energy supplies to maintain operations, whilst
more broadly worldwide, almost a fifth of all electrical power is expended within healthcare facilities. This
is due to crucial facility requirements, involving, for instance, storage of pharmaceuticals and medical
tools, sterilization equipment, diagnostic machinery, and, more recently, digital systems for patient
records and other data. The energy supplies for these provisions largely rely on outdated and unclean
fossil fuel infrastructure, thus discouraging energy security and leaving healthcare facilities overexposed
to fidelity issues and energy price fluctuations. This inefficiency is further compounded by a failure to
construct climate-resilient infrastructure, with ongoing building practices ill-equipped to withstand
increasingly severe weather events exacerbated by the changing climate. Nevertheless, this supply
situation is exacerbated by the climate crisis, forcing delicate medical machinery to malfunction and
putting valuable medicines at risk. Moreover, the current fossil fuel use within healthcare venues leads to
a significant carbon and air pollution footprint, thus indirectly contributing to many pollution-related
diseases and a diverse range of deleterious health impacts. By transitioning to clean and renewable energy
sources within all healthcare settings, these problems can be largely addressed and a multitude of other
advantages realized. In times of crisis, for example, during pandemics, access to affordable and effective
primary care is crucial, and renewable energy options provide an efficient and sustainable means through
which this care can be maintained. This is especially needed in remote and rural areas, where a high
number of primary healthcare facilities are located, but where medical facilities are often most at risk due
to a lack of energy. Renewable resources such as solar and wind power offer a low-cost and efficient
solution to this provision, allowing for off-grid electricity generation where needed most, whilst at the
same time enhancing sustainability, a key requirement for those involved in operation and maintenance.
By diverting these health initiatives towards a sustainable path of renewable resources, the wider benefits
they bring can be harnessed. The maximization of renewables inherently appeals to economic benefits in
the manner of reduced operational costs, and as such, greatly assists in attracting funding and investment
in health projects. Such a scheme allows health facilities to operate more robustly, and with increased
energy autonomy, any devastating energy price spikes can be offset, thereby safeguarding renewed
energy development is prioritized wherever health requires a more secure source of energy. It is the
essential conclusion and firm belief that the widespread incorporation of renewable energy within all
healthcare facilities should not simply be viewed as a choice but rather as a necessary leap of advantage
and progress. With the right foresight and strategy, it is suggestive that such an impactful transition is
fully feasible, and the world would greatly benefit from its realization. Ultimately, where health facilities
remain exposed to a finite and outdated energy system, insurers, donors, and other healthcare funders
would be inclined to discount these health initiatives. On the contrary, full and thoughtful investment in
the energy and climate preparedness of healthcare systems is rewarded with greater resilience and
prosperity and acts to further galvanize investment in the clean energy assets that underpin them [3, 47.
Current Challenges and Limitations

As a young medical student in the mid-2000s, Rajesh Mallampati travelled to a remote village in
Southern India with a group of friends to offer free health clinics in the surrounding region. On their first
day at the clinic, the entire region had a power outage that extended into the evening. The team, without
access to flashlights, headlamps, or energy for charging any of their devices, found themselves unable to
diagnose, treat, or document the patients they planned to see. Confronted by this harsh reality,
Mallampati felt dejected and determined that something had to change. Already compassionate and
determined as a budding physician, Mallampati would turn his passion towards renewable energy,
uncovering a whole new world of opportunity [5, 6]. Renewable energy technologies have the potential
to provide affordable, reliable, sustainable, and modern energy for healthcare applications and, when
adopted, can create substantial developmental, health, and financial outcomes for the modestly served. As
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a medical professional turned scholar, Mallampati crafts an ambitious way forward that intersects both
renewable energy and global health for the next generation of professionals. In light of rapid global
transitions towards renewable energy production and consumption, such a profession-specific plan is
necessary and timely to inspire a workforce that is well-versed in energy sources to maximize positive
health outcomes and to reduce negative environmental and economic costs in the human health sector.
This plan aims to address these needs by summarizing important introductory concepts that intersect
both renewable energy and global health before offering discipline-specific future directions for students,
educators, practitioners, and researchers [7, 87]. Despite the vast gains in energy access to healthcare
facilities globally, there remains a substantial unmet need in many regions of the developing world. An
estimated 50% of healthcare facilities lack piped water on-premise, 33% lack improved sanitation, 39%
lack soap for handwashing, 39% lack adequate infectious waste disposal, 78% lack sterilization equipment,
74% lack guidelines for standard precautions, and 59% lack reliable electricity. In sub-Saharan Africa,
where the electrified healthcare facilities consume 75% of all healthcare power, only 1% meet WHO
standards of energy supply. It is estimated that around 12% of healthcare facilities in South Asia and 15%
in sub-Saharan Africa lack access to electricity. Only 50% of hospitals in sub-Saharan Africa report
reliable electricity access. Around 1 billion are estimated to be served by healthcare facilities with
unreliable electricity supply worldwide. Of the 201,044 healthcare facilities in developing countries
surveyed, 39% did not have grid electricity access. Another 238% reported "unreliable" access, defined as
grid electricity that either frequently or periodically is not available. In addition to an absence of
electricity, the monitoring of ambient temperature, clean water access, vaccine storage, sterilization, and
the maintenance of vital equipment all require energy. With rapid advancements in energy grid
expansion, it is natural to assume that energy access will keep pace, but globally, and particularly due to
the challenges of providing landscape-coherent power to vast rural swaths, the power grid has struggled
to uniformly cover all areas. Many large industrial cities often suffer power cuts, thus compounding an
already tenuous situation. To combat this, generator backup power inclusion is a common practice in
urban areas, but capital and operational investment for generators is prohibitively expensive in the rural
reaches where the vast majority of healthcare facilities without electricity exist. Moreover, generator
power grid diesel generators are often at least 20—40% more expensive than standard grid electricity,
with prices being widely volatile [9, 107].
Technological Innovations in Renewable Energy

The recent advancements in technology, particularly in the healthcare sector, have had a huge impact on
the renewable energy industry. Energy management, along with the physiological monitoring system via
the wireless body area network (WBAN), has found applications in various domains. Owing to their
strong, comprehensive applicability, renewable energy sources have been progressively commercialized in
recent years. To add to the consumer’s trust, the efficiency and initial installation cost of these renewable
energy sources have been dramatically improved. Furthermore, coupling the renewable energy sources
with this healthcare system has the propulsion that can charge the batteries during the daytime for
storing energy. Later on, after the sunsets, this stored energy can be utilized to power various healthcare
and auxiliary loads, whose resultant impact indicates that throughout the plight of an extended blackout;
the renewable energy powered health monitoring system can deliver an energy-efficient uninterrupted
power supply to the dipping sensor without restricting the other networking processes [11, 127. To
support such an ambitious rise in renewable energy setup, additional technologies will be required. The
advances in smart grid technologies assist modern renewable energy systems and storage to interconnect
with the grid. It provides the digital tools that allow utilities to monitor, control, optimize, and secure the
grid in real time. Parallel advancement in grid-connected energy storage systems will be required to
manage the variability and intermittence of renewable sources. The cost reduction of battery-based
energy storage is anticipated to make energy flow from batteries. Advanced designs like flow batteries,
solid-state batteries, etc., are emerging with the potential to replace conventional Li-ion batteries in grid-
scale applications. Similarly, the recent advancement in solar technologies makes solar projects more
bankable and bottom lines lowered. Anomalous module designs and high wattage modules result in the
decline of the cost of photovoltaics. The advancement of halide perovskite solar cells swanks an efficiency
of more than 25%. Some of the materials, like thin-film polymer, can be produced at lower temperatures,
therefore making the processing of solar modules more cost-effective and yielding high efficiency.
Advanced designs with the help of a machine learning algorithm have emerged to forecast the generation
of solar, wind, and biomass with higher accuracy. As a result... MODEL...the embedding of these states-
of-the-art renewable technologies in the healthcare industry has been anticipated. It is imperative to
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glimpse a broader comprehensive view of the setup that allows healthcare centers to efficiently harness
solar, wind, and bioenergy resources. Suitable policies and regulatory framework...MODEL...etc. and
encourage the furtherance of these innovations in the renewable energy uptake in the healthcare industry
(13, 147.
Solar Energy Applications in Healthcare
With an estimated 1 billion people without electricity and close to 2.7 billion people relying on traditional
biomass for cooking, lighting, and heating, there is a huge need to provide health facilities in developing
nations with reliable and sustainable power. Solar power can fulfill these needs in a reliable, sustainable,
and economical manner. Solar power is particularly suitable for health applications because it powers
critical loads for vaccine storage, lighting in wards, and computers and mobile devices for recording and
managing patient data. Also, solar PV systems may include a battery bank to store electricity for critical
needs when the sun isn’t shining. This stored energy can then be used to charge mobile medical
equipment, such as field oxygen concentrators and portable diagnostic monitoring devices, in remote
locations or off-grid areas. There are 180,000 health facilities in developing nations, and solar power can
be efficiently harnessed to comprehensively solarize many health facilities. Furthermore, energy voyages
rarely receive stipends for health care in low-income nations. Therefore, through a successful experience
of focusing on primary health care, other energizing voyages may efficiently assist similar health facilities.
Further collaborations would enable addressing energy-related challenges in health facilities more
effectively, and it would also lend a hand in documenting and disseminating these experiences to benefit
ever more primary health care facilities [15, 167]. Medical services provided by health facilities in
developing nations are frequently limited from the onset due to power outages and sub-optimal
conditions for delivery. Only a small percentage of health facilities provide 24-hour services, and this is
associated with higher stillbirth rates. Healthcare delivery may improve with well-established solar power
systems in health facilities, broadening the scope for health workforce training and enabling health
facilities to provide caesarean sections and blood transfusions. Solar power is shown to be a cost-effective
and sustainable way to enhance health services in off-grid areas, and considering the current widespread
deployment of this technology across all of healthcare, the time is right to consider how these applications
can be best utilized in health settings. Despite the notable efficacy of these systems, there is currently no
strategic approach or guidance provided to health facilities or those considering the use of these methods.
There are also few means available for transferring the wide-ranging expertise and leadership in solar
health facilities between experts and between health services. Still, there are 19,000 health facilities in
developing countries already utilizing solar power, and there is an opportunity to synthesize this
knowledge and experience and leverage the increasing affordability of this technology for the
improvement of healthcare services [17, 187.
Case Studies of Renewable Energy Implementation in Health Facilities

Healthcare facilities present a unique challenge, considering the time-sensitive nature of the services they
provide. A prolonged grid shortfall or medical equipment failure can have dire consequences. Health
facilities consume a large amount of energy to power medical systems and equipment, lighting,
sterilisation, and HVAC systems and maintain a regular cold chain. Electricity is needed for a wide range
of purposes in health care delivery, including lighting in operating theatres, for examinations, and in
patient areas. Ideally, a fully functional health facility should have reliable, uninterrupted, and high-
quality energy. Not only does an interruption pose a direct health risk by shutting down critical
equipment during surgery or other life-saving interventions, but it can also have a reputational impact on
a health facility. Many hospitals build diagnostic imaging, laboratory services, and referral systems to
serve large patient catchment areas, making energy supply even more critical. Malfunctioning medical
equipment poses a life-threatening risk to patients [19, 207. As a first step, health facilities should have a
thorough energy needs assessment to guide the size and type of solar energy system to be installed.
During power system design, health facilities should prioritize critical loads and consider several
technical requirements peculiar to health facilities, like power needs for theater lights and equipment,
ensuring an uninterrupted power supply for essential neonatal equipment, maintaining the cold chain of
blood and vaccines, and providing energy for lab samples. Experience demonstrates that ongoing
maintenance and repairs can be a major challenge for solar installations, and this should be considered in
the project design phase. There should be a predefined budget allocation for ongoing operation,
maintenance, and repair (OM&R). A local technician should be trained in handling basic care, and regular
visits should take place by the service provider or another technician to ensure the system is working
optimally. Most African countries are primarily dependent on fossil fuels for grid operation, often
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resulting in expensive power tariffs and unreliable supply. Most vulnerable health systems, receiving the
least amounts of development funding, primarily seek assistance to provide immediate access to
electricity, often leading to the installation of small diesel generators that require regular fuel and
maintenance. Large hospitals often require two or more medium to large diesel generators to provide a
reliable power supply. And yet, even these solutions are not foolproof. It is quite common for a generator
or an inverter system to break down in hard-to-repair locations. An interrupted energy supply generated
by the poor quality of the grid or unreliable equipment still poses risks, making it necessary to have a
backup system that can take the lead on improvements that make these backup systems less prone to
failure. To preserve fuel, solar energy systems should not be tied to lighting, ventilation, and cooling
systems that run 24/7. Even with these efforts, backup systems are not reliable. Further, fossil fuel
dependence means high CO2 emissions for already vulnerable health and climate systems. Through the
project and subsequent expansion based on project learning, several primary healthcare centers are
equipped with PV solar energy systems. Training should include not only PV solar system operation but
also emphasize basic energy-saving activities, like turning off lights when not in use. These PV systems
ensured uninterrupted health services during the COVID-19 pandemic, while other facilities in the region
were facing acute energy crises due to increased demand for life-saving equipment. The proposed project
aligns with these recommendations. Task Force COVID-19 of the High Committee for Health Security
urges the Malagasy to be vigilant [21, 227].
Future Trends and Potential Impact on Global Health
Is there potential for Energy Challenges in the Global South partnerships to achieve better results if they
focus on technologies regarding future renewables? How and why? What are some examples of policies
focusing on distributing Future Solar Innovations in public health systems? How are developing
countries increasingly integrating microgrids into their market? Is there a UN-led collaborative effort
recognizing the potential of off-grid opportunities within primary healthcare systems throughout
developing nations and involving multiple partners in response to it? [23, 24, 257]. As the world is
becoming increasingly interested in how renewable energy is of greater importance to healthcare
systems, there is a need for a critical discussion on amplifying renewable innovations, jointly with feasible
policies and public-private partnerships. Historically, healthcare has been perhaps the most oven and
electricity-dependent sector; however, it is also characterized by great disparities in electricity access. As
indicated by others, those disparities can be seen at different scales (grids, facilities, and hours) and have a
great impact on the provision of healthcare. In environments where the reliability of public energy is
weak or non-existent, lives are endangered, admissions are deterred, and opportunities for healthcare are
narrow [26, 27, 287]. The issue of renewables poses a dilemma for policymakers. Whereas the provision of
good healthcare services is a common goal, accelerating renewable technologies is still a mainly on-paper
topic in many applications. Renewable innovations also differ from conventional energy sources in
uncertainty and ambiguity, so their integration requires clarifying relevant terms, glossing applicable
technologies, and substantially grounding legal-commercial scenarios [29, 307.
CONCLUSION
Renewable energy innovations offer a viable and sustainable solution to the growing energy demands of
the healthcare sector. The transition from fossil fuel dependency to cleaner energy sources not only
enhances healthcare resilience but also contributes to global carbon reduction efforts. Technological
advancements in solar, wind, and bioenergy, coupled with smart grid integration and efficient energy
storage, can ensure a reliable power supply for health facilities, particularly in remote and underserved
areas. However, the successful implementation of these technologies requires robust policy frameworks,
financial investments, and cross-sector collaborations. By prioritizing renewable energy in healthcare,
governments and stakeholders can foster a future where medical services are both energy-secure and
environmentally sustainable, ultimately improving global health outcomes.
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