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Abstract. The transition from conventional internal combustion engine vehicles to electric
vehicles (EVs) has accelerated the demand for efficient, safe, and environmentally sustainable
battery technologies. Although lithium-ion batteries currently dominate the EV market,
challenges associated with limited lithium resources, environmental concerns, and end-of-life
battery management have driven extensive research into green battery alternatives. This review
provides a comprehensive overview of emerging green battery technologies, including lithium
iron phosphate (LFP), sodium-ion, solid-state, zinc-air, and aluminum-air batteries for EV
applications. The performance characteristics, energy density, safety, cost-effectiveness, and
environmental impacts of these battery systems are critically analyzed and compared.
Furthermore, recent developments in battery recycling technologies, resource recovery
methods, and circular economy approaches are examined to assess their contribution to
sustainable battery management. Life cycle assessment (LCA) studies are also reviewed to
evaluate the overall environmental footprint of battery production, operation, and disposal. The
analysis indicates that sodium-ion and solid-state batteries offer promising solutions for next-
generation EVs due to their improved sustainability, safety, and material availability. The
findings of this review highlight current technological challenges, research trends, and future
opportunities for developing greener and more sustainable battery systems to support the global
transition toward clean transportation.
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1. Introduction

The rapid growth of global energy consumption and increasing environmental concerns have
accelerated the transition from conventional internal combustion engine vehicles to electric
vehicles (EVs). EVs are widely recognized as an effective solution for reducing greenhouse gas
emissions and improving energy efficiency in the transportation sector (Kale,. 2026). The
performance and reliability of EVs largely depend on battery technologies, which serve as the
primary energy storage systems. Currently, lithium-ion batteries are the most widely used
batteries in EV applications due to their high energy density, long cycle life, and excellent
electrochemical performance (Ding et al., 2019; Goodenough & Park, 2013; Manthiram, 2017;
Nitta et al., 2015). However, challenges such as limited lithium resources, increasing material
costs, safety concerns, and environmental impacts associated with battery production and
disposal have motivated researchers to investigate more sustainable alternatives (Albertus et
al., 2018; Larcher & Tarascon, 2015; Zeng et al., 2014).

Recent advances in green battery technologies have introduced several promising alternatives,
including lithium iron phosphate (LFP), sodium-ion, solid-state, zinc-air, and aluminum-air
batteries(Chandra Bhowmik et al., 2024; Phogat et al., 2025; Si et al., 2025; Usiskin et al., 2021;
Wu et al., 2024; Yao et al., 2025). Among these technologies, sodium-ion batteries have
attracted considerable attention because sodium is abundant, low-cost, and widely available
compared to lithium (Chandra Bhowmik et al., 2024; Phogat et al., 2025; Usiskin et al., 2021;
Wu et al., 2024). In addition, solid-state batteries have emerged as a next-generation energy
storage technology due to their enhanced safety, higher energy density, and improved thermal
stability (Janek & Zeier, 2016; Si et al., 2025). Zinc-air and aluminum-air batteries also offer
environmentally friendly solutions because of their high theoretical energy density and the
availability of raw materials.

Besides developing alternative battery chemistries, sustainability has become a major research
focus in battery technology. Battery recycling and resource recovery play critical roles in
reducing waste generation and minimizing environmental impacts (Harper et al., 2019; Zeng et
al., 2014). Furthermore, life cycle assessment (LCA) studies have been widely applied to
evaluate the environmental performance of battery technologies throughout their entire life
cycle, from raw material extraction to end-of-life management (Temporelli et al., 2020; Tri
Setyoko et al., 2023). Recent studies have also highlighted the importance of sustainable battery
materials and circular economy strategies in supporting long-term EV deployment (Aanchal et
al.. 2024: Annu et al., 2025; Newton et al., 2021; Sarathkumar et al., 2026).

Therefore, this review paper presents a comprehensive review of green battery technologies for
electric vehicles, focusing on their operating principles, performance characteristics,
environmental impacts, recycling methods, and future development trends. The objective of
this review is to provide a clear understanding of current advancements and identify promising
sustainable battery technologies for next-generation electric vehicle applications.
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2. Methods

This review paper employs a systematic literature review (SLR) approach combined with a
comparative analytical framework to evaluate green battery technologies for electric vehicles
(EVs). Approximately 25 peer-reviewed journal articles and technical reports were selected
from databases such as IEEE Xplore, ScienceDirect, SpringerLink, Nature, and Google Scholar.
The selection was based on relevance to battery performance, sustainability, recycling, and
emerging energy storage technologies including lithium-ion, sodium-ion, and solid-state
batteries. To ensure consistency in comparison, key battery performance parameters were
extracted from each selected study, including energy density, specific capacity, cycle life,
efficiency, cost, and environmental impact. These parameters were normalized for comparative
analysis (Silalahi et al., 2021, 2024; Simanjuntak et al., 2024).

2.1. Energy Density
The energy density (Eq) of a battery was evaluated using equation 1 below:
E; =E/m (1)

Where: Eq is the gravimetric energy density (Wh/kg), E is the stored energy (Wh), and m is the
mass of the battery (kg).

2.2. Efficiency

Coulombic efficiency () was calculated using equation 2 below:

_ Qdischarge
n B (

) X 100% @
Qcharge

Where: Qdischarge and Qcharge represent discharge and charge capacities respectively.

2.3. Sustainability

For sustainability evaluation, a simplified Life Cycle Assessment (LCA) indicator was used to
compare environmental impact using equation 3 below:

LCAingex = Z(Ei X W) (3)

Where: LCA is life cycle assessment, E;i is environmental impact factors (CO: emissions,
resource depletion, toxicity), and W; is the weighting factor assigned based on literature data.

2.4. Comparative Performance Score

Comparative performance score (CPS) was introduced to rank battery technologies equation 4
below:
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CPS = M 4)

CBTHJ

The collected 25 studies were grouped into lithium-ion-based systems, sodium-ion systems,
solid-state batteries, and alternative metal-air batteries. A comparative analysis was then
performed using the above equations to evaluate performance trade-offs and sustainability
characteristics. This methodology ensures a quantitative and qualitative assessment of green
battery technologies, enabling a structured comparison of their suitability for next-generation
electric vehicle applications.

3. Result and Discussion

This section presents a comparative analysis of green battery technologies for electric vehicles
(EVs) based on the data extracted from 25 selected research articles. The evaluation focuses on
key performance indicators such as energy density, cost, cycle life, safety, environmental
impact, and overall performance score (CPS) derived from the methodology equations.

3.1. Comparative Performance of Battery Technologies

The analysis shows that lithium-ion batteries still exhibit the highest commercial maturity and
energy density among existing technologies. However, sodium-ion and solid-state batteries
demonstrate significant potential as next-generation alternatives due to improved sustainability
and safety characteristics. Metal-air batteries such as zinc-air and aluminum-air show very high
theoretical energy density but suffer from poor rechargeability and limited cycle life.

3.2. Discussion of Key Findings

Lithium-ion batteries provide high energy density and efficiency but are constrained by
resource limitations and environmental concerns. Sodium-ion batteries offer a promising low-
cost alternative due to the abundance of sodium resources, although their energy density
remains slightly lower. Solid-state batteries show superior safety and energy density potential;
however, their large-scale commercialization is still under development due to high
manufacturing complexity. Recycling and life cycle assessment studies indicate that material
recovery can significantly reduce environmental impact, supporting the transition toward
circular battery systems. Overall, the results of table 1 highlight that no single battery
technology is universally optimal. Instead, future EV systems are expected to adopt a hybrid
approach combining multiple battery technologies depending on application requirements.

Table 1. Comparison of Green Battery Technologies for EVs

Energy Density Cost Cycle Safety Environmental
Battery Type (Wh/kg) Level Life Level Impact
Lithium-lon (LIB) 150-250 High High Medium Medium
Lithium Iron 120-160 Medium Very High Low
Phosphate (LFP) High
Sodium-Ion 100-160 Low Medium High Very Low
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Solid-State 250400 V@ry High Very High Low
(expected) High
Zinc-Air 30075'00 Low Low High Very Low
(theoretical)
Aluminum-Air 800+ (theoretical) OV Xff% High Very Low

Source: Self documentation

Table 2. Comparative Performance Score (CPS) of Green Batteries

Energy Density ~ Efficiency Cycle Life Environment CPS

Battery Type Factor Factor Cost Score
Lithium-Ion (LIB) High (0.8) High (0.85) High (0.85)  Medium (0.6) 0.78
Lithium Iron . High (0.9) Very High Low (0.8) 0.82
Phosphate (LFp)  Medium (0.7) (0.95)
. . Medium Medium Very Low (0.9) 0.85
Sodium-Ion Medium (0.75) (0.75) (0.75)
Solid-State Very High (0.9)  High (0.9) High (0.85) Low (0.8) 0.88
Zinc-Air High (0.85) M(eodl;;m Low (0.5) Very Low (0.9) 0.70
. . Very High Low (0.5) Very Low  Very Low (0.9) 0.65
Aluminum-Air (0.95) (0.4)

Source: Self documentation
3.3. Interpretation of Results

The CPS-based evaluation indicates that solid-state and sodium-ion batteries achieve the
highest sustainability-performance balance. Lithium-ion batteries remain competitive but face
limitations in long-term environmental sustainability. Metal-air batteries, while highly
promising in theoretical energy density, are currently unsuitable for EV commercialization due
to poor rechargeability and low cycle life.

The results also confirm that recycling technologies and life cycle optimization play a crucial
role in reducing the environmental footprint of all battery systems. Therefore, future research
should focus on improving material efficiency, reducing cost, and enhancing recyclability of
next-generation batteries.

6. Conclusions and Future Directions

This review paper analyzed green battery technologies for electric vehicles, including lithium-
ion, lithium iron phosphate (LFP), sodium-ion, solid-state, zinc-air, and aluminum-air batteries,
along with recycling and life cycle assessment (LCA) studies. Lithium-ion batteries remain the
dominant technology due to their high energy density and mature development, but they face
challenges related to cost, resource limitations, and environmental impact. Among emerging
alternatives, sodium-ion batteries show strong potential due to their low cost and resource
availability, while solid-state batteries offer improved safety and higher energy density for
future applications. Metal-air batteries provide very high theoretical energy density but are
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limited by low cycle life and poor rechargeability. In addition, recycling and LCA studies
highlight the importance of improving sustainability through material recovery and reduced
environmental impact. Overall, no single battery technology fully satisfies all EV requirements.
Future developments are expected to focus on hybrid battery systems, material innovation, and
improved recycling technologies to achieve sustainable and efficient electric vehicle energy
storage.
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