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This study examines how the plentiful solar, wind, and hydroelectric
resources in Africa are transforming the continent's energy landscape.
Africa faces significant challenges in achieving energy access and
sustainability due to the growth of its population and urbanization. This
analysis analyzes the transformational capacity of renewable energy,
emphasizing pioneering initiatives like Morocco's Noor Ouarzazate Solar
Complex and Kenya's Lake Turkana Wind Project. We examine the
economic advantages of decentralized energy systems, such as mini-
grids and pay-as-you-go solar solutions, which have empowered millions
and invigorated local economies. Progress in hybrid systems and energy
storage technologies is essential for improving grid stability and
dependability. The success of this revolution depends on strong
legislative frameworks, new financial structures, and regional
collaboration to address infrastructural deficiencies and regulatory
obstacles. This assessment highlights the need for inclusive strategies
that include local people and tackle environmental issues related to
large-scale projects. Africa is positioned to lead in renewable energy,
underscoring the critical need for collaboration among governments,
corporate sectors, and foreign partners to facilitate this transition. By
using its extensive renewable resources, Africa may attain energy
security, economic development, and environmental sustainability,
therefore fostering a resilient future.
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1. Introduction

Africa is a crucial hub for the renewable energy revolution because of its vast
natural resources and socio-economic difficulties. Africa, with over 600 million people
devoid of dependable energy, has considerable potential for the advancement of solar,
wind, and hydroelectric resources [1]. The optimal use of these resources is intricate and
necessitates innovative solutions and joint endeavors. Solar energy provides a substantial
opportunity for Africa, especially in regions with elevated solar irradiation, such as the
Sahara Desert. The 100 MW Noor Ouarzazate Solar Complex in Morocco is a pivotal
initiative that generates clean energy and exemplifies the potential of large-scale solar
projects to bolster national energy security [1]. Wind energy offers significant potential,
particularly in coastal regions and high areas. The Lake Turkana Wind Power Project in
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Kenya, boasting a capacity of 310 MW [2], demonstrates the viability of significant wind
energy investments, providing about 17% of the country's electricity needs and
promoting local job prospects [3]. South Africa's investment in wind energy has led to the
creation of several wind farms, showcasing the country's commitment to diversifying its
energy portfolio [4].

Historically, hydropower has been essential to Africa's energy generation, as
shown by major projects like Ethiopia's Grand Renaissance Dam, projected to produce
6,450 MW [5]. Large-scale dam projects may displace populations and disrupt local
ecosystems, necessitating careful planning and stakeholder engagement to mitigate
negative impacts. Africa continues to have substantial challenges regarding energy
availability, with more than 600 million people devoid of power [1], mostly in rural areas
where grid connectivity is limited or nonexistent [6]. Innovative alternatives, such as
solar home systems and mini-grids, are becoming more significant, with companies like
M-KOPA Solar providing affordable pay-as-you-go solar solutions to off-grid residences
in Kenya and Tanzania [7]. These innovations have improved the quality of life for
several people [8], illustrating that decentralized energy solutions may effectively
mitigate energy inequality [9].

Insufficient regulatory frameworks and investment obstacles [10] are hindering

Africa’s efficient transition to renewable energy [9]. Initiatives such as green bonds [11]
and public-private partnerships may stimulate investments in renewable energy projects
[12]. The African Development Bank's Desert to Power initiative aims to harness solar
energy across the Sahel region, with a total capacity of 10 GW by 2025 [1]. Renewable
energy has emerged as a crucial driver of economic development in Africa [13],
addressing energy poverty while promoting job creation [14], enhancing local economies
[15], and facilitating sustainable growth [16]. The transition from fossil fuels to
renewable energy sources offers unique opportunities for developing resilient economies
[17] and mitigating the adverse impacts of climate change [18].
Renewable energy is essential for enhancing energy security and resilience [19],
particularly in light of climate uncertainty and geopolitical dangers associated with fossil
fuel use [20]. Countries such as Ethiopia are at the forefront of integrating renewable
energy to enhance energy stability and diminish susceptibility [21]. The Grand Ethiopian
Renaissance Dam, projected to generate 6,450 MW of hydropower, is anticipated to
bolster energy security and facilitate regional economic integration via cross-border
energy trade [1]. The renewable energy industry in Africa is drawing international
investment owing to the decreasing costs of renewable technologies and their economic
benefits [1]. The African Development Bank's Desert to Power program seeks to use the
solar potential of the Sahel region, targeting a total capacity of 10 GW by 2025 [1]. This
ambitious plan is anticipated to attract billions of dollars in investments, stimulating
economic development and job creation across the area.

Moreover, the advent of innovative financing mechanisms, such as green bonds
and climate finance, is enabling the funding of renewable initiatives in African countries.
Nations such as Nigeria and Kenya have used green bonds to encourage sustainable
investment and enhance resource allocation for clean energy initiatives. Investing in
renewable energy is closely associated with several Sustainable Development Goals
(SDGs), including affordable and clean energy (SDG 7), decent work and economic
growth (SDG 8), and climate action (SDG 13)[8]. Countries such as Morocco have set
high renewable energy goals, aiming for 52% of their energy supply to derive from
renewable sources by 2030 [22]. Technological developments are spearheading Africa's
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renewable energy revolution [23], enabling the continent to surmount traditional energy
challenges and accelerate the deployment of solar [24], wind [25], and hydropower
solutions [26]. Cutting-edge technology is used to improve energy accessibility [27],
efficiency [28], and sustainability [29], including advancements in energy storage and
smart grid integration [30].

A significant technological advancement impacting Africa’'s energy industry is the
quick decline in the cost of solar photovoltaic (PV) systems [31]. The cost of solar PV
technology has reduced by around 80% since 2010, making it an increasingly viable
option for large-scale and off-grid applications across the continent [1]. Energy storage
technologies represent a significant advancement transforming Africa's renewable energy
landscape [32]. Progress in battery storage technology is alleviating the challenges of
integrating renewables into the grid [33]. Lithium-ion battery technology has advanced
swiftly, with costs decreasing by around 90% over the last decade [6], hence improving
its accessibility for both utility-scale and residential applications. Hybrid energy systems
that combine solar power with battery storage are exhibiting significant impacts in rural
and off-grid regions, decreasing reliance on fossil fuels and enhancing energy security.

Alongside grid management, digital technologies such as the Internet of Things
(1oT) and blockchain are used to enhance energy accessibility and transparency [34]. In
Nigeria, the blockchain company WePower enables peer-to-peer energy trading, allowing
users to directly buy and sell excess solar energy [35], reducing transaction costs, and
empowering local people to participate actively in the renewable energy market [36].
Africa's renewable energy industry is seeing notable technical progress, with run-of-the-
river (ROR) systems and micro-hydropower technologies emerging as more sustainable
options [16]. The Rukarara 1l small hydropower station in Rwanda supplies electricity to
remote communities, exemplifying the capabilities of modular hydropower systems [6].
Micro-hydropower technologies, shown as the Mwenga Hydro Project in Tanzania,
provide sustainable energy solutions for off-grid regions, fostering economic
development while safeguarding the environment.

The effective shift to renewable energy in Africa depends on strong policy
frameworks and governance structures. Countries such as Morocco have established
ambitious renewable energy goals and laws to enhance energy accessibility and
sustainability. Morocco's National Energy Strategy is to get 52% of its energy generation
capacity from renewable sources by 2030 [6], promoting the development of large-scale
initiatives such as the Noor Ouarzazate Solar Complex. South Africa's Integrated
Resource Plan (IRP) seeks to generate 20,400 MW of renewable energy by 2030 [6],
facilitating competitive bidding and significant investments in wind and solar initiatives.
Innovative regulatory tools are crucial for advancing renewable energy adoption in Africa,
including feed-in tariffs (FiTs) and power purchase agreements (PPAS)[37], which
provide assured remuneration for electricity generated from renewable sources. Countries
such as Kenya have effectively implemented Feed-in Tariffs for wind and solar projects,
resulting in the rapid growth of renewable energy capacity [6].

Regional collaboration is essential for advancing renewable energy in Africa, as
the African Renewable Energy Initiative (AREI) seeks to harness the continent's plentiful
renewable resources via cooperative efforts and investment. The AREI seeks to mobilize
capital and facilitate knowledge transfer among member states by establishing a cohesive
framework for renewable energy initiatives. Nevertheless, several challenges persist in
the effective implementation of renewable energy initiatives across Africa. Fragmented
regulatory frameworks, discrepancies between national and local regulations, and

Tr Ren Energy, 2025, Vol.11, No.2, 155-200. doi: 10.17737/tre.2025.11.2.00189 157



Peer-Reviewed Review Article Trends in Renewable Energy, 11

bureaucratic inefficiencies may hinder investment and project advancement. Financial
constraints provide a considerable barrier to realizing ambitious renewable energy goals,
since several African countries have difficulties in securing foreign investment owing to
perceived risks associated with political instability, inadequate infrastructure, and
regulatory uncertainties. Innovative financial frameworks, such as green bonds and
hybrid finance models, are essential for tackling these difficulties.

Efficient governance in the renewable energy sector requires stakeholder
involvement and community engagement. The Lake Turkana Wind Power Project in
Kenya emphasizes community engagement by including local stakeholders in decision-
making processes [38] and providing economic benefits to surrounding communities. The
Renewable Energy Revolution in Africa addresses the continent's energy challenges [1]
while also having the potential to transform its socio-economic structure.

Africa faces increasing energy demand and the urgent need for sustainable
development, making renewable energy a crucial element in modernizing the continent's
energy framework. This assessment examines the huge unexploited potential of solar,
wind, and hydropower in Africa [39], as well as the technical innovations and current
progress propelling the continent towards a more sustainable energy future [40].
Although hydropower continues to be fundamental, solar and wind energy are seeing fast
expansion owing to decreasing prices and enhanced technology. Achieving widespread
renewable adoption requires strong regulatory frameworks, favorable policies, and smart
investments [41]. The ongoing shift is characterized by new themes, including energy
storage and regional collaboration, which are poised to expedite advancement [42].

The subsequent sections of this study encompass Energy Demand and Current
Landscape in Africa; Solar Energy Potential and Developments in Africa; Wind Energy
Potential and Progress in Africa; Hydropower as a Cornerstone of Africa’s Renewable
Energy Future; Regulatory and Policy Frameworks to Facilitate Renewable Energy
Adoption; Emerging Trends and Prospective Outlook; and Summary and Conclusion.
The Energy Demand and Current Landscape in Africa examines the impact of population
growth and economic development on the rising energy demand, especially in
metropolitan regions. This section analyzes the existing energy sources used on the
continent and their ecological consequences. The section on Solar Energy Potential and
Developments in Africa examines how solar energy is becoming a crucial component of
renewable energy advancement on the continent thanks to ample sunshine and falling
solar technology prices, which are fostering sector expansion. It also examines the many
solar projects and activities now in progress throughout the continent to use this potential
and sustainably address the increasing energy demand. The Wind Energy Potential and
Progress in Africa section examines the increasing use of wind energy as a renewable
resource across the continent, highlighting the substantial wind resources that provide a
significant potential for clean energy production. It underscores the advancements
achieved in the development of wind energy projects and infrastructure to harness this
potential and facilitate the region's energy transition. The section on Hydropower as a
Cornerstone of Africa’s Renewable Energy Future examines the pivotal role of
hydropower in Africa's renewable energy landscape, highlighting its plentiful water
resources as a dependable source of clean energy. It also addresses the significance of
investing in hydroelectric infrastructure to exploit this potential and promote sustainable
development across the continent. The section on Regulatory and Policy Frameworks to
Facilitate Renewable Energy Adoption examines the critical role of regulatory and policy
frameworks in fostering an environment conducive to renewable energy adoption in
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Africa. Governments may attract investment and foster the development of renewable
energy projects in the area by instituting explicit standards and incentives. This section
emphasizes the need for cooperation among stakeholders to develop effective policies
that facilitate the transition to a more sustainable energy mix in Africa. The Emerging
Trends and Prospective Outlook section examines how technical breakthroughs, like the
integration of smart grids and energy storage options, are influencing the future of
renewable energy in Africa. These developments signify a transition towards a more
decentralized and robust energy infrastructure capable of effectively addressing the
continent's increasing energy demands while diminishing dependence on fossil fuels.
This assessment emphasizes the present condition of Africa’'s renewable energy
revolution while providing a prospective analysis on how these sectors might influence a
sustainable and resilient energy future for the continent, serving as a paradigm for global
energy transitions.

2. Energy Demand and Current Landscape in Africa

2.1 Current Energy Generation Mix and Distribution: Fossil Fuels vs. Renewables

Africa's energy environment has a heterogeneous generating mix that reflects the
continent's diversified resources, economic goals, and issues related to energy availability.
Although fossil fuels, especially coal, oil, and natural gas, remain predominant in energy
production, there is a discernible transition towards renewable energy sources, including
solar, wind, and hydropower. This sub-section examines the present energy generating
composition in Africa, the allocation of energy resources, and the consequences for future
energy demand and sustainability.

Recent statistics indicate that fossil fuels provide a substantial share of Africa's
energy production, with coal, oil, and natural gas representing over 70% of the overall
energy composition [2]. Countries such as South Africa and Nigeria are significantly
dependent on coal and natural gas for energy production [2]. In South Africa, almost 80%
of energy is produced by coal-fired power plants [2], which significantly contribute to
economic activity and considerable greenhouse gas emissions [3]. Nigeria's energy
industry is primarily powered by natural gas, which constitutes over 90% of its electricity
output, despite the country's significant renewable energy potential [37].

The substantial dependence on fossil fuels presents considerable concerns, such as
energy security threats [43], environmental deterioration [44], and heightened
susceptibility to global oil price volatility [45]. The current shift to renewable energy is
not just a question of sustainability but also of economic stability and energy resiliency
[46].

Unlike the fossil fuel-centric environment, renewable energy sources are
increasingly gaining prominence due to technical innovations, declining expenses, and
favorable legislation. IRENA reported that renewable energy capacity in Africa reached
51 GW in 2020, reflecting an increase over 10% from the prior year [47]. Solar energy
has become a leader, with nations such as Egypt, Morocco, and South Africa
spearheading extensive solar installations [7].

The Benban Solar Park in Egypt is among the biggest solar installations globally,
with a capacity of 1.8 GW, illustrating this transition [48]. It is anticipated to provide
clean energy to more than 1 million homes, aiding Egypt in achieving its objective of
producing 20% of its power from renewable sources by 2022 [49]. The Noor Ouarzazate
Solar Complex in Morocco, with a capacity of 580 MW, exemplifies large-scale solar
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initiatives and signifies the country's dedication to sourcing 52% of its energy from
renewable resources by 2030 [50].

Wind energy is making considerable advancements, especially in East Africa. The

Lake Turkana Wind Power Project in Kenya, with a capacity of 310 MW [49], is the
biggest wind farm in Africa and is essential in diversifying the nation's energy portfolio,
supplying around 17% of its power requirements [50].
Notwithstanding the increasing capability for renewable energy, the distribution of
energy production throughout the continent remains inequitable [49]. Numerous areas,
especially in sub-Saharan Africa, continue to depend significantly on traditional biomass
for cooking and heating, resulting in health complications and environmental
deterioration. The insufficiency of appropriate infrastructure, investment, and funding
methods exacerbates the challenges of integrating renewables into the grid, especially in
rural and isolated regions.

Novel solutions are arising to tackle these difficulties. Off-grid and mini-grid
solar systems are gaining popularity as a method to provide power to underprivileged
populations [5]. Companies such as M-KOPA Solar and SunCulture are using pay-as-
you-go methods to provide cost-effective solar home systems and energy-efficient
appliances, therefore empowering families and diminishing dependence on fossil fuels

[6].

2.2 Statistics on Energy Poverty and Access to Electricity in Urban vs. Rural
Areas

Energy poverty continues to be a critical issue in Africa, profoundly affecting
economic growth, public health, and overall quality of life. The significant disparity in
power availability between urban and rural regions highlights the intricacy of meeting
energy requirements across the continent. This sub-section analyzes data about energy
poverty, investigating the inequalities between urban and rural people, the consequences
of these disparities, and new solutions designed to enhance access.

In 2021, around 600 million individuals in Africa were without electricity,
constituting approximately 48% of the continent's population [6]. Although metropolitan
regions often benefit from superior electrical availability, considerable disparities remain.
The International Energy Agency (IEA) reports that around 93% of urban people have
access to electricity, in contrast to just 43% of the rural population [6]. This difference
illustrates the historical emphasis on electrifying metropolitan areas, sometimes to the
detriment of rural regions.

In Nigeria, almost 60% of urban households have electricity access; however, this
percentage falls to just 24% in rural regions [49]. In Kenya, urban electricity rates are
around 75%, and rural access is about 30% [49]. These numbers underscore the pressing
need to tackle energy poverty in rural areas, where dependence on traditional biomass for
cooking and heating intensifies health hazards and environmental deterioration.

Energy deprivation in rural regions has extensive consequences. The absence of
electricity restricts economic prospects, impedes education, and negatively impacts health
results. Children in energy-deprived homes may have difficulties studying after dark,
perpetuating cycles of poverty and constraining educational achievement. The World
bank asserts that access to electricity enhances educational achievements by facilitating
nighttime study sessions and supplying necessary learning resources [49].

Moreover, energy poverty exacerbates health hazards linked to the dependence on
kerosene lights and conventional biomass for cooking. The World bank approximates that
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indoor air pollution from these sources results in almost 4 million premature deaths per
year, with rural women and children being disproportionately impacted [49]. Innovative
solutions are developing to address the difficulties of energy poverty and improve access
in rural regions. Decentralized renewable energy solutions, including solar household
systems and mini-grids, are shown efficacy in closing the power access gap. M-KOPA
Solar's pay-as-you-go solar home systems have delivered cheap electricity to more than
750,000 families in Kenya, markedly enhancing living conditions in rural areas [49].

The World Bank's Lighting Africa program is a significant project that advocates for off-
grid solar solutions to provide power to underprivileged communities. The initiative has
enabled access to clean and inexpensive energy for millions throughout the continent by
assisting local entrepreneurs in distributing solar goods [50].

Governments are increasingly acknowledging the significance of tailored
strategies to mitigate gaps in energy access. Ethiopia's Energy Sector Policy is to attain
universal energy access by 2025, emphasizing the expansion of off-grid alternatives in
rural regions [49]. This thorough approach emphasizes the possibility of incorporating
renewable energy solutions into national electrification efforts.

2.3 Projected Energy Demand Over the Next 20-30 Years

As Africa undergoes urbanization and economic development, energy
consumption is anticipated to rise substantially over the next two to three decades. This
anticipated increase in energy use offers both prospects and obstacles for the continent's
energy framework. Comprehending these developments is essential for policymakers,
investors, and stakeholders to formulate policies that guarantee sustainable energy access
and address the increasing needs of African people.

The International Energy Agency (IEA) projects that Africa’s energy consumption
may over double by 2040, mostly due to population increase, urbanization, and economic
advancement [6]. The continent's population is projected to attain over 2.5 billion by
2050 [50], with metropolitan regions proliferating as individuals migrate to cities in
pursuit of enhanced chances. This population transition would undoubtedly elevate
energy requirements across several sectors, including residential, industrial, and
transportation.

The International Energy Agency projects that energy demand in Sub-Saharan
Africa would rise by around 80% by 2040, with electricity consumption anticipated to
expand at an annual rate of 5% [49]. The power demand in nations like Nigeria and South
Africa is expected to exceed supply if existing infrastructure and investment levels are
unaltered [51].

Distinct industries will encounter varied amounts of energy demand growth. The
residential sector, driven by population expansion and improved living standards, is
anticipated to have the most significant rise in power usage. The International Renewable
Energy Agency (IRENA) forecasts that the number of homes with electricity access in
Africa would rise from around 600 million to over 1.2 billion by 2040, markedly
increasing residential energy consumption [52].

The industrial sector is positioned for expansion, especially in manufacturing,
mining, and agriculture. The African Union's Agenda 2063 identifies industrialization as
a fundamental component of economic growth, forecasting an annual increase of 4-6% in
energy consumption within the industrial sector [1]. Investments in renewable energy and
energy efficiency technology will be essential to satisfy this increasing demand while
mitigating environmental concerns.
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The anticipated rise in energy consumption offers Africa a chance to expedite the
shift to renewable energy sources. The continent has vast renewable resources, such as
solar, wind, and hydropower, which are essential for responsibly addressing future energy
requirements.

The African Renewable Energy Initiative (AREI) seeks to attain a minimum of 10
GW of new and supplementary renewable energy capacity by 2020 and 300 GW by 2030
[1]. Achievement of these aims might substantially aid in fulfilling the anticipated energy
demand, enhancing energy security, and reducing carbon emissions [1]. Ethiopia
exemplifies the potential for large-scale renewable projects to satisfy increasing demand,
with plans to augment its hydropower capacity from 4,000 MW to over 17,000 MW by
2030 [1].

Notwithstanding the favorable forecasts for renewable energy expansion, several
hurdles must be confronted to satisfy the anticipated energy demand. Infrastructure
deficiencies, regulatory obstacles, and financial limitations provide substantial challenges
to amplifying investments in renewable energy. The World Bank estimates that attaining
universal power access in Africa by 2030 requires around $25 billion in yearly
expenditures [49].

Furthermore, the shift to renewable energy must be meticulously managed to
provide energy security. An optimal energy mix including both renewable and
conventional energy sources may be essential in the short to medium term to avoid
supply constraints amid increasing demand.

2.4 Infrastructure Gaps, Grid Reliability, and Energy Costs

Africa's energy environment is marked by considerable infrastructural
deficiencies, issues with grid dependability, and elevated energy prices, all of which
affect the continent's capacity to satisfy increasing energy demand. Resolving these
difficulties is crucial for stimulating economic growth, enhancing energy accessibility,
and advancing sustainable development.

A significant difficulty for Africa’'s energy economy is the insufficient
infrastructure. Numerous nations contend with antiquated and inadequate energy
infrastructures, which impede the proliferation of power access, especially in rural and
isolated regions. The International Energy Agency (IEA) reports that around 600 million
people in Africa remain without electricity, mostly in sub-Saharan Africa, where
infrastructural deficiencies are most severe [1]. In Nigeria, a nation rich in energy
resources, the current power system is inadequately built, resulting in substantial
transmission and distribution losses, estimated at over 40% [1]. This inefficiency restricts
the electricity accessible to customers and intensifies energy poverty since several
communities depend on costly and unreliable backup options, such as diesel generators.

The dependability of energy provision is a significant issue in Africa. Frequent
power interruptions and voltage fluctuations provide an unstable environment for home
users and companies alike. The World Bank indicates that African enterprises forfeit
around 5% of sales owing to power disruptions, severely impeding productivity and
development [49]. Countries like South Africa have seen significant load shedding as a
result of deteriorating infrastructure, maintenance deficits, and heightened demand.
Eskom, the state-owned energy provider, has been unable to provide a dependable power
supply, resulting in rolling blackouts that hinder economic operations [50]. In Malawi,
insufficient investment in generating capacity has led to extended outages, significantly
affecting companies and governmental services [49]. Emerging innovative technologies,
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like smart grid technology and decentralized energy systems, aim to enhance grid
stability. In Kenya, the incorporation of mini-grids and off-grid solar systems has
improved energy stability in rural regions, ensuring constant power supply while
alleviating pressure on the national grid [50].

Elevated energy expenses are a substantial obstacle to accessibility and
affordability in Africa. The interplay of insufficient infrastructure, dependence on fossil
fuels, and restricted investment in renewable energy sources results in heightened power
costs. Energy expenses constitute a significant share of expenditures for many homes and
small enterprises, sometimes resulting in energy poverty and financial distress. In South
Africa, energy costs have surged significantly in recent years, as Eskom has instituted
many rate increases to mitigate financial difficulties, resulting in electricity being more
unaffordable for low-income families [49]. Conversely, renewable energy solutions have
the capacity to lower energy expenses. The levelized cost of solar energy has
significantly decreased, making it one of the most economical sources of power. Recent
auctions in South Africa have shown solar power costs down to as low as 50 USD/MWh
[6]. Innovative financing methods, including pay-as-you-go approaches for solar home
systems, are assisting in mitigating the financial strain of elevated energy bills for low-
income families. Firms such as M-KOPA Solar are offering economical solar solutions
that enable households to get power without the initial expenses often linked to
conventional energy sources [6].

2.5 Policy Bottlenecks, Financing Challenges, and Technology Access

Addressing energy demand in Africa requires a thorough comprehension of the
legislative impediments, financial obstacles, and technological access issues that hinder
the establishment of a sustainable energy framework. Each of these components is
essential in influencing the region's energy future and assessing the efficacy of initiatives
aimed at improving energy availability and efficiency.

The inconsistency and fragmentation of energy policy across African states
substantially impede the development of the renewable energy industry. National energy
policies often exhibit a lack of coherence and fail to fit with overarching economic and
environmental objectives. Although several governments have established lofty
renewable energy objectives, bureaucratic impediments and regulatory ambiguity may
hinder project execution. In Zambia, while a renewable energy feed-in tariff policy exists,
prospective investors encounter protracted approval procedures and ambiguous laws,
which discourage investment [52]. The absence of cohesive planning across energy,
transportation, and urban development policies may result in ineffective resource
distribution and lost possibilities for synergy. In Ghana, dependence on fossil fuels for
power production persists despite substantial expenditures in solar energy, mostly owing
to regulatory inertia and insufficient grid infrastructure for renewable integration [53].

Access to financing continues to be a major obstacle to energy development in
Africa. The continent necessitates around $25 billion each year to get universal power
access by 2030 [49]. Nevertheless, conventional finance sources often prove inadequate,
and private sector investments are hindered by perceived risks and uncertainties. Novel
financing tools, like blended finance and green bonds, are arising to tackle these
difficulties. The African Development Bank's "Desert to Power" plan seeks to mobilize
$20 billion to produce 10 GW of solar energy in the Sahel area, using both public and
private sector financing [49]. These efforts illustrate the capacity of innovative finance
structures to garner investment and propel renewable energy projects. Crowdfunding
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platforms are becoming popular in Africa, offering an alternative finance source for
small-scale renewable projects. Energicity's crowdfunding initiatives in Ghana have
effectively garnered money to enhance solar energy accessibility in off-grid areas,
demonstrating the potential of community-driven finance to advance energy projects [50].
Access to contemporary energy technology is essential for meeting energy
demand and facilitating the transition to sustainable energy systems. Nevertheless,
several African nations encounter substantial obstacles to technological transmission and
adoption. Significant initial expenses, insufficient qualified workforce, and restricted
access to maintenance services impede the use of new energy technology. Governments
and international organizations are collaborating to enhance technological access via
partnerships and capacity-building efforts. The World Bank has played a crucial role in
enabling knowledge transfer in renewable energy and fostering local production and
maintenance of solar goods in nations such as Ethiopia [49]. Furthermore, public-private
partnerships (PPPs) have surfaced as a viable strategy to improve technology
accessibility. In Kenya, collaborations between the government and private sector entities
have resulted in the creation of indigenous solar manufacturing facilities, therefore
lowering prices and enhancing availability [49]. These programs not only improve
technological accessibility but also foster job creation and economic advancement.

2.6 Environmental and Social Challenges: Deforestation, Emissions, and Land
Use

Africa has significant environmental and social difficulties, notably with
deforestation, greenhouse gas emissions, and changes in land use, as it addresses its
energy demands and development objectives. These challenges are fundamentally
connected to the continent's energy decisions and have considerable ramifications for
sustainable development, biodiversity, and the lives of millions.

Deforestation is a critical environmental concern in Africa, mostly fueled by
dependence on biomass for energy. About 70% of Africa’'s population relies on traditional
biomass, including wood and charcoal, for cooking and heating [49]. This reliance results
in considerable forest degradation, especially in nations like Madagascar and the
Democratic Republic of the Congo (DRC), where deforestation occurs at alarming rates.
Madagascar has seen a loss of nearly 80% of its forest cover as a result of logging,
agriculture, and charcoal manufacturing [50]. This not only contributes to the loss of
biodiversity but also intensifies climate change via elevated carbon emissions. The World
bank estimates that deforestation contributes around 20% of global greenhouse gas
emissions, with Africa's impact being considerable owing to poor land management
practices [49]. Novel alternatives are emerging to combat deforestation while fulfilling
energy requirements. Initiatives advocating for energy-efficient stoves and alternative
cooking fuels, including biogas and solar cookers, have shown potential in decreasing
biomass use. The Clean Cooking Alliance is disseminating clean cooking solutions across
Africa to mitigate deforestation and enhance public health [50].

Africa has abundant natural resources, and the extraction of fossil fuels is
exacerbating greenhouse gas emissions. Africa, accountable for around 3% of worldwide
emissions, is anticipated to see an increase in emissions owing to escalating energy
consumption and industrialization [6]. Nations such as Nigeria and South Africa, which
depend extensively on coal and oil, are major contributors to the continent's carbon
emissions. The South African energy industry is a significant contributor to greenhouse
gas emissions in Africa, mostly attributable to coal-fired power stations. South Africa
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seeks to diversify its energy portfolio and diminish emissions via projects such as the
Integrated Resource Plan (IRP), which intends to integrate more renewable energy
sources. The Integrated Resource Plan (IRP) seeks to attain a goal of 20 GW of
renewable energy capacity by 2030, facilitating emission reduction while fulfilling
energy requirements [54].

The shift to renewable energy and the development of energy infrastructure may
result in changes to land use that affect local ecosystems and populations. Extensive
renewable energy initiatives, such as solar farms and wind parks, need considerable land
expanses, potentially resulting in disputes over land rights and the relocation of local
communities. In some instances, the implementation of these projects may infringe upon
essential agricultural land, jeopardizing food security. The establishment of the Noor
Ouarzazate Solar Complex in Morocco, while advantageous for renewable energy
production, has elicited apprehensions over land use and its impact on local residents and
agriculture [54]. Confronting these difficulties requires meticulous planning, stakeholder
involvement, and assessment of societal repercussions.

3. Solar Energy Potential and Developments in Africa

3.1 Solar Irradiation Levels throughout Various African Areas

Africa has some of the greatest sun irradiation levels globally [55], making it an
optimal continent for the use of solar energy [56]. The capacity for solar energy
production differs markedly across places [57], shaped by geographical [58], climatic
[59], and seasonal variables [60]. Comprehending these variances is essential for the
efficient development of solar energy initiatives [61] and policies designed to enhance
access to renewable energy [62].

3.1.1 Regions with Elevated Solar Potential

North Africa: Nations like Egypt, Algeria, and Morocco have very elevated sun
irradiation levels, often surpassing 2,500 kWh/m=annually [63]. The Sahara Desert is an
ideal site for solar energy initiatives because of its extensive, unimpeded terrain and
constantly elevated solar insolation. The Noor Ouarzazate Solar Complex in Morocco
exemplifies a facility designed to produce 580 MW of concentrated solar power (CSP)
using the area's elevated sun irradiation [63].

Sub-Saharan Africa: This area has considerable solar potential, with nations such
as South Africa, Namibia, and Kenya exhibiting elevated irradiance levels. For example,
South Africa’s sun irradiation may attain up to 2,200 kwh/m=annually in regions like the
Northern Cape [64]. The nation has leveraged this potential via programs such as the
Renewable Energy Independent Power Producer Procurement Program (REIPPPP),
which has garnered significant investments in solar projects [65].

East Africa: Nations such as Kenya and Tanzania have favorable solar irradiation
values, often between 1,800 and 2,000 kWh/m=annually [22]. The Lake Turkana Wind
Power project in Kenya, although mostly wind-driven, enhances solar endeavors by using
the area's many renewable resources. Moreover, off-grid solar solutions are swiftly
gaining popularity in rural regions, delivering crucial energy access in the absence of
conventional grid infrastructure [66].

3.1.2 Fluctuations and Seasonal Patterns
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Although average yearly sun irradiance levels provide a valuable summary, it is
crucial to account for seasonal fluctuations [67]. Regions near the equator, such as
Uganda and Ghana, have generally stable sun irradiance year-round, with maximum
insolation occurring during the dry season. Conversely, North Africa exhibits more
significant seasonal fluctuations, characterized by substantial decreases in irradiance
throughout the winter months, potentially affecting energy production [52].

3.1.3 Novel Solutions and Technologies

Progress in solar technology is making the exploitation of Africa's solar potential
more viable, irrespective of regional variations in irradiance. Bifacial solar panels,
capable of harnessing sunlight from both sides, are gaining popularity in areas with high
reflectivity, such as sandy or snowy landscapes. Initiatives such as the 100 MW Solar
Park in Ajaokuta, Nigeria, are using these technologies to optimize energy collection in
regions with fluctuating irradiance levels [52].

Furthermore, solar energy storage systems are being included in projects to
mitigate the intermittency of solar power output [68], guaranteeing a reliable energy
supply during times of insufficient sunshine [69]. The integration of solar power
production with battery storage devices may substantially improve energy dependability
[70], especially in distant and off-grid regions.

3.2 Potential for Decentralized Off-Grid Solutions in Rural Areas

Africa has considerable obstacles in energy accessibility, especially in rural
regions, making localized off-grid solar solutions a revolutionary possibility [71]. These
solutions may mitigate the energy deficit by delivering dependable [72] and sustainable
power to places often neglected by national grid infrastructure [73]. The potential for
decentralized solutions is vast, with several creative models and efforts already exhibiting
success around the continent [74].

3.2.1 The Necessity for Decentralized Solutions

Approximately 600 million individuals in Africa are deprived of electricity, with
rural communities being disproportionately impacted [75]. Conventional grid expansion
is often economically impractical in these regions owing to elevated costs and sparse
population density. Consequently, decentralized off-grid solar systems have arisen as a
viable option, providing localized energy production that can be customized to meet the
distinct requirements of communities.

3.2.2 Innovative Models of Off-Grid Solutions

Solar Home Systems (SHS): Solar home systems have become more prevalent as
a solution for supplying power to rural homes. These systems generally include solar
panels, batteries, and appliances, enabling households to energize lights, phones, and
other electronics. In Tanzania, firms such as M-KOPA have effectively executed a pay-
as-you-go strategy for solar home systems, allowing families to get solar electricity
without substantial initial expenses. As of 2021, M-KOPA has established connections to
over 1 million households, illustrating the feasibility of this method [37].

Mini-Grids: Mini-grids, defined as small-scale energy systems capable of
functioning autonomously or in tandem with the main grid, provide a viable alternative
for rural electrification. In Kenya, the Kenya Power and Lighting Company has
collaborated with private entrepreneurs to create mini-grids in distant regions, markedly
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improving electricity accessibility. The Lake Turkana Wind Power project enhances
existing initiatives by supplying supplementary renewable energy to local mini-grids,
exemplifying a comprehensive strategy for energy access [2].

Community Solar Projects: Community solar efforts include collaborative
investment in solar energy projects that serve local communities. The Solar for Schools
initiative in Uganda has implemented solar systems in educational institutions, enabling
schools to function as energy centers for adjacent communities. This method supplies
power for illumination and educational initiatives while promoting community
involvement and sustainability [37].

3.2.3 Obstacles and Considerations

The potential of decentralized off-grid solutions is considerable, although several
problems must be resolved to optimize their effectiveness. Initially, regulatory regimes
must endorse off-grid technology, ensuring that regulations promote rather than obstruct
growth. Furthermore, funding methods must be readily available to both investors and
consumers, since some rural families may find it challenging to finance early investments,
even with novel payment arrangements.

Capacity development and training are crucial for ensuring the sustainability of
these systems. Local experts must possess the capability to maintain and repair solar
technologies to avert malfunctions and extend system longevity. Initiatives like as the
Solar Market Development Group aim to provide training and resources for local
entrepreneurs and technicians, cultivating a proficient workforce to facilitate off-grid
solutions [2].

3.3 Recent Innovations in Photovoltaic (PV) Technology, Solar Thermal, and
Storage Systems

The advancement of solar energy technology has been crucial in improving
energy accessibility and sustainability in Africa. Recent advancements in photovoltaic
(PV) technology, solar thermal systems, and energy storage technologies are
revolutionizing solar energy implementation [76], enhancing its efficiency [77],
affordability [78], and adaptability to the continent's distinct issues [79].

3.3.1 Progress in Photovoltaic (PV) Technology

Bifacial Solar Panels: A notable advancement in photovoltaic technology is the
introduction of bifacial solar panels, which harness sunlight from both surfaces, hence
increasing energy output substantially. These panels may produce 10-20% more power
than conventional monofacial panels [80], especially in regions with elevated ground
reflectance, like deserts. The Noor Ouarzazate Solar Complex in Morocco has used
bifacial technology to enhance energy output from its CSP systems, illustrating the
potential for increased efficiency in large-scale solar initiatives [4].

Building-Integrated Photovoltaics (BIPV): BIPV systems integrate solar panels
into building materials, therefore converting buildings into energy producers. This
invention is especially pertinent in urban environments where space is constrained.
Initiatives such as the Green Roof Initiative in South Africa have effectively implemented
BIPV systems that produce electricity while enhancing building aesthetics and energy
efficiency [37].

Perovskite Solar Cells: Perovskite materials have emerged as a transformative
substitute for conventional silicon-based solar cells, providing superior efficiency rates at
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reduced manufacturing costs. Research organizations in South Africa and Kenya are
investigating perovskite technology for use in residential and commercial applications.
Preliminary field experiments suggest that these cells may attain efficiencies above 25%,
positioning them as a viable alternative for the future of solar energy in Africa [3].

3.3.2 Advancements in Solar Thermal Systems

Solar thermal systems capture sunlight to produce heat, used for power production
or direct heating purposes. Recent advancements encompass:

Concentrated Solar Power (CSP): CSP technology uses mirrors or lenses to focus
sunlight into a confined area, creating heat that may create steam for power production.
The Crescent Dunes Solar Energy Project in Nevada, although not located in Africa,
exemplifies a prototype for forthcoming CSP initiatives in the area. The system is capable
of storing thermal energy for use during periods without sunlight, ensuring a dependable
energy source [81]. African initiatives, exemplified by Morocco's Noor Ill, are using
thermal storage to improve grid stability and reduce dependence on fossil fuels.

Sun Water Heating: Solar water heating systems have gained significant
popularity for residential and commercial use, especially in nations with elevated sun
irradiation. The usage of solar water heaters in Kenya has increased markedly, boosted by
government incentives and domestic production. This method diminishes dependence on
electricity for heating and minimizes family energy expenses, making it a feasible choice
for rural populations [75]

3.3.3 Innovations in Energy Storage

The amalgamation of energy storage systems with solar technology is essential
for mitigating the intermittency of solar energy. Recent developments encompass:

Lithium-lon Batteries: The reduction in prices and improvements in the efficiency
of lithium-ion batteries have made them a preferred option for solar energy storage.
Initiatives around Africa, such as the SolarHome project in Uganda, are deploying solar-
plus storage systems to provide dependable electricity for residences. These systems
enable consumers to retain surplus energy produced throughout the day for nocturnal use,
hence significantly improving energy accessibility [48].

Flow Batteries: Flow battery technology, which provides extended discharge
durations and enhanced scalability compared to traditional batteries, is attracting interest
for large-scale solar initiatives. In South Africa, enterprises are investigating the
incorporation of flow batteries with renewable energy systems to enhance grid support
and stabilize electricity supply [48]. These systems may also exhibit more sustainability,
since they use available materials and provide simple recycling.

Hybrid Systems: Hybrid systems integrating several storage technologies,
including lithium-ion batteries and pumped hydroelectric storage, are being developed to
enhance energy management. Hybrid systems are being evaluated in locations such as
Lake Turkana, Kenya, to improve the dependability of wind and solar energy, hence
offering a holistic solution for renewable energy storage [48].

3.4 Case Studies of Successful Solar Energy Projects in Africa

Africa is seeing a fast proliferation of solar energy projects, with several
significant efforts showcasing the capacity of solar technology to enhance energy
accessibility and promote sustainable development. This section emphasizes significant
case studies, such as Morocco’s Noor Ouarzazate Solar Complex and Egypt’s Benban
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Solar Park, illustrating creative methodologies, technical progress, and insights gained
[48].

3.4.1 Noor Quarzazate Solar Complex in Morocco

The Noor Ouarzazate Solar Complex, situated in Ouarzazate, is among the
biggest solar power installations globally. The complex covers more than 3,000 hectares
and incorporates both photovoltaic (PV) and concentrated solar power (CSP)
technologies, achieving a total capacity of 580 MW [48].

Technology and Innovation: The complex has three primary phases: Noor |, Noor
I, and Noor Ill. Noor I, completed in 2016, employs concentrated solar power (CSP)
technology with parabolic troughs and thermal storage, enabling electricity provision
during periods of little sunshine. Noor I1ll, active since 2020, has a central tower
concentrated solar power architecture, improving efficiency and storage capacity [75].

Impact: The complex is anticipated to provide clean energy to more than 1.1
million individuals and diminish carbon emissions by around 760,000 tons per year. It is
integral to Morocco's objective of sourcing 52% of its energy from renewable resources
by 2030 [49].

Economic and Social Benefits: The project has created thousands of employment
opportunities throughout its building and operational phases, hence fostering local
economic growth. It functions as a teaching center for renewable energy technology,
cultivating local proficiency [52].

3.4.2 Benban Solar Park in Egypt

The Benban Solar Park, situated in the Aswan Governorate of Egypt, is among
the biggest solar parks worldwide, with a total capacity of 1.8 GW [52]. Covering 37
square kilometers, it comprises several solar initiatives undertaken by different firms [52].

Technology and Innovation: The park primarily employs utility-scale photovoltaic
technology, using sophisticated solar panels and inverters to optimize efficiency. The
Egyptian government promoted investments by simplifying regulatory procedures and
offering a feed-in tariff, therefore attracting substantial foreign and domestic investment
[52].

Impact: Benban is projected to produce around 2 billion kwWh of energy per year,
providing power to nearly 1 million homes. The initiative seeks to diminish Egypt's
dependence on fossil fuels, supporting a national objective of producing 20% of power
from renewable sources by 2022 [52].

Community Engagement and Benefits: The project has promoted community
participation via local collaborations, guaranteeing that local people benefit from
employment opportunities and energy accessibility. The Benban Solar Park has built a
specialized training facility to improve local workforce competencies in solar technology
[52].

3.4.3 Additional Significant Projects

Kisii Solar Initiative, Kenya: This groundbreaking initiative seeks to provide
electricity to more than 60,000 residences with a blend of solar photovoltaic technology
and energy storage systems [52]. The project delivers sustainable energy while
prioritizing community involvement via the creation of local cooperatives that oversee
the solar systems [5].

Tr Ren Energy, 2025, Vol.11, No.2, 155-200. doi: 10.17737/tre.2025.11.2.00189 169



Peer-Reviewed Review Article Trends in Renewable Energy, 11

Scaling Solar Program, Ggana: The Scaling Solar Program in Ghana includes the
establishment of several solar photovoltaic plants around the country, promoting private
sector investment and fostering competitiveness. The initiative has resulted in a
substantial decrease in solar energy expenses, illustrating the feasibility for widespread
use of solar technology [52].

3.5 Current Policy Incentives for Solar Energy in Africa

Policy frameworks are essential for facilitating the uptake and integration of solar
energy across Africa. Diverse incentives, such as feed-in tariffs (FiTs), subsidies, and tax
incentives, have been established to promote investment in solar technology [52]. This
sub-section analyzes the existing policy incentives in various African nations,
highlighting unique instances and their effects for solar energy advancement.

3.5.1 Feed-in Tariffs (FiTs)

Feed-in tariffs have served as a prevalent technique for promoting renewable
energy investments by ensuring guaranteed remuneration for energy providers over a
designated duration. These tariffs provide income predictability for investors and may
substantially mitigate the financial risks linked to solar projects.

South Africa: The Renewable Energy Independent Power Producer Procurement
Program (REIPPPP) uses Feed-in Tariffs (FiTs) to facilitate extensive solar initiatives.
Initiated in 2011, the initiative has garnered over $14 billion in investments and enabled
the building of more than 6,000 MW of renewable energy capacity, including notable
contributions from solar photovoltaic systems [52]. The competitive bidding procedure
has reduced prices, with recent rounds attaining pricing of $0.03 per kwWh [52].

Kenya: The Feed-in Tariff (FiT) program established in 2008 has stimulated
investments in renewable energy, particularly solar energy. The Kenyan government
created a pricing framework that ensures developers get certain compensation for energy
produced by solar power facilities. This methodology has catalyzed initiatives like the 50
MW Garissa Solar Power Plant, the biggest in East and Central Africa [52].

3.5.2 Financial Assistance and Endowments

Direct subsidies and incentives for solar initiatives alleviate the initial financial
load for developers and customers, enhancing the accessibility of solar energy.

Morocco: The Moroccan Agency for Sustainable Energy (MASEN) offers
financial assistance for solar initiatives, especially for the Noor Ouarzazate Solar
Complex. The government provides incentives to both domestic and foreign investors,
promoting the development of extensive solar infrastructure. The Solar Plan seeks to
provide access to economical solar water heaters via subsidies, hence increasing energy
efficiency in residential areas [52].

Ethiopia: The Ethiopian government has implemented incentives for solar
household systems to promote rural electricity. Initiatives such as the Ethiopia Renewable
Energy Program (EREP) provide financial assistance to local producers and distributors,
promoting the extensive use of solar technology. The government's dedication to
attaining universal energy access by 2025 is significantly dependent on the efficacy of
these subsidy schemes [52].

3.5.3 Fiscal Incentives and Additional Financial Instruments
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Tax incentives may augment the appeal of solar investments, allowing developers
to recover expenses more rapidly. The Ghanaian government has instituted several tax
exemptions for renewable energy initiatives, including VAT exemptions on solar
equipment and components. The Ghana Renewable Energy Act enables power purchase
agreements (PPAs) that permit private sector involvement in renewable energy
production, fostering a conducive investment environment [52].

The Nigerian government has implemented financial incentives for solar
producers, which include exemptions from import duties on solar panels and related
equipment. The Renewable Energy Master Plan delineates methods for incorporating
renewable energy sources into the national grid, accompanied by financial incentives
aimed at attracting both domestic and international investments in the solar industry [52].

3.5.4 Novel Financial Frameworks

Innovative finance approaches, such as pay-as-you-go (PAYG) systems, are
transforming the solar energy access scenario in Africa. These versions enable users to
utilize solar technology with few initial expenses.

Pay-as-You-Go Solar: Enterprises such as M-KOPA in Kenya and Lumeter in
Nigeria have innovated PAYG models, allowing low-income people to acquire solar
home systems via economical daily or weekly installments. This novel financing strategy
has significantly enhanced solar adoption in off-grid regions, benefiting millions of
families across the continent [52].

4. Wind Energy Potential and Progress in Africa

4.1 Examination of Wind Resources Throughout African Regions

Wind energy has become an essential element of Africa's renewable energy sector
since the continent has substantial wind resources that remain mostly unexploited. This
sub-section analyzes the distribution and potential of wind resources in many African
locations, including coastal and highland areas, phasing unique instances and pertinent
data.

4.1.1 Maritime Zones

African coastal areas are often characterized by stable and strong wind patterns
owing to their closeness to extensive water bodies. These regions are optimal for wind
energy production, with substantial potential for both onshore and offshore wind farms.

North Africa: The coastal regions of Morocco, especially next to the Atlantic
Ocean, have exceptional wind resources. The Tarfaya Wind Farm, among the biggest in
Africa, has an installed capacity of 301 MW and capitalizes on the region's advantageous
wind velocities, which range from 7 to 9 m/s [52]. This project has substantially
enhanced the country's energy portfolio and established a standard for forthcoming wind
energy initiatives in the area.

East Africa: The Lake Turkana Wind Power Project in Kenya has emerged as a
flagship initiative, with 365 wind turbines with an aggregate capacity of 310 MW [52].
Wind velocities in the region often surpass 8 m/s, establishing it as one of the premier
sites for wind energy production in Africa [52]. The project's results have significantly
improved Kenya's energy supply and fostered economic growth in the area.
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West Africa: The coastal areas of Ghana have significant potential for wind
energy. The Aboadze Wind Farm, now in the development phase, is anticipated to use the
region's typical wind speeds of around 6 to 7 m/s. This initiative seeks to diversify
Ghana's energy portfolio and reduce dependence on fossil fuels [52].

4.1.2 Highland Regions

Elevated regions in Africa often encounter robust and persistent winds attributable
to their altitude and topographical characteristics. These areas are especially conducive to
wind energy production.

Ethiopia: The Ashegoda Wind Farm, situated in the Ethiopian Highlands,
exemplifies the use of highland wind resources. Possessing an installed capacity of 120
MW, it capitalizes on average wind speeds above 7.5 m/s [52]. This initiative is integral
to Ethiopia's comprehensive plan to enhance renewable energy production and decrease
carbon emissions [52].

South Africa: The Gansbaai Wind Farm, situated in the Western Cape, utilizes the
area's robust winds, which average around 8 m/s. With a capacity of 138 MW, it
illustrates the potential of highland regions in South Africa to further the nation's
renewable energy objectives. The initiative emphasizes the significance of local
community engagement and advantages [52].

4.1.3 Assessment of Regional Wind Resources

Wind resource evaluations across Africa demonstrate diverse potentials shaped by
regional meteorological and topographical factors.

Wind Resource Maps: The African Wind Atlas, created by the World Bank and
its collaborators, offers extensive data on wind velocities and patterns across the
continent. Assessments reveal that areas in Northern Africa, especially Algeria and
Tunisia, provide significant potential for wind energy production, with average wind
speeds between 7 and 9 m/s [49].

Potential for Offshore Wind: The coastal areas of South Africa and Mauritius
have been recognized as viable locations for the development of offshore wind energy.
The Mossel Bay Offshore Wind Project seeks to use the wind potential along South
Africa's coastline, with research suggesting advantageous conditions for offshore turbines
[50].

4.1.4 Obstacles and Factors

Despite the abundant wind resources across Africa, certain problems persist that
may impede the advancement of wind energy initiatives.

Infrastructure and Investment: Numerous places are deficient in the requisite
infrastructure to facilitate large-scale wind energy initiatives, including transmission lines
and access roads. Furthermore, securing funding continues to be a concern, especially in
underdeveloped regions [52].

Policy and Regulatory Frameworks: Inconsistent policies and regulatory obstacles
may impede investment in wind energy. Countries with well-defined and supporting
frameworks, such as Morocco and Kenya, have had more accelerated growth than those
with less established regulations [53].

4.2 Targeted Case Studies of Nations with Significant Wind Energy Potential
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Wind energy has become a feasible and sustainable power source in several
African nations, particularly in Kenya and South Africa. This sub-section provides
detailed case studies of these nations, emphasizing their wind energy potential, successful
initiatives, and the insights gained from their growth.

4.2.1 Kenya: A Pioneer in Wind Energy

Kenya is seen as a leader in wind energy production in Africa, mostly because of
its advantageous meteorological circumstances and strong governmental regulations.
4.2.1.1 Lake Turkana Wind Power Project: Situated in northern Kenya, the Lake Turkana
Wind Power Project is among Africa's biggest wind farms with an installed capacity of
310 MW [53]. The project commenced operations in 2018, with 365 turbines, and has
substantially improved Kenya's energy supply, contributing around 15% of the nation's
power [52].

Innovative Financing and Partnerships: The initiative was established via a
public-private partnership with financing obtained from a consortium of foreign investors,
including the African Development Bank. The financing plan included a combination of
equity and debt, illustrating the feasibility of joint finance strategies in extensive
renewable initiatives [52].

Socioeconomic Impact: The project has generated more than 1,500 jobs during
construction and continues to provide employment opportunities for local communities
via continuing maintenance and operations. It has also enhanced local infrastructure,
including roads and communication networks, so contributing to regional growth [1].

Wind Resource Assessment: Kenya's wind energy potential is estimated at 7,000
MW, with the best locations found in the Central and Eastern highlands [1]. The Kenya
National Wind Atlas, created by the Kenya Meteorological Department, offers
comprehensive evaluations of wind velocities and orientations, facilitating the design and
implementation of forthcoming projects [54].

4.2.2 South Africa: Utilizing Coastal and Highland Winds

South Africa has achieved considerable progress in wind energy production, using
its varied wind resources across coastal and interior areas.

Gansbaai Wind Farm: Situated in the Western Cape, Gansbaai Wind Farm
exemplifies the effective use of wind energy in South Africa. This project has an installed
capacity of 138 MW and harnesses the region's strong coastal winds, averaging around 8
m/s [54]. The wind farm produces over 400 GWh of power each year, aiding the nation's
renewable energy objectives [1].

Integration with the National Grid: The project is linked to the national grid, and
its production is sold to the state utility, Eskom, under a Power Purchase Agreement
(PPA). This structure ensures financial certainty for project developers and aids in
stabilizing the national energy supply [1].

Community Involvement: The Gansbaai Wind Farm integrates community
development initiatives designed to improve local lives. Initiatives include skills training
for people, which has enabled local individuals to get jobs in the renewable energy
industry [1].

4.2.3 Principal Insights and Prospective Opportunities
Kenya and South Africa provide significant insights on the efficient development
of wind energy resources in Africa.
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Robust Policy Frameworks: The efficacy of wind energy initiatives in these
nations may be ascribed to favorable policies and regulatory structures that promote
investment. Feed-in tariffs and competitive bidding mechanisms have been essential in
securing private sector participation.

Innovative Financial Models: The use of blended financing and public-private
partnerships has shown efficacy in attracting funding for extensive wind projects. Future
advancements may derive advantages from emulating these approaches, especially in
nations with nascent wind potential.

Community Engagement: Involving local communities and guaranteeing their
benefits from wind projects is crucial for promoting acceptability and sustainability.
Successful projects have included local development activities, yielding socio-economic
advantages in conjunction with renewable energy production.

4.3 Technological Innovations in Wind Turbine Efficiency and Hybrid Systems

The progression of wind energy technology has been crucial in improving the
efficiency and dependability of wind power production across Africa. Recent
advancements in turbine design, materials, and hybrid systems are establishing new
standards in performance and sustainability, enhancing the accessibility and efficacy of
wind energy. This sub-section analyzes significant technical progress in wind turbine
efficiency and the incorporation of hybrid systems in the African setting.

4.3.1 Improved Wind Turbine Efficiency

Contemporary wind turbines have seen substantial modifications to enhance their
efficiency and energy production. Significant progress encompasses:

Aerodynamic Blade Design: Recent advancements in blade technology have
produced elongated and lighter blades capable of harnessing more wind energy. Siemens
Gamesa’s SG 14-222 DD turbine is equipped with blades exceeding 108 meters, allowing
for efficient operation in low wind situations [54]. These advancements enhance the
capacity factor, enabling turbines to produce more power from the same wind resource.

Variable Speed Technology: Variable speed turbines may modify their rotor
velocity in response to wind conditions, hence enhancing performance across various
wind speeds. This method reduces degradation of turbine components, hence prolonging
their operating lives. The Vestas V150-5.6 MW turbine utilizes variable speed
technology to optimize energy collection and improve dependability in diverse wind
conditions [38].

Smart Turbine Systems: The amalgamation of I0T and sophisticated analytics has
resulted in "smart” wind turbines that use real-time data to enhance performance. These
systems can analyze wind patterns and modify turbine operations appropriately, markedly
enhancing overall efficiency. GE Renewable Energy's digital wind farm technology
employs predictive analytics to enhance turbine performance and minimize downtime
[38].

4.3.2 Hybrid Energy Systems

The integration of wind energy with other renewable sources, especially solar
electricity, is progressively acknowledged as a means to improve energy security and
stability.

Wind-Solar Hybrid Systems: Hybrid systems may enhance energy output by
using the synergistic characteristics of wind and solar resources. In South Africa, the
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Redstone Solar Thermal Power Project is being constructed to combine solar thermal
energy with existing wind farms. This method facilitates a more reliable electricity
supply, especially during intervals of diminished wind power [1].

Battery Storage Integration: Integrating energy storage devices with wind farms
helps mitigate the intermittency inherent in wind energy. Initiatives such as the Hornsdale
electricity reserve in Australia exemplify the efficacy of integrating wind energy with
battery storage to enhance grid stability and provide dispatchable electricity. This
technique may be duplicated in Africa to improve the dependability of wind energy
systems [2].

Case Study: Kenya’s Hybrid Systems: The Lake Turkana Wind Power Project in
Kenya is investigating the viability of combining wind energy with battery storage to
improve grid stability and tackle energy access issues. The project seeks to enhance
energy security and diminish dependence on fossil fuels by integrating wind power with
energy storage to provide a more steady electricity supply to distant regions [1].

4.3.3 Advancements in Materials and Production

Advancements in materials science and manufacturing methods are enhancing
wind turbine efficiency.

Lightweight Composites: The use of sophisticated composite materials in turbine
blades has produced lighter, stronger, and more resilient constructions. New materials,
like carbon fiber composites, are being used in turbine construction, improving
performance and decreasing total weight [22].

3D Printing Technologies: The use of 3D printing in the fabrication of turbine
components may decrease production expenses and duration. This method enables quick
prototyping of turbine components, promoting advancements in design and efficiency.
Companies such as Siemens Gamesa are investigating 3D printing for the production of
intricate components, resulting in diminished material waste and enhanced performance
[22].

4.4 Effective Wind Energy Initiatives and Their Effects

Wind energy initiatives around Africa are revolutionizing the energy sector,
promoting economic advancement, enhancing energy security, and encouraging
community involvement. This sub-section examines two significant projects: the Lake
Turkana Wind Power Project in Kenya and the Roggeveld Wind Farm in South Africa,
focusing on their achievements and effects on local populations and national energy
policies [22].

4.4.1 Lake Turkana Wind Power Initiative, Kenya

The Lake Turkana Wind Power Project (LTWP) is the biEffects on Local
Communities with an installed capacity of 310 MW [22]. Located in the desert northern
region of Kenya, the project utilizes the robust and steady winds of the area, considerably
enhancing the nation's renewable energy portfolio.

Project Overview: Initiated in 2018, LTWP consists of 365 turbines and is
designed to produce around 1,230 GWh of power each year [22]. It provides around 15%
of Kenya's energy requirements, contributing to the stabilization of the national system
[22].

Economic Impacts: The project has yielded significant economic advantages,
producing over 1,500 jobs during construction and establishing sustained employment for
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local inhabitants in operations and maintenance. It has also stimulated local company
expansion, with service providers and suppliers reaping benefits from the surge in
economic activity [66].

Community Engagement: LTP has instituted community development initiatives
centered on education, healthcare, and infrastructure. Initiatives include the establishment
of educational institutions and healthcare facilities and investments in potable water
supply systems, markedly improving the quality of life for local residents [52].

Environmental Considerations: The project was conceived with a focus on
environmental sustainability. The initiative includes monitoring activities to evaluate and
alleviate effects on local wildlife, demonstrating a dedication to responsible energy
development.

4.4.2 Roggeveld Wind Farm, South Africa

The Roggeveld Wind Farm, situated in the Western Cape, is a significant
renewable energy project in South Africa, aiding the nation's shift towards a sustainable
energy future.

Project Overview: Roggeveld, with an installed capacity of 147 MW, consists of
47 turbines and produces around 400 GWh of energy annually, sufficient to provide
power to over 120,000 homes. It is integral to the South African government's Renewable
Energy Independent Power Producer Procurement Programme (REIPPPP) [52].

Economic Impacts: The wind farm has generated employment throughout the
building phase and continues to provide work possibilities in operations and maintenance.
Moreover, Roggeveld has facilitated local economic growth via community involvement
activities that bolster local enterprises [52].

Community Benefits: Roggeveld has established a Community Development
Programme that allocates resources to local education, skills training, and infrastructure
initiatives. The initiative provides funds for local schools and technical training institutes,
therefore equipping citizens with essential skills for the renewable energy industry [52].
The project integrates sophisticated environmental management strategies, including
avian and chiropteran monitoring to alleviate effects on indigenous animals. Roggeveld is
linked to South Africa's national grid, enabling the incorporation of renewable energy
sources and enhancing grid stability [66].

4.5 Evaluation of the Economic viability of wind energy relative to fossil fuels

As Africa pursues sustainable energy options, it is essential to comprehend the
economic viability of wind energy in comparison to fossil fuels. This sub-section
analyzes the cost dynamics, investment patterns, and overall economic effects of wind
energy in comparison to conventional fossil fuel sources, emphasizing creative instances
and current data.

5. Hydropower as a Cornerstone of Africa’s Renewable Energy Future

5.1 Geographical Examination of River Basins and Prospects for Large-Scale
Hydropower

Africa has extensive river systems, many of which have significant opportunities
for large-scale hydropower generation. The river basins, located across the continent,
provide significant potential to use clean, renewable energy that might propel Africa's
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energy revolution and economic development. This section presents a thorough
geographical study of significant African river basins, examines their hydropower
potential, and showcases creative examples of existing and forthcoming projects.

5.1.1 The Congo River Basin: Africa's Most Extensive Hydropower Resource

The Congo River Basin, the world's second-largest river basin behind the Amazon,
is the most substantial hydroelectric potential in Africa. Spanning over 3.7 million square
kilometers, it extends across Central Africa, with the Democratic Republic of the Congo
(DRC) reaping the most benefits from its potential.

The Grand Inga Dam project on the Congo River, once completed, will be the
biggest hydroelectric plant in the world, with an anticipated capacity of 40,000 MW [49].
This capacity exceeds that of China's Three Gorges Dam. It is conceived as a continental
energy solution capable of providing power to many African nations, including South
Africa, Nigeria, and Egypt. If completely realized, Grand Inga may provide electricity to
around 500 million people across the continent [49].

The Grand Inga project has exceptional energy potential; however, it also elicits
apprehensions over environmental and societal repercussions. The building of large-scale
dams in environmentally sensitive regions may harm local ecosystems and displace
populations.

5.1.2 The Nile River Basin: A Historic Artery with Hydropower Capability

The Nile River, the longest river in Africa, traverses eleven nations, including
Egypt, Sudan, Ethiopia, and Uganda. The river's importance as a water supply and
economic resource for millions is widely recognized, and its hydroelectric potential is
substantial.

The Grand Ethiopian Renaissance Dam (GERD), a significant hydropower
initiative in Africa, is located on the Blue Nile in Ethiopia and is projected to provide
over 6,000 MW of energy upon its completion [49]. The Grand Ethiopian Renaissance
Dam (GERD) is fundamental to Ethiopia's energy plan, aimed at electrifying urban and
rural regions while facilitating power exports to neighboring nations such as Sudan and
Kenya. Notwithstanding political problems with downstream nations, the project signifies
a significant advancement in augmenting Africa's renewable energy producing capability
[49].

Transboundary Water Management: The Nile traverses many nations, presenting
geopolitical obstacles to hydropower development in this area. Collaborative
management of the river's resources is crucial to reconcile energy production with
agricultural and potable water requirements. Organizations such as the Nile Basin
Initiative have been instrumental in promoting cooperation and preventing discord among
the nations of the Nile Basin [50].

5.1.3 The Zambezi River Basin: The Hydropower Engine of Southern Africa

The Zambezi River, traversing eight nations such as Zambia, Zimbabwe,
Mozambique, and Angola, has significant opportunities for extensive hydropower
production. Its geographical extent encompasses Southern and Central Africa, making it
an essential energy conduit for the area.

The Kariba Dam, situated on the Zambezi River, has been in operation since the
1950s and is one of Africa's greatest hydroelectric facilities, with a capacity exceeding
1,800 MW [52]. Nevertheless, recent initiatives like the Batoka Gorge Hydropower
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Station, which aims to produce around 2,400 MW, exemplify the continuous endeavors
to harness the whole potential of the Zambezi. The Batoka Gorge project is a
collaborative effort between Zambia and Zimbabwe, highlighting the significance of
transnational collaboration in using river resources [52].

The Zambezi Basin is susceptible to climate change, with variations in
precipitation patterns directly affecting river flow and hydropower generation. Experts
recommend hybrid energy solutions that integrate hydropower with solar and wind to
enhance the resilience of the electricity grid [52].

5.1.4 The Niger River Basin: The Developing Hydropower Center of West Africa

The Niger River, traversing nine nations in West Africa, has considerable
unexploited potential for hydropower generation. In a region with severe energy poverty,
the basin, which spans over 2.1 million square kilometers, has significant potential for
extensive renewable energy development [52].

The Kainji and Jebba Dams: Nigeria, the most populous nation in West Africa,
derives electricity from the Kainji and Jebba dams located on the Niger River.
Collectively, these plants possess a total capacity of over 1,300 MW, serving as an
essential source of power for the nation. There exists significant potential for the
expansion of hydropower production in the area, including projects in Mali and Niger
[66].

Although large-scale projects prevail in discussions, there is an increasing focus
on small and medium hydropower facilities within the Niger River Basin. These
initiatives provide a decentralized approach to electrifying rural regions when grid
expansion is not financially viable. Mini-hydropower plants, with capacities between 1
MW and 30 MW, may provide dependable energy to isolated areas, fostering local
development [52].

5.2 The Function of Small- and Micro-Hydropower Systems in Rural
Electrification

Small- and micro-hydropower systems are essential to Africa's renewable energy
future, especially regarding rural electrification. Although large-scale hydropower
initiatives like the Grand Inga Dam and Grand Ethiopian Renaissance Dam are frequently
emphasized for their substantial generation capabilities, small- and micro-hydropower
systems present a more attainable, decentralized alternative for supplying energy to
remote and underserved populations. This sub-section examines the potential, advantages,
and innovative illustrations of small- and micro-hydrophone systems in Africa, as well as
their contribution to alleviating energy poverty and fostering sustainable development.

5.2.1 The Promise of Small- and Micro-Hydropower Systems

Small- and micro-hydropower systems use electricity from rivers, streams, and
waterfalls while minimizing infrastructure and environmental impact. These systems
generally possess the following power producing capacities: Small Hydropower (SHP):
Generally, varies from 1 MW to 10 MW, and Micro Hydropower (MHP): Produces less
than 1 megawatt of energy. Africa has several underutilized minor rivers and streams that
are appropriate for these systems, particularly in remote regions where expanding the
national grid is logistically and financially impractical. The International Renewable
Energy Agency (IRENA) asserts that small-scale hydropower can provide electricity to
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millions of households across the continent, especially in hilly and water-abundant areas
like East Africa and some sections of Central and West Africa [52].

5.2.2 Small- and Micro-Hydropower as a Decentralized Energy Solution

In rural regions without solid national grid infrastructure, small- and micro-
hydropower plants provide an off-grid electricity alternative. These systems are
decentralized, allowing for installation at the point of use, hence eliminating the need for
vast transmission lines and infrastructure.

The Rufiji River Basin in Tanzania exemplifies decentralized microhydropower,
where local communities use micro-hydropower systems to provide electricity to
residences, educational institutions, and healthcare facilities. These projects, with
capacities between 20 kW and 100 kW, have facilitated energy access for thousands,
resulting in better quality of life, economic prospects, and expanded health services [52].

Nepal's micro-hydropower model in Africa: Nepal has historically excelled in
micro-hydropower development, and its framework is being modified for rural
electrification initiatives in several regions of Africa. In Ethiopia, local microhydropower
initiatives modeled after the Nepalese system are being executed to provide clean and
dependable electricity to off-grid people in hilly areas. These initiatives are both
economically viable and ecologically sustainable, reducing dependence on biomass for
cooking and lighting [52].

5.2.3 Advantages of Small- and Micro-Hydropower Systems on Economic and Social
Fronts

The implementation of small- and micro-hydropower systems provides several
advantages for rural electrification. These include economic expansion, enhanced living
standards, and ecological sustainability.

Local Development and Job Creation: Small- and micro-hydropower projects
frequently use local labor to build and maintain them, providing significant job
opportunities in rural areas. The Mwenga Hydro Project in Tanzania utilizes local
engineers and technicians for the operation and maintenance of the systems, therefore
enhancing local capacity and technical expertise. The produced energy has bolstered
small enterprises and agricultural processing, facilitating local economic growth [66].

Cost-effectiveness and sustainability: These systems are comparatively cheap to
install and maintain relative to large-scale initiatives, making them accessible to rural
populations with constrained financial resources. Local cooperatives in Uganda have
established a network of micro-hydropower systems, supported by money from
development organizations. This network has augmented energy accessibility for
numerous families, alleviating energy poverty and boosting production in rural regions
[52].

Social Impact: Electrification using small- and micro-hydropower has significant
social effects, particularly in isolated regions. It enhances access to education and
healthcare by energizing schools and clinics, reduces dependence on detrimental
kerosene lamps for illumination, and supplies clean energy for cooking, therefore
mitigating deforestation and indoor air pollution. Women and children, often responsible
for collecting firewood in rural African communities, get substantial advantages from the
clean energy transition [49].

5.2.4 Innovative Examples of Small- and Micro-Hydropower Systems
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Numerous pioneering initiatives illustrate the efficacy and scalability of small-
and micro-hydropower systems across Africa. The Kakira Sugar Works in Uganda has
implemented an innovative small hydropower system using the irrigation canals of its
sugar plantation. The system produces 22 MW of energy, supplying power to the sugar
mill and adjacent towns. This project exemplifies the integration of renewable energy
into agricultural sectors, enabling the provision of excess energy to adjacent rural
communities [49].

The Tungu-Kabiri Micro-Hydro Power Project in Kenya, backed by the Practical
Action group, established a micro-hydro system that produces 20 kW of energy,
supplying power to 200 families [49]. This project is distinctive since it was
collaboratively designed with the local community, which had an active role in the
construction of the plant. Consequently, there exists a strong feeling of ownership, with
the community independently overseeing the functioning and upkeep of the system. This
participatory method is regarded as a best practice example for other rural regions.

Rwanda's Rukarara Hydropower Plant: Rwanda has innovatively implemented
small- and mini-hydropower facilities to enhance rural electricity. The Rukarara
hydropower plant, with a capacity of 9.5 MW, has played a crucial role in Rwanda's rural
electrification initiative [50]. The produced electricity serves adjacent rural regions,
including educational institutions and healthcare facilities, enhancing social services and
economic endeavors [49].

5.3 Policies and Frameworks to Mitigate Negative Environmental Impacts

The African continent's advancement in renewable energy needs strong legislative
frameworks to mitigate negative environmental impacts due to the fast implementation of
solar, wind, and hydroelectric projects. Efficient governance and environmental
regulation are crucial to harmonize the imperative of clean energy production with the
safeguarding of ecosystems, biodiversity, and local populations. This section examines
current regulations and frameworks designed to alleviate the environmental effects of
renewable energy initiatives in Africa while emphasizing creative strategies and
successful case studies.

5.3.1 National Environmental Impact Assessment (EIA) Regulations

Environmental Impact Assessments (EIAs) are essential instruments for
regulating the ecological repercussions of energy initiatives. Numerous African nations
have instituted Environmental Impact Assessments (EIAs) as a prerequisite for the
licensing of renewable energy projects, guaranteeing that possible environmental hazards
are discovered, evaluated, and addressed prior to the commencement of construction.

South Africa’s Environmental Impact Assessment Regulations: As a frontrunner
in renewable energy implementation, South Africa has established one of the most
extensive EIA frameworks in Africa. The Renewable Energy Independent Power
Producer Procurement Program (REIPPPP) mandates that all projects complete
comprehensive Environmental Impact Assessments (EIAS) to evaluate the environmental
and social hazards linked to energy development. The initiative has resulted in the
production of almost 6 GW of renewable energy while upholding rigorous environmental
protections [52]. This included initiatives to save delicate habitats like Karoo and
Namaqualand, which host rare and unique species.

Kenya's EIA Guidelines: Kenya, a significant participant in Africa's renewable
energy sector, has instituted EIA mandates for energy projects under its Environmental
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Management and Coordination Act (EMCA). This legislation mandates that initiatives
like the Lake Turkana Wind Project and the Garissa Solar Power Plant include
environmental evaluations to mitigate biodiversity effects and address the displacement
of local populations [52]. Assessments often result in the development of Environmental
Management Plans (EMPs), which mandate continuous environmental monitoring and
mitigation measures during and after construction.

5.3.2 Incorporation of Strategic Environmental Assessments (SEAS)

While Environmental Impact Assessments (EIAS) concentrate on specific projects,
Strategic Environmental Assessments (SEAs) provide a more extensive review of
possible environmental implications at a regional or sectoral scale. SEAs are especially
efficacious in nations where the growth of renewable energy is intended throughout
extensive geographical regions, such as solar farms in arid areas or wind projects along
shorelines.

Morocco's Strategic Environmental Assessments for Solar Projects: Morocco,
recognized for its Noor Ouarzazate Solar Complex, has used SEAs to effectively manage
the environmental hazards associated with large-scale solar initiatives in its desert areas.
The Strategic Environmental Assessment for solar development in the Saharan Desert
assessed effects on biodiversity, water resources, and land use. Consequently, the
government implemented steps to safeguard vulnerable regions while advancing
renewable energy [52]. This progressive policy strategy has enabled Morocco to emerge
as a leader in solar energy while preserving its distinctive ecosystems.

Zambia's hydroelectric Strategic Environmental Assessments: In Zambia,
Strategic Environmental Assessments have been used to evaluate the environmental
consequences of several hydroelectric initiatives proposed along the Zambezi River. The
SEA guarantees that specific dam initiatives, like the Batoka Gorge Dam, are executed
with regard to the cumulative environmental impacts on the river ecosystem and adjacent
communities [52]. This procedure alleviates downstream consequences, such as
diminished water flow, which might affect agriculture and biodiversity.

5.3.3 Global Environmental Agreements and Climate Frameworks

Africa's shift to renewable energy is increasingly regulated by international
environmental and climatic frameworks that advocate for sustainable development and
mitigate environmental deterioration. These frameworks provide criteria and benchmarks
for energy projects, guaranteeing adherence to international sustainability standards.
African countries have pledged to diminish greenhouse gas emissions by enhancing their
renewable energy capacity in accordance with environmental sustainability under the
Paris Climate Agreement. Ethiopia, South Africa, and Egypt have included renewable
energy initiatives within their Nationally Determined Contributions (NDCs), which
delineate national approaches to emission reduction and ecosystem preservation [52].
Ethiopia’s Grand Renaissance Dam is seen as a crucial element of its NDCs, while the
government has pledged to mitigate adverse environmental effects by following
international best practices in dam development and operation.

The Equator Principles for Renewable Energy Financing is a risk management
approach used by financial institutions to identify, evaluate, and mitigate environmental
and social risks in projects. Numerous renewable energy initiatives in Africa, particularly
those funded by foreign banks and development groups, are required to adhere to the
Equator Principles. This guarantees that projects are subjected to environmental and
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social risk evaluations, including comprehensive environmental management strategies to
alleviate effects on ecosystems and communities [52]. This is especially pertinent in
extensive projects such as the Inga Il Dam in the Democratic Republic of Congo and the
Lake Turkana Wind Farm in Kenya.

5.4 Harmonizing Hydropower with Climate Resilience: Effects of Drought and
Climate Variability on Hydroelectric Production

Hydropower is fundamental to renewable energy initiatives across Africa, playing
a substantial role in the continent's energy composition. Nevertheless, Africa's
dependence on hydropower confronts an escalating challenge: climate change. Erratic
precipitation patterns, extended droughts, and altered river flows, all influenced by
climate variability, are affecting the dependability and sustainability of hydroelectric
power production. This section analyzes the intricate equilibrium between hydropower
development and climate resilience, emphasizing measures to alleviate the detrimental
impacts of climate change while preserving the viability of hydropower as a principal
energy source.

5.4.1 Susceptibility of Hydropower to Climate Change

Hydropower facilities rely on stable water flows for energy generation. In Africa,
where many rivers are nourished by precipitation and glacier melt, the effects of climate
change are becoming more apparent. Areas formerly characterized by predictable
hydrological cycles are increasingly encountering fluctuations in water levels,
jeopardizing the operating efficiency of current hydroelectric dams and the viability of
prospective developments.

Ethiopia's Grand Renaissance Dam (GERD) is the biggest hydroelectric initiative
in Africa, capable of producing over 6,000 MW of energy [52]. The project is
significantly reliant on water flows from the Blue Nile, which originate from the
Ethiopian highlands. Climate change has started altering seasonal precipitation patterns,
raising apprehensions about the dam's potential to function at optimal levels in the
forthcoming decades. Research forecasts that heightened droughts and fluctuating rainfall
in the area may diminish water availability for the GERD, hence impacting power
generation and the nation's overall energy security [52]. Notwithstanding these issues,
Ethiopia has pledged to enhance water management and adopt steps to alleviate the
effects of climatic unpredictability.

The Kariba Dam, situated on the Zambezi River, serves as a vital electrical source
for Zambia and Zimbabwe. In recent years, extended droughts in the Zambezi River
Basin have markedly reduced water levels, resulting in a reduction in the dam's electricity
output by as much as 50% [66]. In 2019, water levels fell to such an extent that the dam
was on the verge of halting operations completely, resulting in an energy catastrophe for
both nations [66]. The tragedy has shown the susceptibility of significant hydropower
initiatives to climate change, prompting Zambia to diversify its energy portfolio with
solar and wind projects.

5.4.2 The Effects of Drought and Seasonal Fluctuations

The volatility of water flows resulting from climate change poses a significant
threat to Africa's nations reliant on hydropower. Droughts, exacerbated by increasing
global temperatures, diminish the water supply for hydropower generation and intensify
competition for water resources among energy production, agriculture, and human use.

Tr Ren Energy, 2025, Vol.11, No.2, 155-200. doi: 10.17737/tre.2025.11.2.00189 182



Peer-Reviewed Review Article Trends in Renewable Energy, 11

The Turkwel Hydroelectric Power Station in Kenya has seen diminishing water
supplies because to persistent droughts in the Turkana Basin. The dam, dependent on the
Turkwel River, has seen considerable declines in its producing capability in recent years,
compelling Kenya to pursue alternate energy sources during arid seasons [52]. In
response to these difficulties, Kenya has begun investments in more climate-resilient
energy sources, including geothermal power, which is less vulnerable to climatic
fluctuation.

In Southern Africa, including Zimbabwe, Mozambique, and Malawi, the
incidence of droughts has escalated, resulting in intermittent reductions in hydropower
production. The Cahora Bassa Dam on the Zambezi River in Mozambique, one of
Africa's biggest hydroelectric installations, has encountered variable water levels that
restrict its capacity for constant energy generation. The region's susceptibility to climate
change has prompted dialogues on regional water-sharing agreements and integrated
water resource management systems to bolster resilience [52].

5.4.3 Strategies for Enhancing Climate Resilience in Hydropower

African states and energy stakeholders are acknowledging the hazards of climate
change and are investigating novel solutions to maintain the sustainability of hydropower
amid climatic unpredictability. These techniques include technical innovations,
enhancements in water management, and the amalgamation of hydropower with other
renewable energy sources to create more robust energy systems.

Adaptive Hydropower Systems: A strategy for enhancing resilience involves the
construction of hydropower facilities with increased operating flexibility. This entails the
execution of multi-year reservoir management, whereby dams retain surplus water during
periods of precipitation for use during droughts. Furthermore, the use of pump storage
technologies, which include the re-pumping of water into reservoirs during low demand
times, might enhance the stability of electricity generation amidst variable water levels

[6].

Hybrid Energy Systems: Integrating hydropower with other renewable energy
sources such as solar and wind might alleviate the challenges posed by water shortages.
The Rwandan government has combined solar power with hydropower infrastructure to
optimize energy generation during the dry season when water resources are scarce. The
Nyabarongo Hydropower Project exemplifies the installation of solar panels next to the
dam to provide supplemental electric during periods of reduced water levels [6]. These
hybrid systems are shown efficacy in mitigating energy deficits resulting from climatic
variability.

Transboundary Water Management: Numerous significant hydroelectric
initiatives in Africa are situated on transboundary rivers, necessitating appropriate water-
sharing agreements for climate resilience. The Nile Basin Initiative has fostered
collaboration among upstream and downstream nations, such as Ethiopia, Sudan, and
Egypt, to guarantee fair water allocation, even under drought conditions [6]. By
enhancing regional collaboration, nations may formulate cohesive strategies for the
management of shared water resources, so assuring the sustainable viability of
hydropower.

5.4.4 Anticipated Developments and Flexible Strategies
Climate models forecast heightened rainfall variability across Africa, prompting
nations to adopt proactive strategies to adapt their hydroelectric infrastructure to the
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difficulties posed by climate change. Governments, international organizations, and
development banks are collaborating to construct resilient systems and advocate for
optimal practices in water resource management.

Ethiopia's Adaptive Hydropower Policy: Ethiopia has established a national
hydropower adaptation policy that incorporates routine climate risk assessments and the
advancement of ecosystem-based adaptation methods. This entails the restoration of
wetlands and reforestation of watersheds to enhance water retention and mitigate drought
severity [5]. Ethiopia is investing in research and technology to enhance the efficiency of
its hydropower facilities under fluctuating weather circumstances.

Malawi’s Green Climate Fund (GCF): The Malawi’s Green Climate Fund (GCF)
has financed several initiatives across Africa to improve the climate resilience of
hydropower. The GCF is financing initiatives in Malawi aimed at watershed restoration
and enhancing dam safety to guarantee hydropower facilities are resilient to climate-
induced floods and droughts. These initiatives assist nations in embracing proactive
strategies for hydropower development that emphasize long-term sustainability.

6. Regulatory and Policy Frameworks to Facilitate Renewable Energy
Adoption

The shift to renewable energy in Africa, notably via solar, wind, and hydropower,
needs strong legislative and regulatory frameworks to promote extensive acceptance and
investment. Due to the continent's varied political and economic environment, African
governments have used an array of policy instruments and regulatory frameworks to
promote renewable energy production, maintain equitable market competition, and
stimulate innovation in the industry. This section examines the main legislative and
regulatory mechanisms facilitating renewable energy uptake in Africa, emphasizing
creative instances, obstacles, and prospective trajectories.

6.1 National Policies and Objectives for Renewable Energy

Numerous African countries have established extensive national renewable
energy plans to enhance the proportion of renewables in their energy composition.
Explicit goals, strategic plans, and frameworks supporting these policies are frequently
present in order to encourage investment and facilitate sector development.

6.1.1 South Africa's Renewable Energy Independent Power Producer Procurement
Program (REIPPPP)

A prominent example of a successful policy framework is South Africa's
REIPPPP, initiated in 2011. The initiative aims to stimulate private sector investment in
renewable energy via competitive bidding for solar, wind, and hydroelectric projects.
REIPPPP has garnered in excess of $14 billion in investment, resulting in the
construction of nearly 6,400 MW of renewable energy capacity by 2020 [6]. This serves
as a paradigm for other African countries aiming to enhance renewable energy
implementation via transparent procurement procedures and advantageous regulatory
frameworks.

6.1.2 Morocco's National Energy Strategy
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Morocco has established itself as a frontrunner in renewable energy
implementation, aiming to derive 52% of its power from renewable sources by 2030 [6].
The Moroccan Agency for Sustainable Energy (MASEN) has played a significant role in
orchestrating renewable energy initiatives, notably the Noor Ouarzazate Solar Complex,
the biggest concentrated solar power (CSP) facility globally. Morocco's plan integrates
feed-in tariffs, public-private partnerships, and stringent regulatory control, fostering a
favorable climate for substantial renewable energy investments [6].

6.2 Feed-in Tariffs (FiTs) and Auction Mechanisms

Feed-in tariffs (FiTs) and auction procedures are two regulatory instruments
extensively used to incentivize renewable energy production by providing stable prices
for electricity generated from renewable sources. These instruments provide financial
inducements that enhance the appeal of renewable energy initiatives to investors.

The implementation of a feed-in tariff for renewable energy in Kenya in 2008 has
been significant in promoting private sector participation in the advancement of solar,
wind, and hydropower initiatives. The FiT program ensures set remuneration for
renewable energy providers, allowing project developers to recoup their investments.
This strategy has enabled the advancement of extensive projects, such as the Lake
Turkana Wind Power Project, the biggest in Africa, generating up to 310 MW of power

[6].

Nigeria initiated a solar auction program in 2016, enabling the government to
acquire solar electricity via a competitive bidding procedure. This has resulted in the
establishment of several large-scale solar initiatives, aiding Nigeria's objective of
producing 30% of its power from renewable sources by 2030 [6]. The auction mechanism
promotes cost efficiency and facilitates the growth of the solar energy sector.

6.3 Regulatory Incentives for Decentralized Energy Systems

Decentralized energy solutions, especially in rural and off-grid regions, are
essential for enhancing energy access across Africa. To expedite the implementation of
off-grid solar, wind, and mini-hydro systems, several governments have established legal
frameworks that promote private sector engagement and innovation.

Rwanda has emerged as a regional frontrunner in advocating decentralized energy
systems, notably via its National Electrification Plan and incentives for off-grid solar
energy. The government provides tax incentives [82], subsidies, and expedited licensing
processes for firms engaged in off-grid solar development [83]. Consequently, Rwanda
has achieved notable advancements toward its objective of universal energy access by
2024, with off-grid alternatives anticipated to benefit 48% of the population [6].

Ethiopia's mini-hydro regulation permits private developers to own and manage
small-scale hydropower systems under its regulatory framework for mini-hydro projects.
The government offers advantageous rates and streamlined licensing procedures for mini-
hydro projects that benefit rural populations. This has stimulated investment in small-
scale hydropower to provide energy to rural regions where grid expansion is impractical

[6].

6.4 Global Collaboration and Regional Policy Alignment

Alongside national legislation, regional collaboration and international assistance
are essential for the successful transformation of Africa's renewable energy sector [84,85].
Entities like the African Union (AU) and the Economic Community of West African
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States (ECOWAS) have been instrumental in standardizing renewable energy policy and
facilitating cross-border initiatives.

In 2013, ECOWAS initiated its regional renewable energy strategy, aiming for a
48% contribution of renewable energy to its electrical mix by 2030 [50]. This strategy
fosters international cooperation on renewable energy initiatives, exemplified by the
West African Power Pool (WAPP), which seeks to incorporate renewable energy into a
regional power market. ECOWAS is facilitating the realization of renewable energy
potential in West Africa by aligning regulatory regimes and encouraging infrastructure
cooperation [50].

The African Union's African Renewable Energy Initiative seeks to increase
renewable energy capacity by 300 gigawatts by 2030 [49]. African nations get technical
aid, finance, and policy direction to expedite the adoption of renewable energy via the
project[86]. The program underscores the significance of sustainable development [87],
climate resilience [88], and regional integration in energy planning [89].

7. Emerging Trends and Prospective Outlook

Technology advancements, innovative corporate strategies, and developing
legislative frameworks are accelerating Africa's transition to renewable energy. The
continent must transition to solar, wind, and hydropower to address energy poverty and
climate change, which is crucial for sustainable development. This section examines the
rising factors influencing Africa’'s energy future and provides a prospective analysis of
their influence on the energy landscape in the next decades.

7.1 Decentralized Energy Systems and Microgrids

A significant development in Africa's renewable energy market is the rapid
emergence of decentralized energy systems [90], especially in off-grid and rural regions
[91]. Mini-grids and standalone solar systems are developing as effective solutions to
Africa's energy access concerns when expanding the national grid is neither practical nor
economically viable [92].

Mini-grids, powered by solar, wind, or modest hydropower, are essential in
combating energy poverty in isolated areas. Nations such as Nigeria, Kenya, and
Tanzania are using mini-grid initiatives to expedite rural electrification [93]. Kenya’s
Community Mini-Grid Program has provided dependable power to nearly 150,000
individuals, enabling energy access to areas that hitherto depended on diesel generators
[49]. By 2030, the mini-grid sector in sub-Saharan Africa is projected to expand to more
than 12,000 functioning mini-grids, catering to millions of families and enterprises [6].

The emergence of Pay-as-You-Go (PAYG) solar systems is a notable
development [18], enabling users to purchase solar energy via manageable [16],
incremental payments using mobile money networks. Firms such as M-Kopa Solar in
Kenya and BBOXX in Rwanda have given millions of families access to solar energy via
PAYG models [94], adeptly integrating technology and finance to surmount initial cost
obstacles [6]. This trend is anticipated to proliferate, establishing decentralized solar
systems as a fundamental component of Africa's energy future [95].

7.2 Hybrid Renewable Energy Systems
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The amalgamation of several renewable energy sources, referred to as hybrid
systems, is an emerging idea that aims to improve energy stability and efficiency in
Africa [96]. Hybrid systems often integrate solar, wind, and hydropower with energy
storage options, therefore guaranteeing a more consistent electricity supply despite
fluctuations in renewable output.

7.2.1 Hybrid Solar-Wind Initiatives

A prominent advancement in this domain is the creation of hybrid solar-wind
initiatives, which use Africa's varied renewable resources. The Gulf of Suez Hybrid
Project in Egypt aims to use both solar and wind energy, using the area's elevated sun
irradiance and steady wind velocities [97]. This hybrid methodology may diminish
dependence on fossil fuels [98] and alleviate the intermittency challenges linked to
singular renewable initiatives [6].

7.2.2 Solar-hydro Synergies

In Africa, hydropower facilities are progressively integrated with solar
photovoltaic (PV) systems to enhance the dependability of energy supply [99], especially
during arid seasons when hydropower production diminishes [100]. The Koysha Dam in
Ethiopia exemplifies the consideration of solar photovoltaic technology as a
supplementary energy source to the hydroelectric facility [101]. The integration of
renewable resources will be essential for maximizing Africa's energy potential and
guaranteeing a continuous electricity supply throughout the year.

7.3 Sophisticated Energy Storage Solutions

Energy storage technologies are essential for addressing intermittency concerns
and guaranteeing a consistent supply of renewable energy [102]. Africa is starting to
adopt sophisticated battery storage systems [103], which are crucial for grid stabilization
[104], improving off-grid solutions [105], and incorporating more renewable energy
sources into the energy portfolio [106].

The declining cost of lithium-ion batteries has made them more feasible for
extensive energy storage initiatives across Africa [107]. The Kathu Solar Park in South
Africa utilizes a battery energy storage system (BESS) to retain surplus energy produced
during the day for nighttime consumption, ensuring a consistent power supply to the grid
[6]. The use of BESS technology across Africa is anticipated to increase markedly,
enhancing the dependability of both grid-connected and off-grid renewable energy
systems [108].

Hydrogen is becoming recognized as a viable alternative for long-term energy
storage [109] and decarbonization [110], surpassing traditional batteries. Green hydrogen,
generated by electrolysis using renewable energy [111], is attracting interest as a possible
transformative force for Africa's energy sector [112]. Morocco and Namibia are at the
forefront of Africa’s green hydrogen production initiatives, implementing large-scale
projects designed for the export of green hydrogen to Europe and other international
markets [6]. Hydrogen technologies have the capacity to meet seasonal energy storage
requirements [113] and elevate Africa to a prominent position in renewable energy
exports worldwide [113].

7.4 Digitalization and Intelligent Grid Technologies
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Digital technologies are transforming the monitoring [114], management [115],
and optimization of energy systems across Africa [116]. The use of smart grids, digital
meters, and artificial intelligence (Al) in energy management facilitates the more
effective utilization of renewable resources [117], minimizes energy waste, and enhances
system stability [118].

African nations are investing in smart grid technology to enhance system
resilience and integrate a greater proportion of renewable energy [119]. South Africa's
Eskom is investigating smart grid systems to incorporate dispersed solar and wind energy
into the national grid, minimize transmission losses, and enhance real-time energy
delivery [6]. Smart grids provide enhanced demand-side management [120], enabling
utilities to modify power supply in accordance with consumption patterns, thereby
augmenting total energy efficiency.

The amalgamation of Artificial Intelligence (Al) and artificial of intelligence (10T)
in energy management is becoming prevalent throughout Africa[113]. These technologies
provide predictive maintenance [121], load forecasting [122], and real-time monitoring of
energy systems [123], therefore simplifying the balance of supply and demand [124]. The
Al-driven grid management solution created by Powerhive has reduced downtime [125]
and enhanced energy dependability for off-grid solar installations in rural Kenya [5]. The
ongoing digitization of energy systems will be essential in optimizing the effectiveness of
renewable energy expenditures [126].

7.5 Financing Innovations and Sustainable Bonds

Finance continues to be a substantial obstacle to the expansion of renewable
energy initiatives throughout Africa. Innovative financing structures, including green
bonds [127], impact investments, and blended finance, are facilitating the closure of the
funding gap [128] and drawing money into the renewable energy industry [79].

Green bonds, intended to fund ecologically sustainable initiatives, have gained
prominence across Africa [129]. In 2017, Nigeria became the first African nation to issue
a sovereign green bond, securing $29 million to finance solar energy initiatives [6]. South
Africa has engaged in green bond issuing, with the City of Cape Town securing financing
for renewable energy and climate resilience initiatives. Green bonds are anticipated to be
essential in funding Africa's energy transformation [89], providing a sustainable financial
framework for extensive renewable energy projects [87].

Blended finance, integrating public and private resources, is becoming a potent
mechanism to mitigate risks associated with renewable energy projects and stimulate
private sector participation. The Sustainable Energy Fund for Africa (SEFA), overseen by
the African Development Bank, has effectively used blended financing to facilitate
projects like the Benban Solar Park in Egypt, one of the biggest solar installations
globally [6]. The introduction of additional blended financing methods is expected to
enhance investment in Africa's renewable energy industry, facilitating the expedited
implementation of clean energy initiatives [118].

7.6 Regional Integration and Transnational Electricity Commerce

Projects like the African Continental Free Trade Area (AfCFTA) and the African
Power Pools are accelerating regional energy collaboration and transnational electricity
commerce in Africa. These programs seek to establish linked energy markets that
facilitate the cross-border sharing of renewable energy resources [129], hence optimizing
efficiency and minimizing costs [126].
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The West African Power Pool (WAPP) exemplifies how cross-border energy
commerce may enhance the incorporation of renewable energy into national systems. The
WAPP seeks to establish a cohesive power market for the 15 ECOWAS member states,
enabling countries with surplus renewable resources to sell excess electricity to adjacent
nations. This regional integration would allow nations such as Nigeria and Ghana to
harness their solar and wind capabilities to satisfy regional energy requirements [6].

The Eastern Africa Power Pool (EAPP) is facilitating the integration of renewable
energy from Ethiopia’'s extensive hydropower resources into adjacent nations, including
Kenya, Sudan, and Djibouti. As regional power pools evolve, they will be essential in
stabilizing electricity supply, lowering prices, and promoting the widespread use of
renewable energy across the continent [52].

8. CONCLUSIONS

Africa's energy landscape is at a pivotal moment as the region confronts
increasing energy needs while addressing the necessity for sustainable and dependable
power sources. This research has shown the considerable potential of solar, wind, and
hydropower as foundational elements of Africa's renewable energy transformation. Solar
energy, abundant across the continent, has significant potential, especially in areas with
high irradiation levels. Recent technical developments, together with declining prices, are
making solar power more accessible to a broader demographic. Wind energy, despite its
geographical concentration, is increasingly gaining momentum, particularly in the Horn
of Africa and coastal locations where wind velocities are conducive to extensive projects.
Hydropower, a fundamental component of Africa's energy production, is essential for
delivering reliable baseload power while encountering problems associated with
environmental issues and the effects of climate change.

The effective implementation of these renewable energy sources will mostly rely
on the creation of strong regulatory and policy frameworks. Governments must cultivate
a climate that promotes investment, innovation, and public-private partnerships while
guaranteeing fair access to renewable energy solutions in all areas. Policy measures that
promote decentralized energy systems, foster the development of smart grids, and include
energy storage technologies will be crucial for securing a sustainable renewable energy
future.

Africa is poised for an energy change due to advancements in energy storage,
enhanced grid infrastructure, and regional collaboration. These factors will alleviate the
intermittency issues linked to renewables and realize the whole potential of cross-border
energy commerce. As Africa progresses down this path, it will not only fulfill its energy
requirements but also establish itself as a global leader in renewable energy innovation,
building a paradigm for sustainable development and climate resilience globally.
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