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ABSTRACT

Sodium-ion batteries (SIBs) are emerging as a sustainable alternative to lithium-ion batteries
due to their abundant raw materials, lower costs, and reduced environmental impact.
Integrating SIBs with solar energy offers a promising solution for enhancing renewable
energy storage, addressing the intermittency of solar power. This review examines the latest
advancements, challenges, and future prospects of solar-powered SIBs, focusing on their
working principles, integration with solar systems, and innovations in electrode and
electrolyte materials that improve performance. Key developments include hard carbon
anodes and polyanionic cathodes, which enhance energy density and cycle life. Despite their
potential, SIBs face challenges such as lower energy density and material degradation, which
are explored alongside future research directions. This review aims to guide stakeholders in
advancing solar-powered SIBs to support a sustainable energy infrastructure.
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1. INTRODUCTION

1.1 Background

The global energy landscape is rapidly evolving as the world embraces renewable energy
sources to combat climate change and reduce dependence on fossil fuels[1]. Among these
sources, solar energy stands out due to its abundance and minimal environmental impact,
having gained considerable momentum in recent years owing to decreasing costs and
increasing efficiency[2]. However, the intermittent nature of solar power, which is highly
dependent on weather conditions, necessitates the development of efficient and reliable
energy storage systems to ensure a consistent power supply, particularly in grid-scale
applications[3]. Traditionally, lithium-ion batteries (LIBs) have dominated the energy storage
market due to their high energy density, long cycle life, and relatively low self-discharge
rate[4]. Yet, concerns over the limited availability and rising costs of lithium, a critical
component of LIBs, have spurred interest in alternative battery technologies[5]. Sodium-ion
batteries (SIBs) have emerged as a promising contender, offering advantages such as lower
costs, reduced environmental impact, and a more geographically diverse resource base[6-7].
Recent advancements in sodium-ion battery technology, particularly in electrode materials
and energy density improvements, have shown potential in addressing the challenges
associated with solar energy storage[8]. As the integration of solar power with sodium-ion
batteries progresses, these systems could play a crucial role in providing stable, sustainable,
and cost-effective energy storage solutions[9]. This introduction sets the stage for a deeper
exploration of the current state of solar-powered SIBs, the technical challenges they face, and
the breakthroughs that could shape their future in the global energy market[10].

1.2 Importance of Renewable Energy Storage

The effective storage of renewable energy is crucial for maximizing the utility of solar
power[11]. Without adequate storage solutions, up to 30-50% of surplus energy generated
during peak sunlight hours can be wasted, leading to energy shortages during low sunlight
periods[12]. Battery technology plays a pivotal role in bridging this gap, making it possible to
store and distribute solar energy as needed[13]. Furthermore, the integration of energy storage

systems with solar power plants enables the optimization of energy output, reducing the strain
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on the grid during peak demand periods[14]. For example, studies show that sodium-ion
batteries can help improve grid stability by up to 20%, thereby mitigating the risk of power
outages and ensuring a reliable supply of energy to meet the demands of various sectors,
including residential, commercial, and industrial[15].

In addition, advanced sodium-ion battery technologies provide additional benefits such as
frequency regulation, voltage support, and grid stabilization[16]. These batteries can achieve
energy densities of around 90-150 Wh/kg, which, although lower than lithium-ion batteries,
are sufficient for stationary storage applications where cost and safety are prioritized[17]. The
deployment of these energy storage systems can also reduce greenhouse gas emissions by up
to 25-30% compared to traditional energy storage methods, thereby contributing to a more
sustainable energy infrastructure[18].As the world continues to transition towards a
low-carbon economy, the development of innovative energy storage solutions like sodium-ion
batteries will be critical for unlocking the full potential of solar power[19]. With expected cost
reductions of 20-30% in the next five years, sodium-ion batteries are poised to play an
essential role in ensuring a sustainable and resilient energy infrastructure[20].

1.3 Overview of Solar-Powered Sodium-lon Batteries

Solar-powered sodium-ion batteries (SIBs) are emerging as a sustainable and cost-effective
alternative to lithium-ion batteries (LIBs) for energy storage, particularly in solar power
systems[21]. The abundance of sodium, coupled with advancements in battery technology,
positions SIBs as a promising solution for large-scale energy storage applications[22].
Sodium is 1,000 times more abundant than lithium, leading to significantly reduced raw
material costs. Recent technological advancements have enhanced the energy density and
cycle life of SIBs, making them increasingly competitive with LIBs[23]. Current SIBs can
achieve energy densities of 120-160 Wh/kg and a cycle life of over 2,000 cycles, which is
approaching the performance levels of lithium-ion batteries[24].Integrating sodium-ion
batteries with solar power systems provides several advantages:

I. Reduced Costs

Sodium-ion batteries are expected to be 20-40% less expensive than lithium-ion batteries,

primarily due to the lower cost of sodium and simpler, more environmentally friendly
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production processes[25]. Sodium, one of the most abundant elements on Earth, is readily
available and inexpensive to source, unlike lithium, which is concentrated in geopolitically
sensitive regions and requires extensive extraction and refining[26]. This cost advantage
makes SIBs particularly appealing for large-scale energy storage, such as grid stabilization
and renewable energy integration. As production scales up, the reduced reliance on scarce
materials and the simpler supply chain further drive down costs, positioning SIBs as a
cost-effective energy storage solution[27-28].

I1. Environmental Benefits

Sodium-ion batteries have a significantly lower environmental impact compared to their
lithium-ion counterparts. Life-cycle assessments show that SIBs can reduce greenhouse gas
emissions by 30-40% over their lifecycle, from mining to disposal[29]. This reduction is
largely due to the lower energy consumption associated with the extraction and processing of
sodium[30]. Additionally, the production of SIBs involves fewer hazardous chemicals and
generates less toxic waste, further minimizing their environmental footprint[31]. Sodium-ion
batteries also offer greater recycling potential, with simpler and less energy-intensive
processes, contributing to a more sustainable and circular economy in the energy storage
sector[32].

I11. Improved Performance

Advances in materials, such as hard carbon anodes and layered oxide cathodes, have
significantly enhanced the energy density and cycle life of SIBs, making them increasingly
competitive with lithium-ion batteries[33]. The latest SIBs can achieve energy densities of
120-160 Wh/kg, which, while slightly lower than the top-performing lithium-ion batteries, is
sufficient for many stationary storage applications like home energy storage and backup
power for renewable installations[34]. SIBs also perform well across a wide temperature
range, operating efficiently at temperatures as low as -20°C, where lithium-ion batteries
typically struggle[35]. This feature makes SIBs particularly suitable for applications in colder

climates or environments with temperature fluctuations[36].



V. Ghodadara et al. J Fundam Appl Sci. 2025, 17(1), 69-106 73

Fig.1. Solar powered sodium ion battery[37]

IV. Scalability and Accessibility

The scalability of sodium-ion battery technology is another significant advantage. The
abundant availability of sodium and the straightforward production process enable rapid
scaling of SIB manufacturing, which is crucial to meeting the growing demand for energy
storage solutions as renewable energy adoption increases[38]. Unlike lithium, cobalt, or
nickel, sodium is not subject to geopolitical constraints, making the raw materials more
accessible and stable in price[39]. This broader accessibility reduces the risk of supply
disruptions, making SIBs a reliable choice for large-scale deployment[40].

V. Applications in Renewable Energy Systems

Sodium-ion batteries are well-suited for integration with solar power systems, offering an
effective solution for energy storage[41]. SIBs can efficiently store excess energy generated
during peak solar production hours and release it when needed, such as during the night or on
cloudy days[42]. This capability enhances the stability and reliability of solar power systems,
ensuring a consistent energy supply even in the absence of sunlight[43]. Additionally, SIBs
are ideal for grid-scale storage, where their cost-effectiveness and reliability can help balance
supply and demand, reduce reliance on fossil fuel backup power, and support the transition to
a more sustainable energy infrastructure[44].

V1. Future Prospects and Research Directions

As research on sodium-ion battery technology progresses, further improvements in energy
density, cycle life, and safety are expected, making SIBs an increasingly compelling

alternative to lithium-ion batteries[45]. Ongoing research is focused on optimizing electrode
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materials, enhancing electrolyte formulations, and developing innovative cell architectures
that can further boost SIB performance and durability[46]. Efforts to reduce manufacturing
costs and improve recycling processes are also underway, increasing the commercial viability
of sodium-ion batteries and positioning them as a key component of future energy storage
solutions[47].

These advantages underscore the potential of sodium-ion batteries to play a pivotal role in the
global shift towards sustainable energy storage solutions, particularly in conjunction with
renewable energy sources like solar power[48]. As the technology matures, sodium-ion
batteries could become a cornerstone of the next generation of energy storage systems,
helping to drive the transition to a low-carbon economy and mitigate the impacts of climate
change[49].

Table 1. Comparison of Solar SIBs, SIBs, and LIBs for Solar Integration

Parameter Solar Sodium-lon Sodium-lon Lithium-lon
Batteries (Solar Batteries (SIBs) Batteries (LIBs)
SIBs)
Integration ~ with | Directly integrated | Can be integrated | Often used in solar
Solar Energy with solar panels | with solar, but not | systems, but not
for efficient energy | specifically specifically

storage optimized for solar | designed for solar

Energy Density | 100-160 (varies | 100-160 150-250

(Wh/kg) with solar
integration
efficiency)

Cost Lower cost due to | 20-40% lower than | Higher, due to
abundant  sodium | LIBs lithium scarcity and
and optimized complex extraction
integration with processes
solar

Cycle Life

3,000-5,000 cycles,

2,000-5,000 cycles

1,500-3,000 cycles
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enhanced by
optimized solar
usage
Performance in | Highly efficient in | Efficient, Very efficient in
Renewable solar applications, | particularly in | renewable systems,
Systems with up to 95% | stationary storage, | widely used in
round-trip with 85-90% | solar power storage
efficiency round-trip
efficiency
Environmental Lower impact with | 30-40% lower | Higher GHG
Impact reduced GHG | GHG emissions | emissions and more
emissions (30-40% | compared to LIBs | toxic waste
lower than LIBs)
Temperature Retains >80% | Retains >80% | Drops to ~60%
Performance capacity at -20°C, | capacity at -20°C capacity at -20°C
stable in varying
solar conditions
Scalability for | Easily scalable | Scalable due to | Scalable, but

Solar Applications

with solar energy

abundant materials

limited by material

systems, with | and simple | availability and
potential cost | production geopolitical factors
reductions processes
Application Ideal for solar | Suited for | Widely used in
Suitability energy storage, grid | stationary storage, | portable
stabilization, and | grid applications, | electronics, EVs,
off-grid systems and renewable | and renewable
integration energy storage

1.4 Objectives of the Review




V. Ghodadara et al. J Fundam Appl Sci. 2025, 17(1), 69-106 76

This review provides an overview of solar-powered sodium-ion batteries, highlighting
advancements, challenges, and future prospects[50]. It examines the technology's advantages,
limitations, and applications, focusing on recent improvements in energy density, cycle life,
and cost reduction[51]. Challenges include scalability, manufacturing costs, and recycling
infrastructure, with future potential in grid-scale energy storage, electric vehicles, and
consumer electronics[52].The sodium-ion battery market is projected to grow at a CAGR of
23.1% from 2020 to 2027, driven by renewable energy storage and electric vehicles[53].
Sodium-ion batteries could reduce greenhouse gas emissions by up to 70% compared to
lithium-ion batteries, significantly boosting sustainability[54]. By 2030, the market is
expected to reach USD 3.2 hbillion, with significant growth in grid energy
storage[55]. Technological advancements show sodium-ion batteries achieving 120-160
Wh/kg energy densities and over 2,000 cycles, making them increasingly competitive with
lithium-ion batteries, especially where cost and environmental impact are crucial[56].
Manufacturing costs are expected to drop by 20-30% over the next five years, enhancing their
appeal for large-scale energy storage.As the energy landscape evolves, sodium-ion batteries
are poised to play a critical role in the shift to a sustainable, low-carbon economy, especially
when paired with solar power[57-58]. Continued research and innovation are essential to fully

realize their potential in driving this transition.

2. FUNDAMENTALS OF SODIUM-ION BATTERIES

2.1 Basic Principles

Recent reviews emphasize substantial progress in sodium-ion batteries, with a focus on
enhancing performance, efficiency, and sustainability[59]. Research on advanced electrode
materials has led to improvements in energy density, while methods such as pre-sodiation and
core-shell cathode designs have enhanced battery life and cycling stability[60]. Innovations
include the development of biomass-derived hard carbon anodes for better initial efficiency
and the application of microfluidic synthesis techniques to improve material properties[61].
Additionally, studies have addressed issues such as low-temperature performance and

air-exposure degradation, proposing new strategies to enhance battery reliability[62]. These
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advancements aim to make sodium-ion batteries more competitive and sustainable compared
to lithium-ion technology.

2.2 Comparison with Lithium-lon Batteries

Energy Density: Sodium-ion batteries (SIBs) have energy densities ranging from 100-150
Wh/kg, while lithium-ion batteries (LIBs) range from 150-250 Wh/kg. This difference is due
to the lower electrochemical potential of sodium ions[63].

lon Size: Sodium ions have an ionic radius of 0.102 nm, while lithium ions have a smaller
radius of 0.076 nm[64]. This influences electrode material design to handle the larger sodium
ions.

Abundance and Cost: Sodium resources are about 1,000 times more abundant than lithium,
with a potential cost reduction of 30-40% for SIBs compared to LIBs[65].

Performance at Low Temperatures: SIBs maintain over 80% of their capacity at -20°C,
whereas LIBs drop to around 60% capacity under similar conditions[66].

Cycling Stability: SIBs have improved cycling stability, achieving 2,000-3,000 cycles,
compared to LIBs which typically manage 1,500-2,000 cycles, especially in challenging
conditions[67].

Safety: SIBs have a lower risk of dendrite formation and thermal runaway due to the larger
ionic size and stable electrode interactions, making them safer in operation[68].

2.3 Materials Used in Sodium-lon Batteries

The performance of sodium-ion batteries is largely determined by the materials used for the
anode, cathode, and electrolyte[69]. Hard carbon remains a common choice for anodes due to
its stable performance and high capacity, but research is expanding to include tin and
phosphorous-based materials, graphene and graphite composites, as well as transition metal
dichalcogenides (TMDs) like MoS: and WS, which offer high capacity and cycling
stability[70]. Silicon-based materials are also under study to address volume expansion issues.
For cathodes, sodium transition metal oxides such as NaFeO2, NaCoO:, and NaNiO: are
valued for their strong electrochemical performance, while polyanionic compounds like
NasV2(PO4)s and NaFePOsF are noted for stability and safety[71]. Layered double
hydroxides (LDHs) like NaNii/3Mn1/3Co1/302 and Prussian blue analogues such as
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NaFe[Fe(CN)s] are being explored for their high energy density and good rate performance,
along with dual transition metal oxides like NaxMnFe(CN)g[72]. In terms of electrolytes,
sodium salts like NaPFe or NaClOs in organic solvents are common for liquid electrolytes,
while solid electrolytes such as NasPS4 and Naf"-Al>O3 are gaining traction due to their high
ionic conductivity and safety[73]. Polymer electrolytes, including polyethylene oxide (PEO)
and polyvinylidene fluoride (PVDF), offer flexibility, while ionic liquid electrolytes provide
conductivity and stability across a wide temperature range[74]. Research is also focusing on
hybrid electrolytes combining solid and liquid components to optimize conductivity and
mechanical stability, along with new electrolyte additives to improve battery performance and

lifespan[75].

Table 2. Comparison of Components and Environmental Impact of Solar SIBs, SIBs, and

LIBs

Component Solar  Sodium-lon | Sodium-lon Lithium-lon
Batteries (Solar | Batteries (SIBs) Batteries (LIBSs)
SIBs)

Anode Material | Hard Carbon, | Hard Carbon, Tin, | Graphite, Silicon
Biomass-derived Phosphorous
Carbon

Cathode NaFeO-, NaNiO., | NaFeOs-, LiCo02, LiFePOau,

Material Prussian Blue | Na3V2(POa4)s, NCA, NMC
Analogues NaxFePO4F

Electrolyte Sodium salts (NaPFs, | Sodium salts | Lithium salts
NaClOa) with | (NaPFg, NaClO4) (LiPFe)
solar-optimized
additives

Separator Ceramic-coated Polyolefin, Polyolefin
polymer separators Ceramic-coated

polymer
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Environmental Lower due to the use | Lower compared to | Higher due to toxic

Impact of abundant and less | LIBs materials and
toxic materials limited lithium

Recycling High, with less | High, simple | Moderate to low,

Potential energy-intensive recycling processes | due to complex
recycling processes chemistry

2.4 Performance Metrics

Key performance metrics for sodium-ion batteries have advanced significantly, bringing them
closer to lithium-ion batteries in terms of performance[76]. Recent developments have pushed
the energy density of sodium-ion batteries to approximately 140 Wh/kg, narrowing the gap
with lithium-ion counterparts[77]. Advances in material science have improved cycle life,
with some batteries now achieving up to 5,000 cycles[78]. Charge and discharge rates have
also seen substantial improvements, with capabilities reaching up to 10C, making sodium-ion
batteries suitable for applications that require rapid energy storage and retrieval[79].

Recent reviews have highlighted further progress in performance metrics. Energy densities
are reported to have reached up to 160 Wh/kg in some advanced configurations,
demonstrating continued improvement[80]. Cycle life has been enhanced, with some newer
designs achieving over 6,000 cycles, thanks to innovations in electrode materials and
electrolyte formulations[81]. Additionally, charge/discharge rates have been optimized to
exceed 15C in some experimental setups, reflecting ongoing efforts to enhance performance
for high-power applications[82]. Overall, these advancements indicate that sodium-ion
batteries are increasingly competitive with lithium-ion batteries, offering a promising

alternative for various applications[83].
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Fig.2. Demand trends (2010-2025) showing rising Li-lon and solar-powered batteries, stable

Na-lon, and declining traditional types

The graph shows the demand for different types of rechargeable batteries from 2020 to 2025.
Li-ion batteries dominate, with a growing demand from 10 million units in 2010 to 400
million units in 2025. Na-ion batteries emerge as a significant player, increasing from 1
million units in 2010 to 8 million units in 2025. Lead-Acid, Ni-Cd, and NiMH batteries

decline in demand over the years[84].

3. INTEGRATION OF SOLAR ENERGY WITH SODIUM-ION BATTERIES

3.1 Photovoltaic Technology Overview

Recent advancements in photovoltaic (PV) technology have significantly improved both the
efficiency and cost-effectiveness of solar energy generation[85]. The global average
efficiency of commercial PV modules has now surpassed 20%, with some of the latest models
achieving efficiencies of up to 22%[86]. This increase in efficiency, coupled with a dramatic
decrease in the cost of solar PV—down by more than 85% over the past decade to an average
of $0.057 per kWh in 2023—has made solar power one of the cheapest sources of electricity
in many regions[87]. These trends are supported by recent studies and reports, highlighting
the growing viability of solar energy as a cornerstone of global energy strategies[88]. For
example, research on building-integrated photovoltaic systems and optimized residential PV
systems reflects these improvements, showcasing the potential for widespread adoption of
solar technology in various applications.

3.2 Direct Integration Techniques
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Integrating solar power with sodium-ion batteries can be approached in several ways, each
benefiting from recent advancements in technology.

I)Standalone Systems: In standalone systems, solar panels charge sodium-ion batteries
directly during daylight hours. Recent studies highlight that sodium-ion batteries can achieve
energy densities of up to 160 Wh/kg, with cycle life exceeding 3,000 cycles, making them a
viable alternative to lithium-ion batteries for solar energy storage. Additionally, these batteries
offer competitive efficiency, with round-trip efficiencies reaching 90%, making them suitable
for direct integration with solar panels [90-91].

I1) Hybrid Systems: Hybrid systems combine solar power with other energy sources to
provide continuous power. A comprehensive review of renewable energy storage methods
reports that sodium-ion batteries can be effectively paired with wind or diesel generators in
hybrid systems, optimizing energy supply. These systems have shown to reduce overall
energy costs by 20% and improve energy reliability by up to 30%, particularly in remote areas
where energy stability is crucial[92].

I11) Grid-Connected Systems: In grid-connected systems, excess solar energy is stored in
sodium-ion batteries and fed back into the grid when needed. Recent research on the optimal
design of such systems has shown that sodium-ion batteries can achieve a voltage efficiency
of over 85% when integrated with Cu2ZnSn(S,Se)s (CZTSSe) solar cells, which are known
for their cost-effectiveness and stability. This integration not only enhances grid stability but
also supports peak shaving, reducing grid demand by up to 25% during peak hours[93].

3.3 Energy Conversion Efficiency

The efficiency of solar-powered sodium-ion battery systems depends on:

)Photovoltaic Cell Efficiency: This refers to the proportion of sunlight converted into
electricity. Recent advancements in PV technology, particularly with monocrystalline silicon
cells, have achieved efficiencies of up to 26.7%, significantly enhancing the overall system
performance[94].

I1)Battery Efficiency: This indicates how effectively the battery stores and discharges energy.
Sodium-ion batteries have shown promising results, with recent studies reporting efficiencies

of up to 95%, making them a strong contender for solar energy storage[95].
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I11)System Losses: These include energy losses in the inverter, battery management system
(BMS), and other components. Minimizing these losses is crucial for maximizing the overall
efficiency of solar-powered systems[96].

3.4 Case Studies and Applications

Residential Solar Storage: Sodium-ion batteries (SIBs) are currently being tested in home
energy storage systems to efficiently store solar energy for nighttime use or during periods of
low sunlight[97]. A recent study found that these batteries can significantly reduce energy
costs for homeowners, with savings reported to be up to 50%[98]. This makes SIBs an
attractive alternative to traditional lithium-ion batteries, especially in regions where solar
energy is abundant but grid electricity is expensive.

Off-Grid Applications: In remote areas without access to the electricity grid, combined solar
and sodium-ion battery systems are proving to be a viable solution for providing reliable
electricity[99]. A pilot project in Africa has successfully used SIBs to supply electricity to
over 1,000 homes, demonstrating the potential of these systems to improve energy access in
off-grid communities. The project highlights the feasibility of deploying SIBs in similar
settings globally, especially in developing regions with limited infrastructure[100].

Industrial Scale: Large-scale projects are exploring the use of sodium-ion batteries for grid
stabilization and the storage of solar energy on an industrial level[101]. A recent report found
that using SIBs in place of traditional fossil fuel-based power plants could reduce greenhouse
gas emissions by up to 70%. This significant reduction underscores the potential role of SIBs
in contributing to global efforts to combat climate change, particularly in the energy
sector[102]. These industrial applications are crucial for demonstrating the scalability and

environmental benefits of SIBs in reducing reliance on fossil fuels.
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Fig.3. Efficiency breakdown of a solar-powered sodium-ion battery system, showing high

battery efficiency, moderate PV cell efficiency, and low system losses

4. Recent Advancements in Solar-Powered Sodium-lon Batteries

4.1 Material Innovations

Recent advancements in sodium-ion battery technology have focused on enhancing
performance through innovative materials and approaches. This section reviews the latest
developments in anode materials, cathode materials, and solid electrolytes[103].

4.1.1. Anode Materials

Hard Carbon Derived from Biomass: One of the notable advancements in anode materials is
the use of hard carbon derived from biomass[104]. This material has demonstrated a high
specific capacity, achieving up to 300 mAh/g, with impressive cycle stability[105]. According
to a comprehensive review in Advanced Energy Materials (2023), hard carbon from biomass
maintains stability over 1000 cycles, highlighting its potential for long-term applications in
sodium-ion batteries [106].

Sodium-Rich Layered Oxides: Sodium-rich layered oxides, such as Naziz[NiyzMnz3]O2,
represent another significant advancement[107]. These materials exhibit high reversible
capacities, reaching up to 170 mAh/g, and maintain excellent cycling stability for over 500
cycles[108].

4.1.2. Cathode Materials
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Polyanionic Compounds:In the realm of cathode materials, new polyanionic compounds have
been developed to enhance energy density and voltage. For instance, sodium iron phosphate
(NaFePO.) offers a significant energy density of approximately 200 Wh/kg and demonstrates
stable cycling performance for over 2,000 cycles [109]. Similarly, sodium manganese oxides,
such as NaMnO-, have shown great potential with energy densities reaching up to 220 Wh/kg
further contributing to the advancement of sodium-based battery technologies[110].

3. Solid Electrolytes

Solid-State Electrolytes: The development of solid-state electrolytes is a critical area of
research aimed at enhancing the safety and stability of sodium-ion batteries. NASICON-type
and sulfide-based electrolytes have emerged as promising candidates, offering ionic
conductivities exceeding 10 S/cm[111]. A review in Solid State lonics (2023) notes that
these solid-state electrolytes significantly reduce the risk of thermal runaway and can
potentially increase energy density by up to 30% compared to traditional liquid electrolytes
[112]. These advancements suggest a considerable leap forward in the overall safety and

performance of sodium-ion batteries.

1991 1996 2001 2008 2010 2011 2019 oot

Lithium-iron ithium-Nickel Emerging
ommercial Li-io Lithium ion Hybrid Electric gs:;: ;‘,:;"Jiz:?s Phosphate IManganese- Solid-State Technologies
Batteries lymer Batterie: Vehicles(HEVS) (EVs) (LiFePO4) Cobalt-Oxide Batteries (Lithium-Air,
Batteries Batleries Sodium-lon.

Fig.4 Timeline of major developments in rechargeable batteries [113]

4.2 Efficiency Improvements

Recent advancements in solar-powered sodium-ion batteries have significantly improved their
overall efficiency. Innovations in materials, such as solid-state electrolytes and advanced
electrode designs, have led to a 20% increase in energy conversion efficiency[114]. These
improvements have also reduced energy losses, with retention rates now exceeding 90%
across over 1000 cycles[115]. Faster charging times, decreased by 30-40%, have enhanced
their practical applications, especially in electric vehicles and grid-scale energy storage[116].

Additionally, improved thermal management systems have reduced the risk of overheating,



V. Ghodadara et al. J Fundam Appl Sci. 2025, 17(1), 69-106 85

enabling these batteries to perform efficiently in diverse environmental conditions. These
advancements position sodium-ion batteries as a promising alternative to traditional energy
storage systems.

4.3 Technological Integrations

I) Smart Inverters

Efficient Energy Management: Smart inverters manage the electricity flow between solar
panels, sodium-ion batteries, and the grid[117]. They enable real-time monitoring and control,
optimizing energy distribution and predictive maintenance. Studies indicate that advanced
smart inverters can enhance system efficiency by up to 15%[118] .

I1) Hybrid Systems

Enhanced Performance: Hybrid systems combining sodium-ion batteries with supercapacitors
improve power density and cycle life[119]. For example, integrating supercapacitors with
sodium-ion batteries can increase power density by 20% and extend cycle life by up to 30%
compared to standalone sodium-ion systems[120].

[11) Energy Management Software

Optimized Energy Use: Energy management software utilizes algorithms to predict demand
and optimize energy storage and release. This can reduce energy waste by up to 25% and
improve overall system efficiency [121].

IV) Grid-Scale Energy Storage

Grid Stability: Sodium-ion batteries in grid-scale storage systems help stabilize the grid and
reduce energy waste. They can provide reliable energy storage with a capacity of up to 500
MWHh, enhancing grid stability and supporting renewable energy integration[122].

4.4 Prototypes and Experimental Results

I). Lab-Scale Prototypes

Promising Performance: Lab-scale prototypes have demonstrated encouraging results. A
study published in 2022 reported a prototype with an energy density of 140 Wh/kg and a
cycle life exceeding 1,500 cycles [123]. These results underscore the potential of sodium-ion
batteries for efficient energy storage at a small scale.

I1). Field Trials
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Real-World Testing: Field trials have evaluated the performance of solar-powered sodium-ion
batteries (SIBs) in practical settings. A notable trial demonstrated the feasibility of using these
batteries to power rural communities in Africa, highlighting their applicability in diverse
environmental conditions[124].
I11). Comparative Studies
Cost and Environmental Benefits: Comparative studies have highlighted the advantages of
solar-powered sodium-ion batteries (SIBs) over lithium-ion alternatives. Research found that
solar-powered SIBs could reduce energy costs by up to 35% and offer better environmental
benefits compared to traditional lithium-ion batteries[125].

IV). Pilot Projects
Diverse Applications: Various pilot projects have been launched to explore the use of
solar-powered SIBs in applications such as grid-scale energy storage, electric vehicles, and
consumer electronics. These projects have provided critical insights into the performance and
scalability of sodium-ion batteries[126].
V). Commercialization
Future Prospects: The commercialization of solar-powered SIBs is on the horizon. Several
companies are planning to launch commercial-scale products, with a leading battery

manufacturer announcing a commercial release in 2025[127].

5. CHALLENGES IN SOLAR-POWERED SODIUM-ION BATTERIES

5.1 Technical Challenges

5.1.1. Energy Density

Performance Gap: Sodium-ion batteries currently lag behind lithium-ion batteries in terms of
energy density, which limits their use in high-demand applications. However, recent research
has made strides in improving energy density, with some studies reporting advancements up
to 150 Wh/Kkg. This progress indicates potential for future enhancements [128].

5.1.2. Cycle Life

Longevity Concerns: Ensuring long-term stability and performance is crucial for the

commercial success of SIBs. Significant improvements have been made, with recent studies
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demonstrating cycle lives of up to 5,000 cycles. These advancements are critical for
enhancing the durability and reliability of sodium-ion batteries [129].

5.1.3. Material Stability

Degradation Issues: Material degradation over time remains a challenge for sodium-ion
batteries, impacting overall battery life. Researchers are actively exploring new materials and
architectural designs to improve material stability and address this issue [130].

5.2 Economic Viability

5.2.1. Cost of Materials

Material Economics: Sodium is generally less expensive than lithium, which helps reduce
costs. However, the advanced materials required for SIBs can be costly. Despite this, the
overall cost of sodium-ion batteries is expected to decrease significantly, with estimates
predicting a reduction of up to 50% by 2025 [131].

5.2.2. Manufacturing Processes

Production Scaling: Scaling up production to meet demand necessitates substantial investment
in manufacturing infrastructure. Companies are heavily investing in production capabilities,
with some aiming to achieve gigawatt-scale production by 2025 [132]. This investment is
crucial for making SIBs commercially viable and competitive.

iii. Market Competition

Competitive Landscape: Lithium-ion batteries currently dominate the market, presenting a
challenge for SIBs to gain traction. However, several companies are committed to advancing
SIB technology, and some have already introduced commercial products, which could shift
market dynamics in the coming years [133].

5.3 Environmental Considerations

Sodium-ion batteries (SIBs) offer sustainability advantages due to the abundance and lower
environmental impact of sodium, which is approximately 2.5 times more abundant than
lithium, reducing resource depletion risks[134]. However, challenges remain with the
environmental impact of mining and processing materials like nickel and manganese,
prompting efforts to develop more sustainable sourcing and processing methods[135].

Efficient recycling processes are also crucial, with advancements aiming to recover up to 95%
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of materials from used SIBs, including valuable components like sodium and iron, which
helps reduce reliance on virgin materials[136]. Comprehensive life cycle assessments (LCA)
reveal that while SIBs have a lower environmental impact in terms of material availability and
toxicity compared to lithium-ion batteries, they still face issues related to manufacturing and
end-of-life disposal[137]. Ongoing LCA research is focused on mitigating these impacts to
further improve the sustainability of SIBs.

5.4 Scalability and Commercialization

Scaling up the production and commercialization of solar-powered sodium-ion batteries (SIBs)
presents several significant challenges that must be addressed to facilitate widespread
adoption[138]. One of the primary hurdles is developing manufacturing processes that are
both scalable and capable of maintaining high quality and performance[139]. As highlighted
in recent reviews, achieving gigawatt-scale production by 2025 requires substantial
investments in manufacturing infrastructure to overcome challenges related to process
consistency and cost efficiency [140]. Another critical factor is market acceptance;
convincing consumers and industry stakeholders of the benefits of SIBs over established
technologies is essential. Targeted marketing campaigns are being employed to demonstrate
the advantages of SIBs, such as their lower material costs and environmental benefits, which
are crucial for building consumer confidence [141]. Additionally, navigating the regulatory
landscape poses a challenge, as governments and regulatory bodies are in the process of
developing specific guidelines and standards for SIBs. Aligning with these evolving
regulations is necessary to ensure safety and environmental compliance, thus facilitating
market approval and the safe deployment of SIB technology [142]. Addressing these
challenges effectively will be pivotal in advancing the commercial viability and adoption of

solar-powered sodium-ion batteries.
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Fig.5. Energy density comparison: conventional vs. solid-state SIBs[143]

6. FUTURE PROSPECTS AND RESEARCH DIRECTIONS

Emerging trends in the development of solar-powered sodium-ion batteries (SIBs) are paving
the way for significant advancements in battery technology. Nanotechnology is a prominent
trend, with researchers leveraging nanomaterials to enhance both performance and durability.
Recent studies have demonstrated that integrating nanomaterials can significantly improve the
energy density and cycle life of SIBs, marking a substantial advancement in battery
technology [144]. Another exciting development is the exploration of solid-state batteries.
These batteries, which utilize solid electrolytes instead of liquid ones, promise higher energy
density and improved safety. Estimates suggest that solid-state SIBs could increase energy
density by up to 50%, potentially transforming the industry [145]. Additionally, the
development of flexible batteries is opening new avenues for application, particularly in
portable electronics and wearable devices. Flexible SIBs could facilitate innovations in areas
such as wearable technology and flexible displays, broadening the scope and versatility of
sodium-ion battery applications [146]. These trends highlight the dynamic progress in SIB
technology and its potential to revolutionize energy storage solutions.

6.1 Potential Applications

Solar-powered sodium-ion batteries (SIBs) offer a range of promising applications that could

significantly impact various sectors[147]. Grid storage is a key area where SIBs could make a
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substantial difference. Large-scale storage solutions using SIBs can stabilize the electricity
grid and enhance the integration of renewable energy sources[148]. Estimates suggest that
SIBs could reduce energy costs by up to 30%, making them a valuable component of grid
storage systems [149]. In the realm of electric vehicles, while the technology is still in its
nascent stages, SIBs hold the potential to provide a more sustainable alternative to traditional
lithium-ion batteries[150]. Ongoing research indicates that SIBs could eventually offer
competitive performance and range, paving the way for their adoption in electric vehicles
[151]. Additionally, consumer electronics stands to benefit from the use of solar-powered
SIBs. By powering portable devices with solar energy, SIBs could reduce reliance on
conventional power sources and enable innovative applications in wearable technology and
other portable electronics [152]. These potential applications underscore the versatility and
future promise of solar-powered sodium-ion batteries.

6.2 Policy and Regulatory Impacts

Policy and regulation will be pivotal in shaping the development and widespread adoption of
solar-powered sodium-ion batteries (SIBs)[153]. Incentives play a crucial role in this process,
as government support for renewable energy storage can significantly boost SIB adoption.
Many governments have introduced incentives that cover up to 50% of the cost of installation
for renewable energy storage systems, which could enhance the economic feasibility of SIBs
[154]. Additionally, the establishment of industry standards for SIB performance and safety is
essential for ensuring their widespread acceptance. Various organizations are working
towards developing and publishing these standards, with some targeting a release by 2025 to
provide clear guidelines for manufacturers and consumers [155]. Furthermore, environmental
regulations are becoming increasingly stringent, which could drive the shift towards more
sustainable battery technologies like SIBs. Countries are implementing regulations to mitigate
the environmental impact of battery production and disposal, creating a regulatory
environment that favors the adoption of more sustainable technologies [156]. Together, these
policy and regulatory measures will be crucial in facilitating the growth and integration of

solar-powered sodium-ion batteries into the energy landscape.
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7. CONCLUSION

Solar-powered sodium-ion batteries (SIBs) present a promising alternative to traditional
lithium-ion batteries, offering lower costs, greater environmental sustainability, and reduced
supply chain risks due to the abundance of sodium. Advancements in electrode materials,
efficiency, and system integration have significantly improved SIB performance, achieving
energy densities up to 150 Wh/kg and extended cycle life, making them viable for
applications in renewable energy storage, grid stabilization, and off-grid systems.
Governmental and regulatory support, including funding initiatives and incentives, are
accelerating SIB development and market adoption. As these technologies continue to evolve,
SIBs are poised to play a transformative role in the global energy transition, integrating
renewable energy sources more effectively and supporting a sustainable, low-carbon future by

reducing reliance on scarce materials and minimizing environmental impact.
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