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Abstract— This study compares lithium-ion (LIB) and 

aluminium-ion (AIB) batteries. While LIBs have been 

dominant, AIBs are gaining attention for their resource 

availability and potential for high energy density. The study 

evaluates performance metrics, materials, and manufacturing 

processes for both battery types. It finds that LIBs currently 

have higher energy density and longer cycle life, but AIBs offer 

advantages in resource availability, cost-effectiveness, and 

environmental impact. The study discusses recent 

advancements and ongoing research, providing valuable 

insights for researchers, industry professionals, and 

policymakers in the pursuit of efficient and sustainable energy 

storage solutions. 

This review provides an overview of techniques for estimating 

the state-of-charge (SOC) and state-of-health (SOH) of 

batteries. It discusses methods for accurately determining SOC, 

including coulomb counting and model-based approaches. 

Various approaches for assessing SOH, such as capacity fade 

analysis and impedance spectroscopy, are also covered. The 

review highlights the importance of precise SOC and SOH 

estimation in applications like electric vehicles and renewable 

energy systems for optimal battery management. The findings 

assist researchers and engineers in selecting suitable monitoring 

methods, contributing to the development of more reliable and 

efficient energy storage systems. 

Keywords— Aluminium Ion, Battery, Coulomb Counting, SoC 

estimation 

I. INTRODUCTION 

The report analyses techniques for estimating State-of-
Charge (SOC) and State-of-Health (SOH) in lithium-ion 
batteries. It emphasizes the importance of accurate estimation 
for optimizing performance and lifespan. The document 
covers SOC estimation methods, including coulomb counting 
and model-based approaches. Cycle life, crucial for battery 
performance, is discussed, and safety considerations, such as 
thermal runaway risks, are evaluated for lithium-ion and 
aluminium-ion batteries. The report also examines the 
environmental impact, considering resource availability, 
recyclability, and carbon footprint in production and disposal. 

Overall, it provides a comprehensive overview of the 
sustainability and performance aspects of these energy storage 
technologies. 

 

II. LITERATURE REVIEW 

 
a) "Aluminum-ion batteries: A review of recent progress and 
challenges" by Wei Zhang, et al. (2018) 

This paper provides a comprehensive overview of recent 
research on aluminium-ion (Al-ion) batteries, exploring 
their history, components, and working principles. It 
addresses challenges and opportunities in development, 
emphasizing key areas of research to enhance performance 
and safety. Highlighting the potential to meet growing 
energy storage demands, the paper concludes that Al-ion 
batteries hold promise but require further research for 
affordability and safety improvements, envisioning a 
transformative impact on powering homes, businesses, 
and transportation systems. 

 

b) "Recent advances in aluminum-ion batteries" by Xudong 
Wang, et al. (2019) 

This paper focuses on the recent advances in Al-ion 
batteries. It discusses the development of new electrode 
materials, electrolytes, and battery designs that have 
improved the performance and safety of Al-ion batteries. 

The paper begins by discussing the challenges and 
opportunities in the development of Al-ion batteries. It 
then discusses the latest research on new electrode 
materials, electrolytes, and battery designs. The paper 
concludes by stating that the recent advances in Al-ion 
batteries have made this technology a more promising 
candidate for commercialization. 
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c) "Lithium-ion battery materials: present and future" 
(ScienceDirect, 2014) 

The paper outlines the working principles and electrode 
materials of lithium-ion batteries (LIBs), including 
common cathodes (LCO, LMO, NMC) and anodes 
(graphite, LTO). It explores promising research on higher 
energy density materials like LFP and silicon anodes. 
Highlighting challenges (material cost, safety) and 
opportunities (new materials, nanotechnology), it 
emphasizes the crucial role of next-gen LIBs in meeting 
rising energy storage demands. The conclusion 
underscores the transformative potential of ongoing 
research to revolutionize power for homes, businesses, and 
transportation systems. 

d) "Aluminum-ion batteries: Materials, challenges, and 
perspectives" by Yi Zhang, et al. (2020) 

 This paper focuses on the materials used in Al-ion 
batteries. It discusses the different types of electrode 
materials that have been used in Al-ion batteries, and it 
highlights the key challenges and opportunities in the 
development of new materials for Al-ion batteries. 

 The paper begins by discussing the history of Al-ion 
batteries. It then discusses the different types of electrode 
materials that have been used in Al-ion batteries. The 
paper then discusses the key challenges and opportunities 
in the development of new materials for Al-ion batteries. 
The paper concludes by stating that developing new 
materials is essential for further developing Al-ion 
batteries. 

 

e) “Aluminum-ion batteries: A promising next-generation 
energy storage technology" by Rui Wang, et al. (2021) 

 This paper focuses on the potential of Al-ion batteries to 
become a major player in the energy storage market. It 
discusses the advantages of Al-ion batteries over other 
types of batteries. It also highlights the key challenges that 
need to be addressed to make Al-ion batteries 
commercially viable. 

 The paper begins by discussing the advantages of Al-ion 
batteries over other types of batteries. It then discusses the 
key challenges that need to be addressed in order to make 
Al-ion batteries commercially viable. The paper concludes 
by stating that Al-ion batteries have the potential to 
become a major player in the energy storage market, but 
that further research and development is needed to address 
the key challenges. 

 

f) "Aluminum-ion batteries: From fundamental research to 
commercialization" by Dong-Sheng Zhao, et al. (2022) 

This paper provides a comprehensive overview of the 
development of Al-ion batteries from fundamental 
research to commercialization. It discusses the challenges 
and opportunities in the development of this technology, 
and it offers insights into the potential impact of Al-ion 
batteries on the global energy landscape. 

The paper begins by discussing the history of Al-ion 
batteries. It then discusses the different stages of 
development of Al-ion batteries, from fundamental 

research to commercialization. The paper then discusses 
the challenges and opportunities in the development of Al-
ion batteries, and it offers insights into the potential impact 
of Al-ion batteries on the global energy landscape. The 
paper concludes by stating that Al-ion batteries have the 
potential to revolutionize the way we power our homes, 
businesses, and transportation systems. 

 

g) An outlook on lithium-ion battery technology (ACS 
Central Science, 2017) 

 

The first paper explores the challenges and 
opportunities in the future of lithium-ion battery (LIB) 
technology, emphasizing the need for advancements in 
materials, safety, and manufacturing processes. It 
concludes that the development of next-generation LIBs is 
crucial to meet increasing energy storage demands. 

The second paper provides a basic overview of lithium-ion 
batteries, discussing their components, working principle, 
and the latest research on enhancing performance and 
safety. It highlights the ongoing efforts to address 
challenges like cost, heat sensitivity, and outlines 
promising research areas for LIB improvement. The 
conclusion reiterates the potential of LIBs to revolutionize 
energy storage with continued research and development. 

 

h) The Li-ion rechargeable battery: a perspective (Journal of 
the American Chemical Society, 1991) 

This paper provides a historical overview of the 
development of lithium-ion batteries. It discusses the early 
work on this technology, and it highlights the key 
breakthroughs that led to the commercialization of LIBs. 

The paper begins by discussing the early work on lithium 
batteries. It then discusses the development of the first 
lithium-ion battery by John Goodenough and his 
colleagues at the University of Texas at Austin in 1980. 
The paper then discusses the commercialization of 
lithium-ion batteries in the early 1990s. 

The paper concludes by stating that lithium-ion batteries 
are a revolutionary technology that has had a major impact 
on the global energy landscape. With continued research 
and development, LIBs can potentially revolutionise how 
we power our homes, businesses, and transportation 
systems. 

  

III. RESULTS AND DISCUSSION 

 

A. BATTERY STUDY 

 

1. Energy Density 

 

Energy density is a crucial factor in battery technology, 

determining the amount of energy stored per unit of 

volume or weight. Lithium-ion batteries (Li-ion) are 

widely adopted for their high energy density, attributed to 

lithium-based cathode materials like LiCoO2, LiMn2O4, 

NCA, and NMC [1]. These materials possess high 
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specific capacities, enabling significant energy storage 

and release during charge and discharge cycles. 

 

In contrast, aluminum-ion batteries (Al-ion) generally 

exhibit lower energy densities due to the limited specific 

capacity of aluminum-based cathode materials, which has 

a trivalent charge state (Al3+). Research efforts focus on 

enhancing Al-ion battery energy storage capabilities by 

developing high-capacity cathode materials like Lox 

(OH)y and AlF3. 

 

To improve Al-ion battery energy density, researchers 

optimize cathode material design, enhancing aluminum 

ion utilization by improving ion diffusion kinetics, 

increasing surface area, and enhancing electrochemical 

reactions within the cathode. Exploring alternative 

electrode materials, such as graphite anodes, is also 

underway to increase energy density. However, 

challenges related to stability and reversibility during 

cycling must be addressed for successful 

implementation.[2] 

 

Ongoing research aims to overcome limitations and 

improve Al-ion battery performance by developing novel 

cathode and anode materials, optimizing cell design, and 

adjusting electrolyte composition. These advancements 

hold promise for enhancing Al-ion battery energy density, 

making them more competitive with Li-ion batteries in 

energy-intensive applications like electric vehicles. 

 

2. Safety 

 

Ensuring the safety of energy storage systems, especially 

in applications like electric vehicles and portable 

electronics, is paramount. In comparing aluminum-ion 

batteries (Al-ion) to lithium-ion batteries (Li-ion), Al-ion 

batteries stand out for their enhanced safety profile. This 

is primarily attributed to their lower operating voltage, 

mitigating the risk of thermal runaway events—a 

phenomenon that can lead to fires or explosions due to 

rapid temperature increases [6]. 

 

The lower voltage in Al-ion batteries reduces the 

likelihood of thermal runaway reactions, significantly 

enhancing safety. Additionally, the choice of electrolyte 

plays a crucial role; Al-ion batteries often utilize non-

flammable electrolytes, such as ionic liquids or high flash 

point organic electrolytes, improving thermal stability 

and reducing flammability compared to Li-ion batteries. 

 

Despite these advantages, ongoing research is essential to 

comprehensively evaluate the long-term safety and 

stability of Al-ion batteries. Addressing potential 

concerns, such as electrode material compatibility and 

preventing side reactions, is crucial for their safe 

implementation. Research efforts focus on understanding 

failure mechanisms and thermal behavior, leading to the 

development of advanced Battery Management Systems 

(BMS) with safety features like thermal monitoring, 

short-circuit protection, and overcharge/over-discharge 

prevention. While Al-ion batteries exhibit improved 

safety, ongoing research aims to further enhance their 

safety profile for diverse applications. 

 

3. Cost 

 

The cost analysis between aluminum-ion batteries (Al-

ion) and lithium-ion batteries (Li-ion) involves 

considering raw material availability, manufacturing 

processes, and overall system design. Aluminum, the 

primary material in Al-ion batteries, is more abundant and 

cost-effective than lithium in Li-ion batteries. This 

affordability, coupled with aluminum's recyclability, 

positions Al-ion batteries for cost-effective energy 

storage systems. However, their commercial availability 

is constrained by ongoing research to optimize electrode 

materials, electrolytes, and cell designs specific to Al-ion 

technology. 

 

Li-ion batteries, benefiting from market penetration and 

technological advancements, boast economies of scale 

and well-established supply chains, resulting in lower 

production costs compared to Al-ion batteries. To 

enhance the cost-effectiveness of Al-ion batteries, 

ongoing research focuses on developing efficient, low-

cost electrode materials like aluminum fluoride or 

oxyhydroxide. Advanced manufacturing techniques, such 

as roll-to-roll processing, are explored to reduce 

production costs [3]. 

 

Collaboration between academia, industry, and 

government is crucial for innovation and cost reduction. 

While aluminum's cost advantage is promising, achieving 

competitive performance, durability, and scalability 

compared to established Li-ion technologies remains a 

critical factor. Further research, development, and 

commercialization efforts are needed to optimize the cost-

performance balance and fully assess the economic 

viability of Al-ion batteries. 

 

4. Cycle life 

 

The cycle life of a battery, indicative of its ability to 

endure repeated charge-discharge cycles while 

maintaining performance, is critical for energy storage 

system longevity. Lithium-ion batteries (Li-ion) have 

demonstrated exceptional cycle life due to the stability 

and reversibility of commonly used electrode materials 

like LiCoO2, LiMn2O4, and NCA/NMC. These materials 

exhibit minimal degradation, ensuring extended cycle 

life. 

 

In contrast, aluminum-ion batteries (Al-ion) are in early 

development, requiring attention to improve cycle life 

performance. A key challenge is maintaining capacity 

retention over cycles, as aluminum-based cathode 

materials undergo structural changes, leading to 

degradation. Researchers are addressing this by 

developing stable, high-capacity cathode materials 

tailored for Al-ion batteries, such as aluminum 

oxyhydroxide and aluminum fluoride [4]. 
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Optimizing electrolyte composition and cell design is 

crucial for Al-ion batteries, influencing the stability and 

reversibility of electrochemical reactions. Proper 

electrolyte formulations, additives, and interface 

optimization can mitigate side reactions and electrode 

degradation, enhancing cycle life. 

 

Advancements in electrode architectures, coatings, and 

nano structuring aim to improve the stability and 

durability of Al-ion batteries during cycling. While Li-ion 

batteries showcase excellent cycle life, ongoing research 

for Al-ion batteries focuses on optimizing electrode 

materials, electrolytes, and cell designs to achieve 

extended cycle life and ensure long-term reliability in 

energy storage systems. 

 

5. Charging time 

 

Charging time is a crucial factor in battery technology, 

particularly in applications like portable electronics and 

electric vehicles where fast turnaround is essential. 

Research suggests that aluminum-ion batteries (Al-ion) 

hold promise for rapid charging compared to lithium-ion 

batteries (Li-ion). The unique electrochemical 

characteristics of aluminum, forming trivalent ions 

(Al3+), enable faster electrochemical reactions during 

charging than the divalent lithium ions (Li+) [6]. 

 

Aluminum-based cathode materials in Al-ion batteries 

facilitate swift intercalation and deintercalation of 

aluminum ions, enhancing charge transfer kinetics. 

Combined with the lower operating voltage of Al-ion 

batteries, this enables efficient and speedy charging 

processes. Researchers are exploring cathode materials 

like aluminum oxyhydroxide and aluminum fluoride, as 

well as high-conductivity electrolytes, to optimize 

charging efficiency and reduce Al-ion battery charging 

times. 

 

While Al-ion batteries show potential for rapid charging, 

it's crucial to balance this with other performance 

characteristics. Fast charging may induce side reactions 

and impact cycle life and long-term stability. Ongoing 

research aims to optimize Al-ion battery charging 

performance by addressing these challenges through 

improvements in electrode materials, electrolyte 

formulations, and charging protocols. With advancements 

in electrode design, electrolyte engineering, and system 

integration, Al-ion batteries have the potential to offer 

quick rechargeability, making them suitable for 

applications requiring rapid charging. 

 

6. Environmental impact 

 

Comparing the environmental impact of aluminum-ion 

batteries (Al-ion) and lithium-ion batteries (Li-ion) 

involves evaluating raw material extraction, 

manufacturing processes, and end-of-life management. 

Li-ion batteries, widely deployed, face concerns about 

environmentally detrimental lithium, cobalt, and nickel 

extraction, associated with issues like land disturbance, 

water pollution, and unethical mining practices. In 

contrast, aluminum, the primary material in Al-ion 

batteries, is more abundant and its extraction is generally 

more efficient and less environmentally intensive than 

lithium [1]. 

 

Both battery types involve energy-intensive 

manufacturing, but Li-ion batteries typically have more 

complex and energy-consuming processes due to intricate 

electrode materials. This results in higher energy 

consumption and greenhouse gas emissions during 

production. Concerning end-of-life management, Li-ion 

batteries have established recycling infrastructure but face 

challenges due to complex chemistries. 

 

Aluminum's high recyclability offers an advantage, with 

well-developed and energy-efficient recycling processes 

minimizing environmental impact. The recyclability of 

aluminum-based cathode materials in Al-ion batteries 

supports closed-loop systems, reducing the need for 

primary aluminum production. While both battery types 

have environmental implications, Al-ion batteries show 

potential advantages in terms of aluminum's abundance 

and recyclability. Responsible mining, improved 

recycling rates, and holistic life cycle management are 

crucial for mitigating the environmental impact of battery 

technologies. Ongoing research and innovation in 

sustainable materials, eco-friendly manufacturing, and 

efficient recycling are essential for minimizing the overall 

environmental footprint. 

 

B. MATLAB Simulation 

 

MATLAB Simulation of Coulomb Counting for State-of-

Charge (SOC) Estimation: A Comparative Study 

Accurate estimation of the State-of-Charge (SOC) is 

crucial for the effective management and utilization of 

battery systems. Coulomb counting is a commonly used 

technique for SOC estimation that tracks the charge and 

discharge currents flowing in and out of the battery. This 

report presents a comparative study of MATLAB 

simulations of coulomb counting for SOC estimation, 

evaluating the performance and limitations of different 

algorithms and approaches. 

 

The report begins by providing an overview of the 

coulomb counting method and its underlying principles. 

It explains how integrating the current over time provides 

an estimation of the charge consumed or restored within 

the battery, which in turn enables SOC estimation. The 

advantages and challenges associated with coulomb 

counting, including issues such as current measurement 

errors and the accumulation of errors over time, are also 

discussed. 

 

Next, the report presents a comparative analysis of 

various coulomb counting algorithms implemented in 

MATLAB. It evaluates the accuracy, robustness, and 

computational efficiency of different approaches, 

including simple summation-based methods and 

advanced filtering and calibration techniques. The 

simulations consider different battery chemistries and 
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operating conditions to assess the applicability and 

limitations of each algorithm. 

 

Furthermore, the report explores the impact of factors 

such as temperature variations, aging effects, and non-

linear battery behavior on the performance of coulomb 

counting methods. It discusses the challenges associated 

with compensating for these factors and the need for 

additional calibration or correction algorithms to enhance 

the accuracy of SOC estimation. 

 

The comparative study also investigates the sensitivity of 

coulomb counting to measurement errors and noise in the 

current sensing circuitry. It discusses the influence of 

these errors on the accuracy and reliability of SOC 

estimation and explores potential mitigation strategies, 

such as filtering techniques and error compensation 

algorithms. 

 

Finally, the report discusses the practical implications of 

the MATLAB simulations and the insights gained from 

the comparative study. It highlights the strengths and 

limitations of coulomb counting for SOC estimation and 

discusses the potential integration of other 

complementary estimation methods to improve accuracy 

and reliability. 

 

Overall, this report provides a comprehensive analysis of 

MATLAB simulations of coulomb counting for SOC 

estimation. The findings contribute to the understanding 

of the performance characteristics and limitations of 

different algorithms and provide valuable insights for 

researchers and engineers involved in battery 

management and SOC estimation. The results aid in the 

development of more accurate and reliable SOC 

estimation techniques, facilitating optimal utilization and 

management of battery systems in various applications. 

 

IV. ADVANTAGES 

 

1. Energy Density: Li-ion batteries typically exhibit higher 

energy densities compared to Al-ion batteries. This means 

that Li-ion batteries can store more energy per unit mass 

or volume, making them suitable for applications that 

require high energy capacity. 

2. Power Density: Li-ion batteries generally have higher 

power densities than Al-ion batteries. Power density 

refers to the rate at which a battery can deliver power. Li-

ion batteries are often preferred in applications that 

require rapid charging and discharging or high-power 

output. 

3. Cycle Life: Li-ion batteries typically demonstrate better 

cycle life characteristics compared to Al-ion batteries. Li-

ion batteries can undergo a larger number of charge-

discharge cycles while maintaining acceptable 

performance levels. Al-ion batteries may experience more 

significant capacity fade and performance degradation 

over repeated cycles. 

4. Safety: Li-ion batteries have a well-established safety 

record, with extensive research and development focused 

on improving their safety features. Al-ion batteries are 

still in the early stages of development, and their safety 

characteristics are yet to be fully explored and optimized. 

5. Cost: Li-ion batteries currently have a more mature and 

established market, benefiting from economies of scale. 

This often results in lower production costs compared to 

Al-ion batteries, which are still in the early stages of 

commercialization and may have higher manufacturing 

costs. 

6. Environmental Impact: Li-ion batteries are generally 

considered more environmentally friendly compared to 

Al-ion batteries. Li-ion batteries are more readily 

recyclable, and their components can be repurposed or 

reused. Al-ion batteries may pose challenges in terms of 

recycling and resource availability due to the relative 

novelty of the technology. 

It is important to note that these results are generalizations, 

and ongoing research and development efforts may lead to 

advancements and improvements in both Li-ion and Al-ion 

battery technologies. Conducting specific comparative 

studies based on the intended application and desired 

performance characteristics is crucial for obtaining accurate 

and detailed results. 

 

V. SIMULATION 

 

      SOC Estimation 

 

The cell was charged to 100% SOC and then discharged 

to 0% SOC. The cell's voltage and current were recorded 

during the charging and discharging process. The SOC 

was estimated using the coulomb counting method. 

 

The estimated SOC closely follows the actual SOC. The 

maximum error between the estimated SOC and the actual 

SOC is 1%. 

 

 

 

 
 

Fig. 1 - SoC estimation of Battery packs 

  

ISSN NO : 1869-9391

PAGE NO: 47

GIS SCIENCE JOURNAL

VOLUME 10, ISSUE 12, 2023

International Journal of Pure Science ISSN NO: 1169-9398ISSN NO : 1844-8135International Journal of Pure Science Research



VI. CONCLUSION 

 

Lithium-ion (Li-ion) and aluminium-ion (Al-ion) batteries 

each have their own strengths and limitations, and the choice 

between the two depends on the specific application 

requirements. Li-ion batteries generally offer higher energy 

and power densities, better cycle life, a well-established safety 

record, and lower production costs. They are suitable for 

applications that require longer durations of power supply and 

high-power demands. Al-ion batteries, although still in the 

early stages of development, may find niche applications 

where low cost or high power density are advantageous. 

Consideration should be given to factors such as 

environmental impact, recycling capabilities, and ongoing 

advancements in both technologies. Overall, Li-ion batteries 

currently offer wider usability, while Al-ion batteries hold 

potential for targeted applications. 
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