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The increasing demand for energy in Africa poses challenges in terms of sustainability, affordability, and
accessibility. Although Africa is rich in renewable resources, their use remains limited. Implementing electro-
chemical energy conversion and storage (EECS) technologies such as lithium-ion batteries (LIBs) and ceramic fuel
cells (CFCs) can facilitate the transition to a clean energy future. EECS offers superior efficiency, cost, safety, and
environmental benefits compared to fossil fuels. Their modularity also enables distributed renewable integration
and off-grid access. However, Africa lacks production, deployment, and recycling capacities for these technolo-
gies. Infrastructure, policy, costs, consumer awareness, and technical expertise are major obstacles. This
perspective review provides environmental and technical context for LIBs and CFCs. Adopting a comprehensive
framework encompassing manufacturing, deployment, integration, and recycling, we analyze their benefits and
adoption barriers in Africa. The review aims to enlighten policies and investments that can promote the scalability
of these energy storage and conversion technologies. If strategic efforts are implemented, these technologies could
catalyze sustainable electrification and position Africa at the forefront of global energy innovation. Realizing this
potential requires holistic value chain solutions.

1. Introduction health risks [2]. In addition, Africa is particularly susceptible to the im-

pacts of climate change, such as floods, crop failures, droughts, and heat

The exponential growth in global energy consumption driven by the
fast-growing human population, technological advancement, and the
pursuit of comfort, prosperity, and urbanization has highlighted the
significance of energy for human development and well-being [1]
However, the escalating global energy consumption, motivated by
various human requirements and desires, threatens the environment and
climate. Hence, the world faces a dual energy dilemma: providing access
to clean and affordable energy for all while decarbonizing the energy
sector to mitigate the extinction-threatening impacts of global warming.

In Africa, more than 600 million people do not have access to elec-
tricity, and more than 900 million rely on biomass (i.e., wood and
charcoal) for cooking, exposing them to domestic air pollution and other

waves, due to poverty, deforestation, the lack of adequate infrastructure,
and poor urban planning [3,4]. These highlight the severity of the situ-
ation in Africa.

According to the International Energy Agency (IEA) in the World
Energy Outlook (WEO) 2021, the global energy demand is projected to
increase by 25 % by 2050 if the current trends and policies continue [5,
6]. However, this projected energy demand implies that global CO5
emissions will increase by ~40 % by 2050, exceeding the levels neces-
sary to limit global warming to below 2 °C as specified in the Paris
Agreement [7,8]. The IEA mandates that achieving net-zero emissions by
2050 and addressing the current challenges requires a massive energy
sector transformation. This transformation requires a fourfold increase in
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renewable energy sources, a 90 % and 75 % reduction in coal and oil
consumption, respectively, and tripling annual investments in clean and
sustainable energy [5,6].

As Africa continues its pursuit of technological advancement and its
mission to provide access to electricity to more than one billion people,
the continent must leapfrog the fossil fuel-based development path and
embrace a low-carbon energy future [4]. Despite facing challenges such
as inadequate funding, insufficient infrastructure, political instability,
and unfavorable policies and regulations, Africa's efforts towards sus-
tainable energy are noteworthy. In line with the International Renewable
Energy Agency's (IRENA) Renewable Energy Roadmap (REmap 2030),
Africa aims to increase the share of renewables in its energy mix to 22 %
by 2030, reflecting a significant commitment to the clean energy tran-
sition [9,10]. Although Africa contributed only 3.3 % to global energy
consumption in 2019 and 3.6 % to global energy-related carbon dioxide
emissions in 2020, it possesses an abundance of renewable energy re-
sources such as wind, solar, geothermal, hydro, and biomass, which
could potentially meet the continent's electricity demand [3]. However,
the intermittent nature of these renewable sources necessitates a focus on
integrating energy conversion and storage technologies to achieve a
more sustainable future. This integration is crucial for harnessing Africa's
full renewable potential and ensuring a reliable and consistent energy
supply [11].

Several African countries are making appreciable efforts towards
implementing sustainable energy solutions. For example, South Africa
developed the Renewable Energy White Paper (REWP 2003) to drive its
renewable energy policy. The country's renewable power penetration
includes solar, hydropower, wind, and biomass energy generation [12,
13]. Additionally, the Electricity Regulation Act and National Energy Act
were introduced in 2006 and 2008, respectively [12]. According to a
2022 International Trade Administration (ITA) report, Egypt aims to
boost its electricity generation from renewable sources to 20 % by 2022
and 42 % by 2035. By 2035, the renewable energy mix is projected to
include contributions from wind (14 %), hydropower (1.98 %), photo-
voltaic (PV) solar (21.3 %), and concentrating solar power (CSP) (5.52
%) [14]. The Nigerian government introduced the National Energy
Transition Plan in August 2022, aiming to generate 30,000 MW of
electricity from renewable sources and achieve carbon neutrality by
2060. This initiative, supported by utility-enabled distributed energy
resources, aligns with global climate targets and has the potential to
create up to 340,000 jobs by 2030 [15]. Additionally, Nigeria aims to
become the Solar Panel and EV Battery Manufacturing Hub of Africa by
2024, which is strategic for driving its renewable energy footprint [16].

Embarking on a sustainable energy pathway in Africa offers
numerous benefits at both local and global levels. Contributing to the
COP2023 agreement, Africa's renewable energy initiatives will help
mitigate its contribution to global climate issues. Enhancing large-scale
modular distribution of energy will improve the lives of those in rural
areas, thus boosting economic conditions across the continent. Utilizing
abundant gas resources will enable Africa to produce energy for itself and
promote energy export, generating additional revenue for the continent.

Transitioning from fossil fuels to greener energy sources is pivotal for
sustainable development, and electrochemical energy conversion and
storage (EECS) technologies play a crucial role in this shift [17-19].
Within the spectrum of EECS technologies—which includes batteries,
fuel cells, and electrolyzers [20-22]—Lithium-ion batteries (LIBs) and
ceramic fuel cells (CFCs) stand out for their potential to address Africa's
energy challenges [23-25]. LIBs are significant in the energy storage
industry due to their ability to store chemical energy as lithium ions and
efficiently convert it into electrical energy. They are suitable for various
applications, from portable electronics to electric vehicles and even
grid-scale storage solutions [26,27]. CFCs convert chemical energy
directly into electrical energy, primarily for stationary power generation
[17,28]. Both LIBs and CFCs surpass conventional fossil fuels in terms of
efficiency, cost-effectiveness, safety, environmental impact, energy den-
sity, and resource availability [29-31].
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Critical technical challenges must be overcome before the LIB and
CFC technologies can be widely deployed in Africa. For example, CFCs
and LIBs require high-quality materials and complex manufacturing
processes, which may make them scarce and expensive in low-income
countries [30,32,33]. Additionally, if handled unprofessionally, LIBs
pose significant risks, such as explosion, fire, and toxicity [23]. CFCs face
technical obstacles, such as degradation and durability issues, which
affect their performance and lifespan [34]. These challenges highlight
the need for a perspective review that analyzes the potential and feasi-
bility of LIBs and CFCs for Africa's energy transformation.

This review explores in depth how EECS can change the energy
landscape of Africa. We first provide a fundamental technical and envi-
ronmental background for these two advanced technologies, explaining
their working principles, types, applications, and reliability as EECS so-
lutions. We then outline the significant environmental advantages LIBs
and CFCs have over conventional fossil fuel-based power systems in
terms of low emissions, high efficiency, and sustainability. This review
also examines the barriers to the widespread adoption and production of
EECS technologies in Africa. We use a comprehensive framework that
covers infrastructure, policy, consumer awareness, costs, technical
expertise, and end-of-life recycling. Based on these barriers, we discuss
emerging opportunities and strategic interventions that could create an
environment conducive to leapfrogging these innovative technologies.
This multi-faceted review aims to provide novel insights into EECS that
can inform policies and investments to speed up Africa's transition to a
greener, more electrified, and cleaner future. With coordinated efforts, it
is envisioned that the widespread deployment of these technologies
could electrify millions, create skilled jobs, significantly reduce pollution,
and position Africa at the forefront of global clean energy innovation.

2. Electrochemical energy conversion and storage technologies
(EECS)

EECS are devices that use electrochemical reactions to convert or
store energy in different forms [35]. These technologies include fuel
cells, batteries, electrolyzers, supercapacitors, and photoelectrochemical
cells [36-39]. They have various applications in renewable energy gen-
eration, grid management, transportation, and portable electronics
[40-42]. EECS technologies offer several advantages over conventional
energy sources, such as high efficiency, low emissions, flexibility, and
scalability [43,44].

This perspective primarily focuses on two important EECS: LIBs and
CFCs. LIBs are rechargeable batteries that use lithium ions as the charge
carrier between the electrodes. They have a high energy density, long
lifespans, and low self-discharge rates. They are widely used in electric
vehicles, mobile devices, and grid storage [45]. CFCs are fuel cells that
use ceramic materials as electrolytes and electrodes. They have high
power density, fuel flexibility, and cogeneration potential. They can
operate at high temperatures and use various fuels, such as hydrogen,
methane, and syngas [29]. They are suitable for stationary power gen-
eration and other applications [17].

We will elaborate on the background, types, characteristics, advan-
tages, and challenges of LIBs and CFCs in sections 2.1 and 2.2, respec-
tively. Moreover, we will explore these technologies' current state-of-the-
art and prospects in advancing clean energy conversion and storage.

2.1. Lithium-ion batteries (LIBs)

Lithium-ion (Li-ion) batteries are electrochemical energy storage
devices that store and release electrical energy using Li-ions [26,46].
Since its commercialization in 1991 by Sony, this technology has wit-
nessed significant advancements, placing it among the most advanced
energy storage technologies currently available [27,47]. It is the pre-
dominant power source for portable electronics such as mobile phones
and laptops and has found extensive application in grid storage and
electric vehicles (EVs) [48,49]. Conventional Li-ion batteries' energy
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density is higher than other rechargeable batteries, including lead acid
and Ni-Cd batteries [26,50]. Nonetheless, the constraint of energy den-
sity remains a pertinent challenge, particularly for applications requiring
high energy density, such as electric vehicles. For instance, with the
current Li-ion battery, it is still challenging to achieve an energy density
that enables EVs to travel the same distance as gasoline vehicles [49].
Furthermore, Li-ion battery technology faces obstacles including high
cost, resource limitation, and safety [48].

This section highlights the fundamentals of Li-ion batteries, including
their various classes and characteristics. In addition, future research
trends in developing next-generation (or beyond Li-ion) batteries with
the potential to address the current challenges with LIBs are emphasized.

2.1.1. Basic principles of LIBs

A Li-ion battery consists of multiple cells connected in series, parallel,
or a combination of both configurations. Each Li-ion cell consists of an
anode (e.g., graphitic carbon, silicon, and Li4Ti5O13) and a cathode (e.g.,
LiCoO,, LiMnO,, and LiNig gMng 1C0¢.102) immersed in an organic liquid
electrolyte (e.g., LiPFg salt dissolved in dimethyl carbonate (DMC), and
ethylene carbonate (EC)) [51]. In addition, polymer gel and ceramic
electrolytes have been investigated [52-54]. A microporous and poly-
meric material called the separator is placed between the anode and the
cathode to allow ion flow but blocks electron flow and prevents physical
contact between the electrodes. An applied current causes the cathode
active material to dissociate during the charging process according to
equation (1) for the LiCoO; cathode. The Li-ions formed during this
process flow internally through the electrolyte (Fig. 1) to recombine with
the electrons that flow through the external circuit to the anode (negative
electrode) in accordance with equation (2).

Charge

LiCoO, «— i _,Co0,+xLi e (1)
Discharge

Charge
«— LixC )
Discharge
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Li-ions flow from the anode through the electrolyte to the cathode
(positive electrode), while the electrons flow through the external circuit,
supply electrical energy to the external load, and recombine with Li-ion
at the cathode during the discharging process (Fig. 1) [55].

e —— @ e —
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Fig. 1. Schematic of a conventional lithium-ion battery.
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2.1.2. Types and characteristics of state-of-the-art LIBs

Typically, LIBs are classified based on their cathode active materials,
which fall into one of three main categories: The layered structures
(Fig. 2a), such as LiCoOy, LiNiOg, LiMnOs,, and LiNip gMng 1C0q.102, the
olivine structures (Fig. 2b) including LiFePO4, LiMnPO4 and the spinel
structures (Fig. 2c¢), such as LiMnyO4, LiCo204 [56]. Each type of LIB is
identified using an acronym indicating the cathode material used. For
example, the cathode active material of LCO batteries is LiCoO, while
that of LFP batteries is LiFePOy.

The LCO LIBs are the first and most commercially successful LIBs due
to higher theoretical specific and volumetric capacities, excellent cycling
performance, and high average potential [27,57]. However, LCO batte-
ries have a high cost due to the high cost of Co, low thermal stability, and
low-capacity retention at high current densities [27]. To address these
problems, new cathode chemistries, such as LiNi,MnyCo,02 (NMC), with
comparable or superior characteristics at lower cost compared to LCO,
are being developed and actively studied [58-60]. LiMny04 (LMO) bat-
teries benefit from Mn's abundance and low cost; however, these batte-
ries suffer poor long-term cycling stability, amongst other issues at high
current densities due to Mn dissolutions [61]. LiFePO4 (LFP) batteries
have high power density and excellent thermal stability. However, low
voltage and poor electrical and ionic conductivities are major limitations
of LFP batteries [61]. Table 1 presents the gravimetric capacity, volu-
metric capacity, and average potential of a selection of commercially
available LIBs.

2.1.3. Advancements and challenges in LIB technology

The advent of LIBs can be traced to the development and commer-
cialization of Li-ion primary batteries in the 1960s, manifesting the re-
sults of years of extensive research [67,68]. Following this,
Whittingham's development of Li/TiSz in 1974 and Goodenough et al.
discovery of LiCoO5 (LCO) in 1979 paved the way for the development of
the first LIB with an LCO cathode and carbonaceous anode in 1986 by
Yoshino et al. [69]. This battery is based on the rocking chair principle
derived from the movement of Li-ion during the charge and discharge
processes. Since their commercialization, there has been a significant
improvement in performance and a decrease in cost. Specifically, the
specific energy has increased from 120 Wh/kg in 1991 [70] to more than
270 Wh/kg today [71,72]. In addition, the price per kW/h has reduced
significantly from $5000 in 1991 to $101 per kW/h in 2021 [73]. The
reduced cost and increased energy density revolutionized the market for
consumer electronics.

This technology has recently revolutionized the automotive industry
and grid storage, causing an unprecedented increase in demand that is
expected to reach ~ 2-3.5 TWh by 2030 [74]. This high demand and the
stricter technical requirements presented by these emerging applications
pose new challenges for LIBs. For instance, electric vehicles require
high-energy-density batteries to cover long-range, low-cost, and safe
batteries, while the current state-of-the-art LIBs are characterized by low
energy density, safety concerns, and high cost. Consequently, extensive
research efforts are focused on developing the next generation of LIBs. All

LiMn,O,, spinel

LiCoO,, layered LiFePQ,, olivine

Fig. 2. The crystal structures of (a) layered cathode, (b) spinel cathode, and (c)
olivine cathode. Adapted with permission from Ref. [66].
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Table 1

Characteristics of some common Li-ion batteries.
Cathode Specific Capacity (mAhg 1) Volumetric capacity (mAh cm™3) Average Voltage (V) Ref.

(Theoretical/Experimental) (Theoretical/Experimental)

LiCoO, 273/145 1363/550 3.8 [27,62]
LiNip 33Mng 33C00 3302 280/160 1333/600 3.7 [27]
LiNig gCog.15Al0.0502 279/199 1284/700 3.7 [27,63]
LiMn,04 148/120 596 4.1 [64]
LiFePO4 170/165 589 3.4 [65]

solid-state lithium metal batteries (ASSBs), lithium-sulfur (Li-S), and
lithium-air (Li-air) batteries are among the next-generation lithium bat-
teries that are widely studied [75-77].

ASSBs use solid-state electrolytes instead of organic flammable liquid
electrolytes used in conventional LIBs. This advancement mitigates safety
concerns associated with conventional LIBs, enabling the use of lithium
metal anodes with a high theoretical capacity of 3860 mAh/g, thereby
facilitating the development of high-energy-density batteries [78]. Li-S
batteries leverage the high specific capacity of lithium metal anodes,
cost-effective and abundant sulfur cathodes. These characteristics make
Li-S batteries highly promising for achieving high energy density and
cost-effectiveness. Similarly, Li-air batteries exhibit remarkable im-
provements in energy density and significant cost reductions. However,
these next-generation lithium batteries face challenges such as the high
reactivity of lithium anodes, interfacial issues, and the formation of sol-
uble polysulfides in Li-S [79-81].

In response to these challenges, researchers from both industry and
academia are making significant efforts to develop solutions. Collec-
tively, these efforts can potentially shape the future of lithium batteries
and advance energy storage technology.

2.2. Ceramic fuel cells (CFCs)

CFCs are ceramic electrolytes-based energy conversion technologies
that directly convert chemical energy from fuels such as hydrogen,
methane, or other hydrocarbons into electrical energy with high effi-
ciency and low emissions [29] CFCs have witnessed various advance-
ments over time [24,82-85]. The solid oxide fuel cells (SOFCs) of the first
generation of CFCs utilize yttria-stabilized zirconia (YSZ) and operate at
temperatures between 800 and 1000 °C [86-90]. Nonetheless, the high
operating temperature of YSZ-based SOFCs presents significant technical
challenges, such as component degradation, thermal cycling due to
thermal mismatch, extended start-up and shutdown times, physical and
chemical instability, and high maintenance costs [91-95]. In response to
these challenges, developing CFCs that could operate at lower tempera-
tures led to the emergence of protonic ceramic fuel cells (PCFCs)
[96-100]. This section will discuss the basic principles of SOFCs and
PCFCs, focusing on their essential components, functions, and associated
challenges.

2.2.1. Basic principles of CFC

A typical CFC consists of three components: the electrolyte, the
cathode, and the anode [101]. The ceramic electrolyte facilitates the
conduction of either oxide ions (0%) or protons (H) between the anode
and cathode, where electrochemical reactions occur [102,103]. The fuel,
which may be hydrogen or a suitable hydrocarbon, is oxidized at the
anode, releasing electrons that travel to the cathode through an external
circuit [104,105]. At the cathode, electrons from the anode combine with
oxygen to produce 02~ (for SOFCs, Fig. 3a) or H,0 (for PCFCs, Fig. 3b),
depending on the type of electrolyte used [34,106-108]. This exothermic
reaction produces useable heat for cogeneration [109].

2.2.2. Types and characteristics of state-of-the-art CFCs
The classification of fuel cells is based on the type and composition of
their electrolyte material. CFCs can be further categorized into two main

types: oxide ion-conducting ceramic fuel cells (SOFCs) and proton-
conducting ceramic fuel cells (PCFCs), as shown in Fig. 3 [111]. SOFCs
use O~ conducting electrolytes such as YSZ, which require high tem-
peratures (800-1000 °C) to achieve adequate ionic conductivity and
electrode kinetics. SOFCs could directly use various fuels, such as
methane, ethanol, and syngas, without requiring external reforming
[112-114]. However, high-temperature operation presents challenges
such as thermal fatigue, component degradation, and material instability
[115-118].

On the other hand, PCFCs use H' conducting electrolytes, such as
doped BaCeO3, BaZrO3, or BaCe;.xZryO3 oxides, which enable high ionic
conductivity with reasonable stability at lower temperatures (400-600
°C) compared to SOFCs [119-121]. The reduced operating temperature
of PCFCs provides benefits such as decreased thermal stress, decreased
component degradation, and improved material stability [20]. In addi-
tion, PCFCs exhibit low activation energies and avoid fuel dilution issues
at the anode caused by water formation and electro-osmotic drag of 0%~
observed in SOFCs [122-124]. However, PCFCs also encounter chal-
lenges, such as diminished cathode performance, due to reduced elec-
trode kinetics at lower temperatures and low ionic transfer in the
electrolyte, which may lead to potential power output limitations [43].

2.2.3. Advancements and challenges in CFC technology

CFCs, solid-ceramic electrolyte-based fuel cells, have several advan-
tages over conventional thermal power plants, including efficiency, low
emissions, and fuel flexibility [82,125]. However, they continue
encountering significant technical and economic challenges that limit
their widespread adoption and commercialization [125,126].

The high operation temperatures (typically above 600 °C) of CFCs,
which require complex thermal management due to the degradation of
the cell components, including the electrolytes and electrodes, are among
the primary challenges associated with using CFCs [29]. Various strate-
gies to reduce the operating temperatures of CFCs have been investigated
[24,127-129]. These strategies include developing novel electrolyte
materials with high ionic conductivity and low activation energy, opti-
mizing the electrode materials and their microstructures, and enhancing
all cell components' thermal stability and compatibility [24,127-129].

The cost reduction and scale-up of the technology is another chal-
lenge for CFCs [130]. Due to the high cost of ceramic components and
system integration, the present cost of CFCs is still too high to compete
with conventional power generation technologies [131]. Nevertheless,
some strategies have been pursued to increase CFC production, including
simplifying the fabrication processes, increasing the power density and
output, reducing the complexity and size, and improving the mass
manufacturing techniques [131-134].

Despite these challenges, CFCs have made significant progress in
performance improvement, durability enhancement, cost reduction, and
market penetration in recent years. Some examples of recent advances in
CFC technology include.

(a) The development of the ceramic electrolyte material BaZrg ;.
Cen.7Y0.1Ybg.103.5, which operates at lower temperatures (up to
450 °C) and has higher conductivity and stability than conven-
tional doped Barium Cerate and Barium Zirconate based electro-
lyte materials [17,135].
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4H +4e¢+0,—> 2H,0

2H,—> 4H"+4¢”

Fig. 3. Schematic illustrating the basic principle of operation of CFCs fed with H, fuel (a) SOFCs and (b) PCFCs. Copyright, Elsevier 2021 [25,110].

(b) The demonstration of a grid-parallel CFC system (BlueGen, Fig. 4)
that can generate up to 2 kW of electricity with an efficiency of 60
% and can also be used as a micro-combined heat and power
generation system with an efficiency of up to 85 % [136].

(c) The establishment of production facilities in the US, Australia, and
Germany that can manufacture high-quality CFC units and com-
ponents [136-138].

These developments suggest that CFC technology has great potential
to revolutionize the energy industry by providing clean, efficient, and
distributed power generation solutions. However, additional research
and development must be conducted to address the remaining challenges
to achieve wider acceptance and adoption of CFC technology.

3. Environmental benefits of adopting LIBs and CFCs for Africa's
energy needs

Africa is the second-largest continent in the world, covering one-fifth
of Earth's land area and hosting 54 countries (Fig. 5). The continent is
divided by the Equator and surrounded by four oceans, resulting in
various climates and environments (Fig. 6a) [139]. Africa is currently
faced with the daunting challenge of meeting its growing energy de-
mands while reducing the adverse environmental impacts of conven-
tional fossil-based power sources (Fig. 5b) [140].

The IEA predicts that Africa's energy consumption will increase by 60
% by 2040 due to population growth, urbanization, and economic
growth [140]. However, Africa's energy resources are diverse and un-
evenly distributed Fig. 6¢. Oil is the most utilized energy source (~42 %
of the total energy consumption), followed by gas (~28 %), coal (~22
%), hydro (~6 %), renewable energy (~1 %), and nuclear (~1 %) [4,
141]. Biomass (wood, charcoal, and dung) is the primary source of en-
ergy for cooking and heating for ~85 % of Africans [141,142]. Diesel
generators are also widely used to supplement the intermittent grid
supply or provide electricity in off-grid areas, accounting for 6 % of the
total electricity generation in Africa [41,143]. The regional distribution
of Africa's energy mix is summarized in Fig. 6¢c. Nevertheless, these
conventional energy sources have significant environmental and health
risks. Some of the negative side effects are described as follows.

1. Greenhouse gas emissions (GHGs): The combustion of fossil fuels
and biomass are significant sources of GHG (CO3, CH4, and N2O) and
other pollutants (black carbon and organic carbon). These gases
contribute to global warming, climate change, air pollution, and
health problems. In 2019, Africa emitted ~1.3 billion tonnes of CO»,
accounting for 3.6 % of the global total (Fig. 6b) [140]. Although
Africa's emissions per capita are relatively low compared to other
regions, they are expected to increase as the energy demand grows
and more fossil fuel-based power plants are constructed (Fig. 6)
[144].

2. Air pollution: Fossil fuels and biomass combustion produce harmful
pollutants such as particulate matter (PM), sulfur dioxide (SO5), ni-
trogen oxides (NOx), carbon monoxide (CO), and volatile organic
compounds (VOCs), which degrade air quality and cause respiratory
diseases, cardiovascular diseases, and premature deaths. According to
the World Health Organization (WHO), ambient air pollution caused
~176,000 fatalities in Sub-Saharan Africa in 2012, while household
air pollution from biomass burning caused ~ 490,000 deaths [145].

3. Land degradation: The extraction and use of fossil fuels and biomass
can lead to land degradation through deforestation, soil erosion,
water contamination, and biodiversity loss [146-148]. For instance,
coal mining in South Africa has resulted in acid mine drainage,
threatening human and ecological health by polluting the surface and
groundwater resources [146] Similarly, biomass harvesting in
sub-Saharan Africa has led to deforestation, desertification, and a
decline in soil fertility [147].

4. Health risks: Using fossil fuels and biomass can expose people to
various health risks, such as fire accidents, explosions, poisoning, and
electrocution [149,150]. For example, diesel generators can cause fire
hazards due to fuel leakage or overheating, as well as noise pollution
and vibrations that can affect hearing and mental health. Similarly,
biomass use can cause burns, injuries, or carbon monoxide poisoning
from smoke inhalation or exposure [149].

Advanced EECS technologies, including LIBs and CFCs, can provide a
more eco-friendly and recyclable solution for Africa's future energy
needs. The environmental advantages of LIBs and CFCs over conven-
tional energy sources are discussed as follows.
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Fig. 4. Historical development trend for BlueGen CFC systems [136].

1. Low emissions: LIBs and CFCs emit negligible to zero GHG and air
pollutants during operation. LIBs can store electrical energy from
renewable sources, such as solar or wind power, without emitting
CO;, or other harmful byproducts [30] CFCs convert chemical energy
from hydrogen or other fuels into electricity and heat, with only water
vapor as a byproduct [43,153]. Therefore, LIBs and CFCs can help
reduce the carbon footprint and improve the air quality of Africa's
power sector.

2. High efficiency: The energy storage and conversion efficiencies of
LIBs and CFCs are superior to those of conventional power sources.
The energy efficiency of LIBs is ~90 %, meaning that only 10 % of the
stored energy is lost during charging or discharging [154]. The
electrical efficiency of CFCs is ~50-60 % but could reach 80-90 % if
residual heat is recovered for cogeneration [155]. Therefore, LIBs and
CFCs can help save and reduce the energy losses in the power system
in Africa.

3. Long lifespan: LIBs and CFCs possess a longer lifespan than con-
ventional energy sources. LIBs can withstand 1000 cycles of charging
or discharging before their capacity drops below 80 % [154]. CFCs
can operate for up to 10 years before their performance significantly
degrades [156,157]. Therefore, LIBs and CFCs can help extend the
service life and reduce the cost of maintaining power equipment in
Africa.

In addition, LIBs and CFCs have great potential for recycling and
waste management, which can create opportunities for resource recovery
and a circular economy in Africa. LIBs and CFCs contain valuable ma-
terials, such as lithium, cobalt, nickel, iron, cerium, and zirconium, which
can be recovered and reused to manufacture new batteries, fuel cells, and
other products [154,158-160]. Recycling LIBs and CFCs can also prevent
the environmental and health risks associated with their disposal, such as
contamination of soil and water, fire risks, and toxic exposure [161-163].
Table 2 summarizes the environmental characteristic features of the
energy conversion and storage technologies relative to the conventional
energy sources.

4. Adoption of lithium batteries and fuel cells in Africa -
challenges and opportunities

In the global pursuit of a sustainable future, transformative technol-
ogies like Lithium-ion Batteries (LIBs) and Ceramic Fuel Cells (CFCs) are
being rapidly adopted by leading nations such as the US and China. These
countries are making significant investments in advancing these tech-
nologies, with the US funding research and start-ups [25,164], and China
hosts major manufacturing facilities [24,165]. In contrast, Africa's
adoption and development of LIBs and CFCs lag due to limited local
production, manufacturing, and recycling capabilities [137,164,166].

The continent's reliance on imported energy technologies persists
amidst underdeveloped policies, incentives, and infrastructure [164].
Moreover, the absence of formal recycling systems and the knowledge
gap in waste management pose additional challenges [165]. However,
the projected increase in demand for energy storage solutions in Africa
signals a critical opportunity for domestic development [167]. Address-
ing the challenges of scaling up infrastructure is essential for meeting this
demand and fostering economic growth and energy independence. By
leveraging Africa's material resources and focusing on local
manufacturing, Africa can not only transform its energy landscape but
also create jobs and promote a circular economy. Strategic efforts must be
made to overcome the initial challenges across the entire lifecycle of
these technologies, from production to end-of-life recycling [40,167,
168]. This will require collaborative efforts and a comprehensive
approach involving investments, institutional backing, and technological
innovation to establish an enabling environment for the widespread
adoption of EECS technologies in Africa. Some of the scale-up challenges
for EECS as addressed by Jolaoso et al. [169] are also applicable to Africa.

4.1. Challenges associated with adopting production and manufacturing

In establishing domestic production and manufacturing capabilities
for LIBs and CFCs, Africa faces several hurdles, including a shortage of
raw materials processing and refining capabilities. The continent has
abundant mineral resources, such as lithium, cobalt, nickel, manganese,
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Fig. 5. (a) Africa's access to electricity distribution [10] (b) Primary energy supply and renewable energy use percentages in Africa based on IRENA and REmap 2030

reports [9,10].

and rare earth elements necessary for LIBs and CFCs [31,143,170,171].
However, most of these resources are exported as unprocessed ores or
concentrates to other countries, mainly China, where they are refined
and processed into battery-grade materials [172]. This means that Africa
loses the value-added benefits of these resources and depends on imports
of expensive battery materials. Hence, it is essential to establish local
refining and chemical processing facilities to supply manufacturers with
materials [173].

Another challenge is the high cost of setting up LIBs and CFCs
manufacturing plants [174]. These plants require sophisticated equip-
ment, infrastructure, and skilled labor, often scarce or unavailable in
many African countries [175]. Moreover, they are expensive and com-
plex, requiring long-term investments that companies may hesitate to
commit to the perceived risks in Africa [174]. Importing equipment and
machinery can also be prohibitively expensive for investors. Moreover,
the technical complexity of CFC production and quality control necessi-
tates substantial upfront investments. Hence, the limited access to capital
and low market demand for energy storage and conversion technologies
prevent investors from establishing large-scale local manufacturing
[176].

Furthermore, Africa lacks sufficient technical knowledge and R&D
support for these energy storage and conversion technologies [177]. The
complex engineering and stringent quality standards require high tech-
nical expertise and innovation capacities. However, to conduct
cutting-edge research on energy storage and conversion technologies in

Africa, only a few academic institutions, research centers, or industrial
partners have the expertise and resources [4,5,142]. Consequently, most
of the innovation and advancement in these technologies come from
outside the continent, limiting opportunities for local adaptation and
customization.

Finally, policy incentives and government support for domestic
manufacturing remain insufficient across Africa [2,143,170,176,178].
Few or no fiscal incentives exist, such as tax holidays and export sub-
sidies. Also uncommon are priority lending rates that facilitate access to
affordable financing. Robust industrial policies fostering competitiveness
and export-led growth are lagging. Additional precise regulations and
standards regarding safety, performance, and environmental impact are
required to provide manufacturers with certainty. Addressing these
policy and regulatory gaps could stimulate private investment [178,179].

4.1.1. Challenges to deployment and integration

Even if production capacities are established, widespread deployment
and integration of energy storage and conversion technologies into
Africa's energy mix will face challenges [4,177]. The continent's under-
developed energy storage and distribution infrastructure is one of these
challenges [142]. The grid infrastructure is often unreliable, inefficient,
or inadequate to meet the growing energy demand, especially in rural
areas. Hence, the required modern electricity infrastructure, charging
networks, pipelines, and storage terminals essential for integrating these
technologies are lacking across Africa [4]. In addition, the lack of
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Table 2
Environmental benefits of adopting EECs relative to conventional energy sources.

Energy Source Emissions (g CO2-eq/kWh) Efficiency (%)

Lifespan (years) Recycling Potential (%) Ref.

Fossil Fuels 820 33

Biomass 230 20-40

LIBs 0 (during operation) 90

CFCs 0 (using hydrogen fuel) 50-60 (electrical),

80-90 (cogeneration)

30-50 Low [138,145,157]
20-30 Low [138,145,157]
5-10 High (up to 95) [157,158]

10 High (up to 90) [10,159]

interconnection between regions or countries limits the potential for
transnational energy trade or sharing. Therefore, transmission and dis-
tribution modernization is a capital-intensive endeavor that needs to be
undertaken.

In comparison to conventional energy sources such as fossil fuels or
biomass, the high costs of these technologies remain relatively high. Even
if petroleum savings can be realized, Africa's price-sensitive consumers
are deterred by the initial high costs of emerging technologies, Therefore,
cost competitiveness relative to existing technologies remains a signifi-
cant barrier [176,180].

Africa's lack of widespread service and maintenance capabilities for

these technologies is another barrier [181,182]. To ensure optimal per-
formance and safety, these technologies require regular inspection,
testing, repair, or replacement. However, only a small number of trained
technicians, spare parts suppliers, and service centers can provide these
services in many African countries, especially in rural areas [181,182].
Hence, consumers may hesitate to implement these technologies if
maintenance support is not guaranteed.

Finally, consumer awareness and understanding of emerging tech-
nologies such as LIBs and fuel cells remain low [183,184]. Many con-
sumers or end-users are uninformed or unfamiliar with the benefits,
features, and applications of LIBs or CFCs, which are some of the common
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concerns about safety, complexity, or reliability [184]. There is a need for
public education campaigns to enhance understanding of their economic
and environmental benefits. In addition, credible demonstrations and
partnerships with local installers can also foster consumer confidence and
demand.

Even if Africa expands its manufacturing sector, it must parallelly
invest in modernizing its energy infrastructure, regulations, technical
training, and public education. To successfully implement transformative
technologies such as LIBs and CFCs, a holistic view of production and the
end-user experience is imperative. This strategy will create abundant
opportunities for affordable, sustainable, and secure energy in Africa.

4.1.2. Challenges to end-of-life recycling

Recycling also presents significant hurdles to maximizing the sus-
tainability benefits of LIBs and CFCs in Africa [170,185-188]. Firstly,
many countries lack formal collection and management systems for
e-waste [170]. It is common for hazardous battery and fuel cell waste to
be dumped or burned without regulation, causing environmental and
health risks [189,190]. It is essential to establish licensed waste operators
and treatment facilities.

Secondly, the infrastructure and capabilities for the safe disassembly,
dismantling, and processing of end-of-life products are limited [185,
191]. To recover the valuable elemental components of these advanced
technologies, sophisticated recycling methods are required. However, in
Africa, automated lines and integrated shredding, sorting, and refining
capacities barely exist.

Significant knowledge gaps exist regarding the appropriate handling,
storage, transport, and recovery of battery and fuel cell waste [170,192,
193]. There is a lack of technical skills for recycling, from collection
crews to facility operators. Consequently, e-waste recycling research and
training programs are imperative.

In Africa, recycling regulations and policies are inadequate or poorly
enforced [140,142,176,178]. There are no clear standards for hazardous
waste treatment, reporting, and licensing of facilities. Legislators must
also define extended producer responsibility and recycling incentives.
Robust frameworks that promote circularity are vital.

In summary, while lithium batteries and fuel cells have the potential
to transform Africa's energy landscape, addressing end-of-life challenges
is critical for sustainability. In tandem with adoption efforts, cultivating
the expertise and infrastructure for safe, efficient recycling can unlock
their maximum potential and create jobs. More work remains to address
these recycling gaps.

4.2. Opportunities for overcoming the challenges

Africa's journey towards sustainable energy is fraught with chal-
lenges, yet it also presents numerous opportunities to foster the adoption
of energy conversion and storage technologies. Measures are already in
place to secure a sustainable future, with a notable commitment to
renewable energy adoption. Table 3 summarizes supportive policies for
the continent's electrification [10]. However, the path forward requires a
nuanced understanding of Africa's diverse regional energy landscapes, as
depicted in Fig. 6c.

Recognizing the continent's heterogeneity is crucial; strategies for
implementing EECS technologies must be customized to fit the distinct
contexts of each region [176]. Factors such as resource availability,
existing infrastructure, and cultural nuances must be considered. Sig-
nificant investment is needed to develop an EECS-friendly environment
across various regions in Africa. A generic approach is less likely to
succeed due to the substantial variance in challenges and opportunities
across different areas.

Thus, fostering collaborative efforts among regional stakeholders,
local communities, and experts is vital. Such partnerships are key to
developing context-specific solutions that resonate with the unique needs
and priorities of each region. Embracing this localized strategy enhances
the chances of successful EECS technology adoption and integration,
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ensuring that the solutions are not only effective but also culturally
resonant and socially acceptable.

Government subsidies for renewable energy technologies are essen-
tial to encourage more players and investors. Another critical approach is
the privatization of major technologies, with the government retaining a
small stake. This strategy can enhance productivity and ensure adequate
monitoring of technologies. In many parts of Africa, government busi-
nesses and entities often do not receive the attention and care required
for optimal productivity. Therefore, the sustainable energy pathway
should be led by private sector players and regulated by the government,
given that most private companies in Africa tend to perform better than
their government counterparts.

4.2.1. Opportunities for adopting production and manufacturing

-

. Localizing production by leveraging Africa's mineral resources can
stimulate economic growth and create skilled jobs while reducing
imports. Refining lithium, cobalt, nickel, and platinum group
metals from African mineral reserves could provide manufacturers
with raw materials and reduce costs [147,174,194].

ii. With supportive policies such as tax breaks and subsidies, com-
panies may invest in giga-factories to serve Africa's massive un-
tapped market. Governments can facilitate joint ventures with
foreign tech providers to facilitate the transfer of knowledge [140,
174,178].

iii. Strengthening the R&D capacity and collaboration for LIBs and
CFCs in Africa. To conduct cutting-edge research on LIBs and CFCs
in Africa, it may be necessary to establish additional academic
institutions, research centers, or industrial partners with the
expertise and resources. It could also involve fostering regional or
international cooperation and exchanging knowledge and best
practices among researchers, innovators, or entrepreneurs in this
field [185,187].

iv. Providing affordable financing through development banks and

funds that can absorb some risk can assist manufacturers in

covering high initial capital investment for plants and equipment

[177,191].

4.2.2. Opportunities for deployment and integration

-

. Improving Africa's energy storage and distribution infrastructure.
This could involve expanding or upgrading the grid infrastructure
to make it more reliable, efficient, or adequate to meet the
growing energy demand. It could also involve increasing the
interconnection between regions or countries to facilitate energy
trade or sharing across-border [50].

ii. Reducing the costs of LIBs and CFCs compared to conventional
energy sources. This could involve improving the technological
performance and efficiency of LIBs and CFCs to reduce operational
costs. Standardizing products could also increase scope and
reduce costs over time. It could also involve increasing competi-
tion and innovation in the energy conversion and storage market
to reduce capital costs [176].

iii. Enhancing the service and maintenance capabilities for LIBs and
CFCs in Africa. This could entail training more technicians, spare
parts suppliers, or service centers that can provide these services
in many African countries. It could also involve developing remote
monitoring or diagnostic systems to detect or prevent potential
problems with LIBs or CFCs [4,195].

iv. Increasing consumer awareness and adoption of LIBs and CFCs in

Africa. This could involve conducting consumer education, in-

formation, or communication campaigns regarding the benefits,

features, and applications of LIBs and CFCs [184]. Furthermore, it
could address their misconceptions or concerns about safety,
reliability, or environmental impacts. In addition, it could entail
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Table 3

Policies implemented to promote sustainable energy realization in Africa, based on REN21 2015 [10]. These policies aim to address the continent's energy challenges while promoting renewable and sustainable energy
sources. = Implemented.

v

Regulatory Policies Fiscal Incentives and Public Financing

Feed-in-tariff (incl. Electric utility Net Tradable Auctions  Heat Biofuel Capital Investment Reductions in Production Public

premium payment) quota metering renewable Obligation/ Obligation/ Subsidy, Or Sales, COa, payment Investment

obligation/RPS energy Mandate Mandate grant, production VAT, or other tax Loans, or
certificate Or rebate Tax credits grants

Algeria v v v
Angola () ()
Benin v
Botswana v v
Burkina Faso (4 L 4 L 4 L 4
Cabo Verde v v v v
Cameroon (")
Cote d'Ivoire v
Egypt v v v
Ethiopia v v v v
Gambia (")
Ghana L L v L L L L L
Guinea L 4 L 4
Kenya L v v L L
Lesotho v v v
Libya v
Madagascar v
Malawi v v v
Mali v L 4
Mauritius v v v
Morocco (") (")
Mozambique (") (")
Niger v v
Rwanda v v
Senegal v v v v
South Africa v v v v v v
Sudan v
Tanzania v v v v
Togo v
Tunisia v v v v
Uganda ") L J L4 L4
Zambia v L 4 v
Zimbabwe ")
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engaging with local communities or stakeholders to foster trust,

acceptability, or preference for these technologies.
v. Offering micro-loans and pay-as-you-go models for consumer
financing makes adoption more affordable. Partnerships with
mobile money providers facilitate access expansion [4,142].
Prioritizing equitable access and distribution to ensure that the
benefits of these technologies are not concentrated in wealthier
urban areas, further exacerbating existing inequalities in energy
access. Targeted efforts and policies should be implemented to
facilitate the deployment of LIBs and CFCs in rural and under-
served areas, where energy poverty is often more prevalent. This
could involve exploring decentralized and off-grid solutions,
providing subsidies or financing mechanisms for low-income
communities, and engaging local stakeholders to ensure that the
deployment aligns with their needs and priorities [9,10,152].
Meaningful involvement of local communities, civil society orga-
nizations, and marginalized groups is essential to ensure that en-
ergy policies and investments align with the needs and priorities
of the people they affect. Engaging with these stakeholders
through consultations, workshops, and collaborative platforms
can help identify potential barriers, address concerns, and co-
create solutions that are culturally appropriate and socially
acceptable. This inclusive approach can foster a sense of owner-
ship, increase public acceptance, and ultimately contribute to the
successful deployment and integration of EECS technologies in
Africa [196,197].

Vi.

vii.

4.2.3. Opportunities for recycling
i. Establishing appropriate collection and disposal systems for spent
LIBs or CFCs in many African countries. This could involve
establishing formal mechanisms or incentives to encourage con-
sumers or businesses to return their used batteries or fuel cells to
authorized recyclers or collectors. It could also involve raising
awareness of the environmental hazards associated with improper
disposal of these technologies [185,186].
ii. Developing adequate LIBs or CFCs recycling facilities or technol-
ogies in Africa. This may involve investing in additional facilities
or businesses with the capacity or capability to recover valuable
materials or components from spent LIBs or CFCs. It could also
entail adopting advanced or sustainable methods such as pyro-
metallurgy, hydrometallurgy, or biometallurgy, which result in
higher recovery rates and better quality of recycled materials
while minimizing the health and safety risks to workers and the
environment [170,192,193].
Developing regulatory frameworks or standards for regulating
LIBs or CFCs recycling in Africa. This could include enacting laws,
policies, or guidelines that define the roles and responsibilities of
different stakeholders in the recycling process, such as producers,
importers, distributors, consumers, collectors, recyclers, or regu-
lators. It could also include establishing quality or safety standards
or certifications for recycled materials and products. This could
increase recycling chain transparency, accountability, or trace-
ability, preventing fraud, corruption, and illegal activities [170,
192,193].

ii.

Finally, while EECS technologies offer numerous benefits, it is crucial
to acknowledge and address their potential risks and unintended con-
sequences. The production and disposal of batteries and fuel cells can
have significant environmental impacts, such as resource depletion,
water and air pollution, and hazardous waste generation. However,
previous studies have shown that EECS technologies are more climate-
friendly compared to the majority of other energy-generating systems,
making them a viable choice for the continent [198,199].

Furthermore, the widespread adoption of these technologies may
disrupt traditional energy sectors, leading to potential job losses and
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social implications for communities reliant on these industries. A
comprehensive transition strategy must consider and mitigate these risks
through robust environmental regulations, waste management systems,
and social support programs. Addressing these issues is essential to
ensure the sustainability and long-term viability of EECS technologies in
Africa. Failure to do so could undermine the benefits and progress ach-
ieved through the adoption of these advanced energy technologies.

5. Summary and outlook

In conclusion, the imperative for all Africans to have access to clean,
affordable, and reliable energy is clear. The continent's increasing energy
demands present a pivotal opportunity to move beyond fossil fuel de-
pendency and towards the adoption of sustainable technologies. Lithium-
ion batteries (LIBs) and ceramic fuel cells (CFCs) are promising for this
transition, offering a host of benefits over traditional power sources,
including efficiency, cost-effectiveness, safety, and environmental
friendliness. Their modular nature also allows for decentralized and off-
grid solutions, essential for rural electrification.

Africa's abundant renewable resources, such as solar and wind power,
make it an ideal candidate for large-scale deployment of batteries and
fuel cells. The integration of these technologies with renewable energy
sources is key to accelerating the electrification process and achieving a
sustainable energy future.

However, it is imperative to acknowledge that technology alone
cannot solve Africa's complex energy challenges, which are rooted in
political, institutional, and economic factors. A holistic approach that
prioritizes equity, sustainability, and local empowerment is necessary to
address these challenges effectively. This approach informs our strategy
to tackle the continent's interconnected challenges in manufacturing,
infrastructure, education, and recycling. With supportive policies, stra-
tegic investments, and partnerships, Africa can leverage these technolo-
gies to transform its energy landscape.

The path to a sustainable energy future in Africa involves collabora-
tion among policymakers, industry, civil society, and researchers. The
social and economic benefits for African populations are substantial,
making this effort both necessary and urgent. If widely adopted, batteries
and fuel cells powered by renewable energy can alleviate energy poverty,
stimulate economic growth, reduce pollution, and position Africa as a
leader in clean technology. The future holds as many opportunities as
challenges, and now is the time for Africa to embrace innovation and
collaboration for a cleaner, more electrified, and prosperous future. The
prospects for Africa's energy sector are bright if it can capitalize on these
advancements and partnerships.
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