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ABSTRACT

This study presents a comprehensive examination of the impact of integrating solar energy into healthcare delivery
in rural Uganda. Utilizing an extensive equation encompassing factors such as cost savings, operational efficiency,
healthcare outcomes, and environmental impact, the research uncovers a holistic benefit of sustainable energy
adoption into Uganda Health Centers. Key findings suggest that beyond serving as a reliable and sustainable power
source, solar energy integration has the potential to revolutionize rural healthcare. The equation reveals promising
outcomes, including redirected resources for critical healthcare needs, improved operational efficiency, and positive
healthcare outcomes. The environmental benefits, coupled with the scalability of solar models, emphasize a
sustainable future for rural healthcare. The study concludes with a compelling call to action, urging stakeholders to
collaborate in swift implementation, policy development, and research initiatives. Recommendations include
targeted policies, funding for solar infrastructure, and ongoing research into region-specific considerations. This
work serves as a reagent for a sustainable transformation in healthcare delivery, advocating for a brighter and
healthier future for underserved communities in Uganda and other countries with similar challenges.

Keywords: Solar Energy Integration, Rural Healthcare, Cost Savings, Operational Efficiency, Sustainable
Transformation

INTRODUCTION
The challenge of energy access is not unique to respective country. The global trend indicates a
Uganda, but resonates on a global scale. Across positive trajectory in improving access to electricity.
continents, millions of people in remote and Although Uganda has made progress, but the
underserved areas grapple with limited or no access percentage is still relatively low compared to the
to reliable energy [1 - 47. According to [57, global average (starting at 3.7% in 2000 to 30.9% in
approximately 80% of the population in Sub-Saharan 2022 in over twenty years). While Kenya and South
Africa lacks access to modern energy services. This Africa have demonstrated significant advancements
deficiency has far-reaching implications, impacting in providing electricity to their populations [57. In
healthcare, education, economic development, and the African context, the energy access scenario
overall quality of life. Table 1 presents data on access presents a diverse set of challenges and opportunities.
to electricity in Uganda and selected countries in The African Union’s Agenda 2063 emphasizes the
Africa, as well as the global average, from the year critical importance of energy access for the
2000 to 2022. The numbers represent the percentage continent’s development aspirations. Efforts to
of the population with access to electricity in each address this issue have gained momentum through
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initiatives such as the African Renewable Energy
policies and regional partnerships focused on
expanding renewable energy infrastructure [6, 7].
However, the journey towards universal energy
access in Africa remains an ongoing endeavor, with
many countries, including Uganda, actively seeking
innovative solutions to bridge the gap. The energy
scenario in rural Uganda presents a complex and
diverse challenge. As of 2022 [8], a significant
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portion of the population in these remote areas still
grapples with limited or no access to reliable
electricity with 22.1% nationwide and 10% in rural
area. This is primarily attributed to the uneven
distribution of energy infrastructure, with urban
centers receiving priority in electrification efforts [9
-127.

Table 1: Access to Electricity in Uganda and Around the World

Year World (%) Selected Countries in Africa (%) including Uganda
Uganda Kenya South Africa

2000 72.7 3.7 11.0 77.3
2001 73.1 3.1 15.0 T7.4
2002 73.5 4.0 17.0 77.6
2003 T4.7 6.5 18.0 77.7
2004 75.9 8.9 19.0 77.9
2005 76.5 9.7 21.0 78.0
2006 77.1 10.5 23.0 78.2
2007 77.8 11.3 24.0 79.6
2008 78.5 12.2 25.0 83.3
2009 79.1 13.0 28.0 844
2010 79.9 13.8 30.0 84.4
2011 80.8 14.7 32.0 85.9
2012 81.4 15.7 35.0 90.5
2013 82.2 16.6 37.0 91.8
2014 83.2 17.5 41.0 93.2
2015 84.5 18.5 47.0 91.8
2016 85.5 19.4 52.0 93.2
2017 87.0 22.5 59.0 94.1
2018 88.8 25.5 65.0 94.0
2019 89.8 28.8 69.0 94.9
2020 90.2 30.0 71.0 94.9
2021 90.8 30.1 72.0 94.9
2022 90.2 30.9 75.0 95.0

Consequently, rural communities, which constitute a
substantial portion of Uganda’s population, find
themselves at disadvantages in terms of accessing
essential services that rely on electricity, including
healthcare. It's noteworthy that the dearth of reliable
energy in these regions has given rise to a series of
cascading effects, affecting various facets of life. This
includes impeding economic activities, hindering
educational  opportunities, and compromising
healthcare services. The latter, in particular, is of
paramount concern, as health centers play a pivotal
role in safeguarding the well-being of these
underserved populations [9, 13, 147]. Systematically,
Health centers, as critical nodes in the healthcare
ecosystem, are heavily reliant on a steady and
dependable energy supply [15 — 187. This reliance
stems from the necessity to power a diverse range of
medical equipment that spans from basic diagnostic
tools to advanced life-saving equipment. For instance,
X-ray machines, laboratory analyzers, and surgical
instruments all demand a consistent source of
electricity for accurate and reliable performance
(Table 2). Moreover, refrigeration is indispensable for
storing vaccines, blood products, and medications at
the appropriate temperatures to maintain their

Source: [5]
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efficacy and safety. In emergencies and critical care
scenarios, the need for reliable energy becomes even
more obvious [197]. Life support systems, intensive
care units, and operating theaters all necessitate an
uninterrupted power supply to ensure the well-being
and survival of patients. Without this assurance,
health centers face a heightened risk of medical
errors, compromised patient outcomes, and even life-
threatening situations. Table 2 presents common
medical equipment, offering insights into the
approximate power consumption of essential devices
crucial for diagnostic, therapeutic, and life-saving
purposes in healthcare. The functionality of these
instruments’ hinges on a consistent and reliable
power source, making energy a critical factor for
ensuring accurate and reliable performance.

In light of these challenges, the integration of solar
energy emerges as a solution with reflective impacts
on rural health centers in Uganda. Moreover, the
adoption of solar energy aligns with the global
initiatives aimed at mitigating the environmental
impact of energy consumption, contributing to the
broader goals of sustainable development. The
potential impact of solar energy integration extends
beyond the confines of individual health centers. It
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holds the promise of catalyzing broader socio-

economic development in rural communities, creating
a ripple effect that positively influences various
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aspects of daily life, including education, economic
productivity, and overall well-being.

Table 2: Power Requirements of Common Medical Equipment

Medical Equipment Use Power Consumption
(Approx.)

1. X-ray Machine Diagnostic imaging 150 — 80 kW

2. Haematology Analyzer Analyzing blood and tissue samples 230 — 400W

3. Surgical Instruments Various surgical procedures Varies

4. Refrigeration Unit Storing vaccines, blood products, 42 —160 W
medications

5. Ventilator Respiratory support for patients 150 — 500 W

6. Laboratory Incubator Maintaining controlled environment 100 — 200 W
for premature babies

7. Phototherapy Essential for neonatal care 100 W

8. Portable ECG Monitoring heart activity 30 W

9. Ultrasound Imaging internal organs 0.5 — 1.0 kW

10. Anesthesia Machine Administering anesthesia during 100 — 1440 W

surgery

Source: [17, 20 - 227]

Indicatively, the review aims to comprehensively
assess the impact of integrating solar energy
solutions in Ugandan health centers, evaluating
improvements in energy reliability, medical
equipment performance, and overall healthcare

quality. Additionally, it provides context-specific
solutions and recommendations for policy and
practice, drawing from global best practices and
innovative approaches, to guide stakeholders in rural
electrification and healthcare delivery.

Energy Access in Rural Ugandan Health Centers

In Uganda, the National Electricity Grid serves as the
primary energy source, though access is unevenly
distributed, leaving many rural health centers
without direct connection. The rural electrification
level is lower, at about 7 — 8% [23 - 257. Even for
those connected, power outages and voltage
fluctuations are common, impacting critical medical
equipment’s performance. To compensate, some
health centers often rely on alternative sources like
generators, which come with logistical and financial
burdens, particularly in remote areas. They also
contribute to environmental degradation and
increased healthcare operational costs [26, 27, 227].
Some communities have established localized
microgrids as a more localized and potentially
renewable energy solution. The reliability and
availability of these sources are crucial for healthcare
delivery. The deficiency of reliable energy sources in
rural health centers has serious consequences for
healthcare delivery and patient outcomes [287].
Biomedical equipment like ventilators, X-ray
machines, and laboratory analyzers rely heavily on a
stable power supply for accurate functionality [29,
307. Refrigeration units are crucial for preserving the
efficacy of vaccines, medications, and blood products,
making them vulnerable to temperature fluctuations
without a stable power source. In the absence of a

reliable power supply, patients face heightened risks
[81, 32, 337. Surgical procedures under suboptimal
lighting conditions due to power interruptions and
fluctuations increase the likelihood of medical errors
and complications, posing significant threats to
patient safety and successful outcomes [34, 35].
Additionally, the inability to adequately refrigerate
temperature-sensitive medicines can render them
ineffective or potentially harmful when administered.
These collective challenges result in elevated risks for
patients, compromising the quality of care delivered
and potentially contributing to adverse health
outcomes. By harnessing sunlight through
photovoltaic systems, health centers can lead to
enhanced energy security, cost savings, and a reduced
environmental footprint. Moreover, solar energy
aligns with broader global efforts to promote clean
and sustainable energy sources, contributing not only
to improved healthcare but also to the broader goals
of environmental conservation and sustainable
development [36, 37]. This is evident for the fact
that, the fastest growing source of energy worldwide
is renewable energy, for example, in 2017, 18% of the
energy consumed globally for heating, power, and
transportation was from renewable sources [387].
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Solar Energy Integration in Health Centers: The Case of UNDP Solar PV Installation in Ugandan Health

Centers

In the Context of Uganda’s rural areas, where access
to reliable electricity remains a persistent challenge
[39], the integration of solar energy into health
centers emerges as a transformative solution with
significant implications for healthcare delivery. These
regions often grapple with limited or no access to the
national electricity grid, resulting in healthcare
facilities relying on alternative, often unreliable,
sources of energy [40, 417]. The health centers in
rural Uganda, such as those in remote locations face
unique challenges due to their geographical isolation
and lack of infrastructure. The current state of energy
access in Uganda’s public health centers reveals a
significant gap, with 50% of these facilities lacking
access to electricity. Even in cases where solar
photovoltaic systems have been installed, their
functionality remains suboptimal, standing at below
50%. This underperformance can be attributed to
challenges associated with inadequate operation and
maintenance practices [427. The United Nations
Development Programme (UNDP) in collaboration
with the World Health Organization and the
Ministry of Health Uganda, in the first phase of

supporting the electrification of health centers as part
of COVID 19 response programme, have supported
eleven health centers across the country (Table 1) and
site assessments have been undertaken to support
additional 18 health centers. The goal of the initiative
is to improve access to energy services across the
country in the vulnerable communities in Uganda.
This collaborative initiative recognizes the critical
role of reliable energy in healthcare delivery,
particularly in underserved areas that historically
faced difficulties in accessing consistent electricity.
The chosen health centers are strategically located
across various regions of Uganda, aiming to provide
essential healthcare services to communities that have
experienced challenges related to energy deficiency
where the main grid supply is either unreliable or not
available [43, 44, 45, 207. These facilities serve as
crucial hubs for diagnostics, treatment, and
vaccination programs, and are likely to include both
rural and underserved areas. The implementation
phase of this initiative involves the installation of
solar energy solutions at each health center.

Table 3: Solar PV installation in Ugandan rural health centers

SN Health Facility Health Center Category Districts
1. Rukunyu Health center IV Kamwenge
2. Bukomero Health center IV Kiboga
3. Bukedea Health center IV Bukedea
4. Kidera Health center IV Buyende
5. Budadiri Health center IV Sironko
6. Anyeke Health center IV Oyam
7. Babulo Health center IV Manafwa
8. Kakumiro Health center IV Kakumiro
9. Kapelabyong Health center IV Kapelabyong
10. Kazo Health center IV Kazo
11. Lalogi Health center IV Omoro

Source: [45]

Solar photovoltaic systems are designed to establish
a reliable and sustainable power source, addressing
historical ~ challenges related to inconsistent
electricity supply. The design involves solar panels,
energy  storage  solutions, and  associated
infrastructure [46, 47]. However, comprehensive
training programs for health center staff have been so
integral to this phase, ensuring effective management
and maintenance of the newly integrated solar
infrastructure. The impact assessment of this
electrification initiative focuses on two primary
aspects. Firstly, it evaluates the improvement in
energy reliability within these health centers,
ensuring a consistent power supply to support critical
healthcare services. This includes enhanced
diagnostics, more reliable maternal care services, and
strengthened emergency response capabilities [48,

75

34, 497. Secondly, the assessment considers the
broader implications for healthcare delivery,
recognizing that reliable electricity is not merely a
utility but a fundamental enabler for a spectrum of
healthcare services. From diagnostics to emergency
responses, the continuous and stable power supply
facilitated by solar energy integration is essential in
ensuring the efficiency, effectiveness, and resilience of
healthcare delivery, especially in the face of health
emergencies [50, 517].

Before the implementation of solar energy solutions,
health centers in Uganda faced a number of
challenges associated with unreliable power supply.
For example, delivering babies at night posed a
considerable difficulty due to the lack of consistent
electricity. In instances of power outages, health
workers resorted to using lights from cell phones to
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facilitate deliveries, highlighting the urgent need for
amore sustainable and dependable energy source [52,
45, 237. Additionally, storing vaccines for infants
became a risky task, as refrigeration units were
compromised during power disruptions, potentially
impacting the efficacy of the vaccines. Furthermore,
conducting essential laboratory tests, which are often
electricity-dependent, became a logistical challenge,
hindering the timely diagnosis and treatment of
medical conditions. Generally, the collaborative effort
to integrate solar energy into the health centers in
Uganda represents a significant stride in enhancing
healthcare delivery. The initiative not only addresses
immediate energy challenges but also contributes to
the long-term sustainability and resilience of
healthcare services in the targeted regions [53, 237.

Mundu et al

In the realm of solar PV installation in Ugandan rural
health centers, all the health centers exhibit shared
principles and fine distinctions similar to other places
other than Uganda. Firstly, commonalities are
evident in the adoption of solar PV systems, tailored
to harness Uganda’s abundant sunlight, emphasizing
sustainability and renewable energy. They all
prioritize the customization of solar solutions to meet
the unique energy needs of rural health centers,
acknowledging the importance of a patient-centric
approach to healthcare delivery. Additionally,
recognizing  the  significance of long-term
functionality, the initiatives integrate training
programs for health center staff, ensuring they
possess the necessary skills for the operation and
maintenance of the solar infrastructure [54, 55

Community Engagement and Capacity Building

The integration of solar energy in Ugandan health
centers thrives on the active involvement of
stakeholders, be it local communities or health center
staff. Through targeted training and education
programs, the initiative not only addresses immediate

energy needs but also contributes to the development
of informed, empowered communities capable of
sustaining and optimizing solar energy solutions for
long-term benefits.

Importance of Stakeholder Involvement

Engaging local communities and health center staff
stands as a cornerstone in the implementation of solar
energy solutions. The active participation of
community members ensures that the solar
infrastructure aligns with their specific needs,
fostering a sense of community ownership and pride
[66, 547]. This collaborative approach not only
enhances the sustainability of solar energy use but
also establishes a direct link between the technology
and the community it serves. Simultaneously,
involving health center staff is paramount,
recognizing their crucial role in the daily operations.
Their insights contribute to the unified integration of
solar energy into existing healthcare practices,

ensuring that the technology enhances, rather than
disrupts, critical medical services. Building capacity
for solar energy management is equally essential.
This involves equipping health center staff and local
communities with the necessary skills and knowledge
to operate and maintain the solar infrastructure
effectively [57, 567. Beyond the technical aspects, this
capacity  building  extends to fostering a
comprehensive understanding of the broader benefits
of solar energy. By empowering stakeholders with the
knowledge to make informed decisions, the initiative
sets the stage for long-term success, adaptability, and
resilience.

Training and Education Programs

Comprehensive training and education programs play
a pivotal role in creating a culture of sustainable solar
energy use. Workshops and training sessions provide
practical insights, guiding health center staft and
community members in the hands-on operation and
maintenance of solar systems. Concurrently,
awareness campaigns aim to educate stakeholders
about the broader implications of solar energy
integration, emphasizing its positive effects on
healthcare, economic development, and
environmental sustainability [58, 547]. These
initiatives foster a knowledge-sharing environment,
empowering individuals to actively contribute to the
success of the solar energy initiative. Empowering

communities to maintain and optimize solar systems
is a critical aspect of capacity building. This
empowerment goes beyond basic maintenance skills
to include troubleshooting common issues,
understanding system diagnostics, and maximizing
the benefits of solar energy. By instilling a sense of
responsibility and capability within the community,
the initiative moves beyond initial installation to
establish sustainable, community-driven solar energy
management. This empowerment not only ensures
the longevity of the solar infrastructure but also
catalyzes  positive  community  development,
promoting self-sufficiency and resilience.

Assessments of the Impact of Solar Energy Integration on Healthcare Delivery

Quantitative and qualitative assessments of the
impact of integrating solar energy into healthcare
delivery are crucial for understanding the benefits of

this transition. On a quantitative level, these
assessments evaluate the financial implications,
measuring cost savings, and operational efficiency
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gained through solar adoption. The analysis also
extends to the environmental domain, quantifying
reduced carbon emissions and ecological footprints.
Thus, quantifying the impact of solar energy
integration in Ugandan health centers involves
employing specific quantitative methods to assess its
tangible benefits. One crucial method is the
measurement of energy reliability and uptime. For
instance, (1) if a health center experienced 30%
downtime due to power outages before solar
integration, post-implementation tracking could
reveal a substantial reduction to 5%, indicating a
significant improvement in energy reliability. This
directly translates to more consistent electricity for
critical medical equipment, exemplifying the
transformative effect of solar energy integration (2) a
reduction in patient waiting times for diagnostic
procedures from an average of 2 hours to 30 minutes

Mundu et al

post-solar integration indicates an enhancement in
healthcare services. Similarly, (3) tracking the success
rate of critical medical procedures, such as surgeries
or emergency interventions, before and after solar
integration provides quantitative insights into the
positive impact on healthcare outcomes [59, 607.
These yardsticks not only offer a quantitative
understanding of the success of the initiative but also
serve as communicative tools, illustrating the
tangible improvements in energy reliability and
healthcare delivery. The data gathered from such
yardsticks can inform decision-making, optimization,
and the potential scalability of solar energy solutions
in healthcare settings. Consequently, Equation (1)
attempts to conceptualize the diverse quantitative
impact of integrating solar energy into healthcare

delivery.

+ Scalability and Replicability

Overall Impact = Cost Savings + Operational Ef ficiency + Healthcare Outcomes
+ Environmental Impact + Cost Benefit Ratio + Patient Satisfaction
+ Data Security Improvement + Training Ef fectiveness

(1)

Qualitatively, the assessments explore the broader
societal and healthcare impacts, such as improved
community well-being, enhanced patient care
through reliable power supply for medical equipment,
and the potential for technological innovation. These

evaluations are crucial for guiding strategic decisions,
supporting policy advocacy, and fostering sustainable
and resilient healthcare systems that prioritize
economic, environmental, and social considerations

[617.

CONCLUSION

The extensive equation used to evaluate the effects of
integrating solar energy into healthcare delivery is
polygonal. A comprehensive grasp of the
consequences is shown by taking into account several
elements, including but not limited to cost savings,
operational efficiency, healthcare results, and
environmental effect. The key findings of this review
reveal that solar energy integration has the potential
to revolutionize rural healthcare in Uganda by not
only providing a reliable and sustainable power
source but also enhancing operational efficiency,
improving patient outcomes, and contributing to
environmental sustainability. The implications of the
equation suggest a promising future for rural
healthcare in Uganda. Cost savings in energy
expenditures can free up resources for critical
healthcare needs, while improved operational
efficiency ensures the uninterrupted functionality of
essential medical equipment. Healthcare outcomes,

including reduced waiting times and enhanced
success rates in medical procedures, indicate a
positive impact on patient care. The environmental
benefits, coupled with scalability and replicability,
point towards a sustainable model for the future of
rural healthcare, aligning with global efforts for clean
energy adoption and climate resilience. The findings
call for immediate action and focused research efforts.
Stakeholders in healthcare, energy, and policy
domains are urged to collaborate in implementing
and scaling up solar energy solutions in rural health
centers. Recommendations include developing
targeted policies, securing funding for solar
infrastructure, and investing in training programs for
healthcare staff and local communities. Further
research should explore deeper into specific regional
subtleties, community engagement strategies, and
long-term economic and health impacts of sustained
solar energy integration.
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