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From 1D to 3D Numerical Modeling of Lithium-Ion Battery 

Abstract (English) 

Advancements in powertrain technology and the expanding electrification of vehicles have made 

batteries one of the primary solutions to the rising need for energy storage. With the growing 

demand for electric batteries, the Battery Thermal Management System (BTMS), which plays a 

crucial role in ensuring their safety, performance, and lifespan, has gained increasing importance. 

In this thesis, in the first stage, C-rates of 0.1C, 0.5C, 1C, 2C, and 3C, which are applicable to 

automotive applications, were analyzed using a 1D Isothermal Lithium-ion Battery model 

developed with the Battery Design Module of COMSOL Multiphysics software. Following this 

study, the same model was examined under various electrolyte and electrode materials. 

In the next stage, the effects of different cooling fluids and flow rates were investigated on the 

Thermal Modeling of a Cylindrical Lithium-ion Battery in a 3D model. These included 

conventional coolants (air and water) as well as nanofluid coolants using water, ethylene glycol 

(EG), and ethylene glycol water (EGW) as base fluids, and separately Al2O3 and CuO 

nanoparticles at different volume fractions (2%, 3%, and 5%). Furthermore, the Taguchi L9 

orthogonal array methodology, combined with S/N ratio analysis and analysis of variance 

(ANOVA), was applied to minimize the maximum temperature (Tmax) by optimizing control 

factors such as base fluid, nanoparticle fraction, battery spacing, and inlet temperature (Tinlet). 

The initial results showed that under higher C-rate operating conditions, variations occurred in the 

voltage ranges of the electrolyte and electrode, in the salt concentration profiles within the 

electrolyte, and in the lithium concentrations of the surface and center electrode particles. 

Regarding the effects of electrolyte and electrode materials, batteries with polymer electrolytes 

exhibited a slightly higher average salt concentration compared to liquid electrolytes. The battery 

with a lithium iron phosphate (LFP) positive electrode experienced the largest change in lithium 

concentration at the surface and center, whereas the LiNiO2 cathode showed the smallest variation. 

When examining the cooling strategies, the most significant improvement initially occurred when 

switching from air to water, with nanofluids providing additional gains. Crucially, the optimization 

study identified the base fluid and Tinlet as the most dominant factors affecting performance. The 

optimized design (A3-B3-C3-D1), utilizing water with a 5% Al2O3 volume fraction, achieved a 



6 
 

Tmax of 33.5°C. This represents a temperature reduction of 29.0°C compared to the experimentally 

validated air-cooled reference model (62.5°C). Additionally, the optimized design demonstrated 

superior thermal stability, exhibiting a heating rate reduction of 73% compared to the air-cooled 

model. 

The study started with the 1D model including Lithium-Ion Battery Interface and continued with 

the 3D thermal model including Heat Transfer Interface. This integrated approach, validated 

against the literature and confirmed by the Taguchi method's ability to predict superior optimums, 

provides a robust tool to guide the design and optimization of future BTMS. 
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Modellazione Numerica da 1D a 3D di Batterie agli Ioni di Litio 

Abstract (Italian) 

I progressi nella tecnologia dei gruppi propulsori e la crescente elettrificazione dei veicoli hanno 

reso le batterie una delle soluzioni primarie alla crescente necessità di accumulo di energia. Con 

la crescente domanda di batterie per veicoli elettrici, il Sistema di Gestione Termica della Batteria 

(BTMS), che svolge un ruolo cruciale nel garantirne la sicurezza, le prestazioni e la durata, ha 

acquisito un'importanza sempre maggiore. In questa tesi, in una prima fase, sono stati analizzati i 

tassi di C (C-rates) di 0.1C, 0.5C, 1C, 2C e 3C, rappresentativi di applicazioni automobilistiche, 

utilizzando un modello di batteria agli ioni di litio isotermico 1D sviluppato con il modulo di 

battery design del software COMSOL Multiphysics. Successivamente a questo studio, lo stesso 

modello è stato valutato utilizzando vari materiali per elettrolita ed elettrodo. 

Nella fase successiva, sono stati studiati gli effetti di diversi fluidi refrigeranti e delle loro portate 

sul Modello Termico di una Batteria Cilindrica agli Ioni di Litio in 3D. Questi includevano 

refrigeranti convenzionali (aria e acqua) e nanofluidi refrigeranti che utilizzavano acqua, glicole 

etilenico (EG) e acqua-glicole etilenico (EGW) come fluidi di base, e nanoparticelle di Al2O3 e 

CuO a diverse frazioni volumetriche (2%, 3% e 5%). Inoltre, è stata applicata la metodologia 

dell'array ortogonale Taguchi L9, combinata con l'analisi del rapporto S/N e l'ANOVA, per 

minimizzare la temperatura massima (Tmax) ottimizzando fattori di controllo quali fluido di base, 

frazione di nanoparticelle, spaziatura della batteria e temperatura di ingresso. 

I risultati iniziali hanno mostrato che, in condizioni operative ad alti tassi di C, si verificavano 

variazioni negli intervalli di tensione e nei profili di concentrazione salina. Riguardo ai materiali, 

le batterie con elettroliti polimerici hanno mostrato una concentrazione salina media leggermente 

superiore rispetto a quelle con elettroliti liquidi. La batteria con un elettrodo positivo LFP ha 

registrato la maggiore variazione di concentrazione di litio superficiale, mentre il catodo LiNiO2 

ha mostrato la variazione più piccola. 

Esaminando le strategie di raffreddamento, il miglioramento più significativo si verifica passando 

dall'aria all'acqua, con ulteriori vantaggi offerti dai nanofluidi. Fondamentalmente, lo studio di 

ottimizzazione ha identificato il fluido di base e la temperatura di ingresso come i fattori più 

dominanti. Il design ottimizzato (A3-B3-C3-D1), utilizzando acqua con una frazione volumetrica 
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del 5% di Al2O3, ha raggiunto una Tmax di 33.5°C. Ciò rappresenta una riduzione della temperatura 

di 29.0°C rispetto al modello di riferimento raffreddato ad aria (62,5°C) convalidato 

sperimentalmente. Inoltre, il design ottimizzato ha dimostrato una stabilità termica superiore, con 

una riduzione del tasso di riscaldamento del 73% rispetto al modello ad aria. 

Lo studio ha avuto inizio con il modello 1D ed è proseguito con il modello termico 3D. Questo 

approccio integrato, validato rispetto alla letteratura e confermato dalla capacità del metodo 

Taguchi di prevedere ottimi superiori, fornisce uno strumento robusto per guidare la progettazione 

e l'ottimizzazione dei futuri sistemi di gestione termica delle batterie. 
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1. INTRODUCTION 

In recent years, the ubiquity of high-performance rechargeable batteries has solidified the 

industry’s understanding of their functional requirements. However, this intense demand for 

advanced, lightweight energy storage was not always prevalent. Initially modest, research in this 

field experienced a significant surge following Sony Corporation’s commercialization of the 

world’s first lithium-ion battery (LIB). The introduction of the LIB revolutionized portable 

electronics, triggering a substantial increase in academic and industrial interest. Furthermore, this 

momentum has been bolstered by global governmental initiatives aimed at mitigating climate 

change; these policies have positioned energy storage systems as pivotal components within green 

energy infrastructures and the expanding electric vehicle (EV) market [1]. 

The nomenclature 'battery' was first introduced by Benjamin Franklin in 1749 during his 

experimentation with interconnected Leyden jar capacitors [2]. Franklin adopted this terminology 

from the military designation for an array of weapons fired simultaneously. By aggregating 

multiple jars, he demonstrated that the capacity for charge storage could be significantly amplified, 

thereby yielding greater power output upon discharge. In 1800, Italian physicist Alessandro Volta 

constructed and characterized the first electrochemical battery, known as the voltaic pile. This 

apparatus consisted of alternating copper and zinc plates intercalated with brine-saturated paper 

discs, a configuration capable of sustaining a steady electric current for extended durations. 

Despite this engineering feat, Volta erroneously attributed the electromotive force to an 

inexhaustible energy source [3] rather than chemical processes. Consequently, he dismissed 

electrode corrosion as a trivial side effect, a misconception corrected in 1834 by Michael Faraday, 

who demonstrated that such chemical degradation is intrinsic to the battery's operation [4]. While 

primitive batteries possessed significant experimental value [5], their practical utility was severely 

constrained by voltage fluctuations and an inability to deliver sustained high currents. The 

landscape changed in 1836 with British chemist John Frederic Daniell's invention of the Daniell 

cell, recognized as the first viable source of electricity. This device rapidly became the industry 

standard, achieving widespread adoption as the primary power supply for electrical telegraph 

networks. Structurally, it featured a copper vessel containing a copper sulfate solution, within 

which an unglazed earthenware container holding sulfuric acid and a zinc electrode was immersed 

[6]. 
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An electric battery is defined as a power source comprising one or more electrochemical cells 

equipped with external connections [7] to power electrical devices. During the discharge process, 

the terminal with positive polarity functions as the cathode, while the negative terminal acts as the 

anode [8]. 

Batteries are generally categorized into two distinct classes: primary and secondary forms. 

• Primary batteries are engineered for single-use applications, intended to be discarded upon 

energy depletion. Due to the irreversible nature of their electrochemical reactions, they 

cannot be recharged; once the reactants are consumed, current generation ceases and the 

unit becomes non-functional. 

• Secondary batteries are characterized by their rechargeability, as their chemical reactions 

can be reversed through the application of an external electrical current. This process 

regenerates the original active materials, allowing the device to undergo multiple charge-

discharge cycles. 

Apparatuses designed to facilitate the reuse of secondary batteries through the application of an 

electric current are designated as chargers. Prominent examples of secondary battery chemistries 

include Nickel-Cadmium (NiCd), Lead-acid, Nickel-Metal Hydride (NiMH), Nickel-Zinc (NiZn), 

Silver-Zinc (AgZn), and Lithium-ion (Li-ion) configurations [9]. The structural design of 

rechargeable batteries is typically categorized into three formats: cylindrical, prismatic, and pouch. 

A conventional Li-ion cell typically incorporates a graphite-based negative electrode paired with 

a positive electrode composed of a metal oxide or phosphate. Ionic conductivity is facilitated by 

an electrolyte solution consisting of a lithium salt dissolved in an organic solvent [10]. Structurally, 

the negative electrode (functioning as the anode during discharge) and the positive electrode 

(acting as the cathode) are physically isolated by a separator [11] to preclude short circuits. Finally, 

the connection to the external circuit is established via metallic components known as current 

collectors [12]. Figure 1 illustrates the fundamental operating principles and characteristics of 

LIBs. The underlying mechanism is relatively straightforward: during the charging phase, lithium 

ions are released from the positive electrode (cathode) and migrate to the negative electrode 

(anode). Conversely, during the discharge process, the flow is reversed, with the negative electrode 

supplying lithium ions back to the positive electrode [13]. 
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Figure 1. Working mechanism and characteristics of LIB, based on [13]. 

The release of stored chemical energy is facilitated by electrochemical reactions occurring at the 

electrode interfaces [14]. The theoretical cell voltage (∆E) is intrinsically linked to the total Gibbs 

free energy change (∆G) of these reactions, as described by the equation (∆E = −∆G/nF). The 

performance of LIBs is evaluated through critical parameters including specific energy, volumetric 

energy, specific capacity, abuse tolerance, and cyclability. Specific energy (Wh/kg), defined as the 

product of specific capacity (Ah/kg) and operating voltage (V), quantifies the energy stored per 

unit mass. Cyclability refers to the reversibility of the lithium-ion insertion-extraction process and 

is influenced by operational variables such as Depth of Discharge (DOD), State of Charge (SOC), 

and temperature. To maximize cycle life and mitigate risks like lithium dendrite formation which 

typically occurs during low-temperature charging optimal thermal and load management is 

essential. Furthermore, given the safety implications of multi-cell configurations, Battery 

Management Systems (BMS) are essential for preventing thermal runaway by detecting and 

isolating compromised cells [15]. Battery capacity is defined as the total quantity of electric charge 

a cell can deliver before its potential drops below a specific terminal voltage threshold. As an 

extensive property, capacity is directly proportional to the mass of active electrode material; 

therefore, while larger cells possess greater capacity than smaller counterparts of the same 

chemistry, their open-circuit voltage remains constant. This parameter is conventionally quantified 

in ampere-hours (Ah). Standard rated capacity is typically derived from a 20-hour discharge 

protocol at 20°C; for instance, a 100 Ah rating implies a sustained current of 5 A over this duration. 
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However, the actual fraction of extractable charge is variable, contingent upon factors such as 

electrochemical composition, discharge rate, ambient temperature, and storage history [16]. 

Charge and discharge kinetics are frequently quantified using the 'C-rate,' a metric that normalizes 

the electrical current relative to the battery's nominal capacity. Mathematically defined as the 

quotient of the applied current and the charge storage capacity, the C-rate is an invariably non-

negative magnitude; thus, the direction of energy flow (charge or discharge) is inferred from the 

operational context [17]. To illustrate, for a battery with a 500 mAh capacity, a discharge current 

of 5000 mA (5 A) corresponds to a rate of 10C. Conversely, a charge current of 250 mA applied to 

the same unit equates to a C/2 rate, which implies a 50% increase in the SOC over a one-hour 

interval [18]. The C-rate, defined as the normalized charge or discharge current relative to capacity, 

serves as a critical determinant of battery performance and degradation kinetics. Operation at 

elevated C-rates accelerates electrochemical reactions, which concomitantly intensifies thermal 

generation and elevates internal resistance. These factors collectively contribute to accelerated 

aging phenomena, manifesting as irreversible capacity fading and truncated cycle life. 

Consequently, management and control of the C-rate is imperative to optimize operational 

performance while preserving the long-term health of the energy storage system [19]. The 

escalating demand for LIBs is driven by their widespread availability and operational reliability. 

Besides mitigating environmental concerns, LIBs have demonstrated significant potential across a 

myriad of technologies, ranging from portable consumer electronics such as mobile phones, 

laptops, and digital cameras to hybrid EVs. Physically characterized by high capacity, low 

diffusion barriers, minimal volume expansion, and high absorption energy, LIBs are distinct from 

alternative chemistries (e.g., Na, K, or Ca-ion) and are frequently the subject of thermal runaway 

modeling. Furthermore, LIBs offer superior longevity relative to conventional battery 

technologies, exhibiting a lifespan up to ten times longer and retaining 80% of their rated capacity 

after 2000 charge-discharge cycles. Notwithstanding their technological potential, LIBs are subject 

to significant inherent limitations. They are particularly susceptible to thermal runaway induced 

by high-voltage conditions, a vulnerability highlighted by high-profile safety incidents such as the 

grounding of the Boeing 787 fleet due to onboard battery fires. Consequently, the safety risks 

associated with bulk air transport have led several logistics providers to impose strict shipping 

embargoes. To mitigate risks like excessive voltage and internal stress, complex protective 

circuitry is required; however, these measures often result in increased weight and compromised 
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performance. Furthermore, LIBs exhibit progressive capacity fading and reliability issues due to 

aging. Economic factors also impede widespread adoption, as production costs remain 

approximately 40% higher than those of NiCd alternatives [20]. 

LIBs are classified into various subclasses based on the chemical structure of the cathode material 

employed; these materials directly determine key performance parameters such as energy density, 

thermal stability, cost, and cycle life. The primary cathode chemistries widely used in the industry 

are detailed below (Table 1) [21-25]: 

Table 1. Comparison some of LIB chemistries, based on [26]. 

Chemistry Type Properties 

Lithium Cobalt 

Oxide (LCO) 

LCO (LiCoO2) batteries provide high specific energy, ranging from 175 to 240 

Wh/kg, making them a prevalent choice for portable devices with low discharge rates, 

such as mobile phones and laptops. While these cells are characterized by high 

electrical efficiency and reasonable cost, they exhibit very low thermal stability. 

Lithium 

Manganese 

Oxide (LMO) 

LMO (LiMn2O4) batteries typically exhibit specific energies ranging from 100 to 150 

Wh/kg. LMO batteries represent a middle ground with moderate specific energy and 

safety. Despite limitations such as lower efficiency and a shorter lifespan, their cost-

effectiveness makes them widely applicable in power tools and medical equipment. 

Lithium Iron 

Phosphate (LFP) 

LFP (LiFePO4) chemistry is distinguished by significant advantages, including 

extended cycle life, high current capability, and exceptional thermal stability. 

However, compared to other Li-ion variants, their primary limitation is lower cell 

voltage and specific energy. Despite this drawback, LFP batteries score highly in 

safety, cost-effectiveness, and lifespan. 

Lithium Nickel 

Manganese 

Cobalt Oxide 

(NMC) 

NMC batteries specific energy ranges from 100 to 150 Wh/kg, while thermal 

performance is enhanced. Due to their high specific energy and cost-effectiveness, 

NMC batteries are extensively adopted in the automotive sector (including EVs and 

electric powertrains) as well as in portable electronics. Overall, NMC chemistry offers 

a versatile solution with moderate specific power, safety, and lifespan compared to 

other Li-ion variants. 
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Lithium Nickel 

Cobalt 

Aluminum 

Oxide (NCA) 

NCA (Li(Ni, Co, Al)O2) batteries are distinguished by their superior specific capacity. 

NCA batteries provide high specific energy and an extended service life. However, 

their application is constrained by significant drawbacks, specifically high 

manufacturing costs and a lower safety profile. 

 

The electrolyte solution typically constitutes a lithium salt dissolved within an organic solvent 

matrix [10, 11]. Fundamental to the battery's operation, this medium is primarily composed of 

lithium salts, solvents, and additives, the specific concentrations and types of which are critical 

determinants of electrochemical performance. In standard practice, a 'mixed solvent system' is 

employed, predominantly (95%) consisting of carbonate-based solvents. These are categorized 

into cyclic and linear carbonates, encompassing dimethyl carbonate (DMC), diethyl carbonate 

(DEC), ethyl methyl carbonate (EMC), ethylene carbonate (EC), and propylene carbonate (PC). 

The primary function of the solvent is to facilitate the solvation of lithium salts, such as lithium 

hexafluorophosphate (LiPF6), and to establish conductive pathways for ionic transport. The 

physicochemical properties of the electrolyte, particularly viscosity and wettability, are governed 

by the interaction between the salt and the solvent. Generally, organic solvents exhibiting high 

dielectric constants and low viscosity are preferred; the former facilitates salt dissociation, while 

the latter enhances ionic mobility. However, owing to the inherent inverse correlation between 

dielectric constant and viscosity in single solvents, binary or ternary solvent mixtures are utilized 

to optimize the system. Consequently, the analysis of single-solvent systems serves as a 

prerequisite for the formulation of advanced mixed-solvent electrolytes [27]. 

A preeminent constraint inherent to LIB technology is its acute thermal susceptibility. Efficient 

operation is strictly confined to a narrow thermal window of 15–35 °C [28]; excursions beyond 

this operational envelope precipitate rapid electrochemical degradation and significantly heighten 

the probability of catastrophic failures, including combustion and explosion. Consequently, the 

analysis of thermal impacts is conventionally bifurcated into two distinct regimes: low-temperature 

and high-temperature phenomena [29-32]. Sub-zero ambient conditions (< 0 °C) exert a profound 

deleterious impact on the operational efficacy and cycle life of LIBs, a challenge particularly acute 

within the domain of electric mobility (EVs, Hybrid EVs (HEVs), and Plug-in HEVs (PHEVs)) 

[33, 34]. In such hypothermal environments, the electrochemical system suffers from retarded 
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reaction kinetics and impeded charge-transfer mechanisms [28]. This kinetic sluggishness 

precipitates a marked attenuation in ionic conductivity within the electrolyte [35] and inhibits Li-

ion diffusivity throughout the electrode matrix [36]. Consequently, these physicochemical 

limitations culminate in a substantial degradation of power density and energy efficiency. Internal 

thermal accumulation is predominantly caused by Joule heating during aggressive operational 

regimes, such as high-rate charging and discharging [37, 38]. This thermal excursion causes severe 

performance attenuation, characterized by significant deficits in capacity and energy efficiency 

[39-42]. Mechanistically, capacity fading is attributed to the depletion of lithium inventory and the 

degradation of active materials, whereas power reduction correlates with the escalation of internal 

impedance [43]. To preclude the onset of thermal runaway, battery architectures must incorporate 

robust heat dissipation capabilities that maintain temperatures below critical safety thresholds. 

Breaching this thermal limit instigates irreversible structural disintegration of the electrode-

electrolyte interface. Given that decomposition reactions are inherently exothermic, reaching the 

runaway threshold triggers a self-propagating, autocatalytic heating cycle, inevitably culminating 

in catastrophic cell destruction [44] and potential detonation [45, 46]. Currently, BTMS for EVs 

are classified into three primary categories: passive, active, and hybrid BTMS. Passive BTMS 

regulate battery temperature via natural physical processes, including convection and the use of 

phase change materials (PCMs). While these systems offer benefits such as simplicity, cost-

effectiveness, and minimal energy consumption, they often lack sufficient cooling capacity for 

high energy density applications. In contrast, active BTMS employs external power sources such 

as fans and pumps to manage thermal loads. Although more complex, active systems provide 

superior cooling capabilities, rendering them particularly well-suited for high power battery packs 

and fast charging environments. Commonly employed active BTMS technologies include forced 

air cooling, liquid cooling, and heat pipe systems. Forced air cooling remains prevalent in low-

power applications due to its structural simplicity and cost-efficiency. Conversely, liquid cooling 

has emerged as the mainstream solution for high-power battery packs. This technology is classified 

into indirect and direct (immersion) methods; however, due to safety and reliability considerations, 

indirect cooling is currently the dominant approach in EVs, whereas direct cooling lacks 

widespread adoption. A clear trend exists within liquid cooling design: complex channel 

geometries offer superior thermal dissipation but incur higher pressure drops and increased 

pumping power requirements, while simpler designs, though easier to manage, often fail to meet 
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the demands of fast charging. Finally, while heat pipes enhance temperature uniformity and reduce 

weight, their scalability is limited, and their complex integration into full battery packs remains a 

significant barrier to commercial automotive adoption. Hybrid BTMS, which integrate two or 

more distinct cooling methodologies, are designed to enhance both thermal reduction and 

temperature uniformity. Among the various hybrid configurations, those founded on liquid cooling 

are particularly prominent due to the superior heat dissipation properties of fluid media. Key 

iterations include combinations such as liquid-air, liquid-PCM, and liquid-heat pipe systems. 

While these hybrid architectures demonstrate superior thermal performance, they concurrently 

introduce penalties regarding system weight, manufacturing cost, and design complexity. 

Consequently, hybrid BTMS remains predominantly within the field of theoretical research and 

has yet to achieve widespread implementation in mass produced EVs [47].  

The heat transfer capabilities of conventional air and water cooling systems are constrained by the 

inherent thermophysical properties of these fluids. To transcend these traditional limitations and 

enhance cooling performance, nanofluid technology has been utilized. By combining the high 

thermal conductivity of solid particles with the liquid flow, nanofluids play a pivotal role in the 

mechanism of heat removal from battery surfaces. Nanofluids are defined as engineered colloidal 

suspensions comprising nanometer-scale particles dispersed within a base fluid [48]. The 

particulate phase typically consists of metals, oxides, carbides, or carbon nanotubes, whereas the 

base medium is commonly selected from fluids such as water, EG [49], or oil. The commonly used 

base fluids and nanoparticles in nanofluid preparation are illustrated in Figure 2. 
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Figure 2. Schematic representation of various base fluids and nanoparticles, based on [50]. 

Key thermophysical attributes of nanofluids include thermal conductivity, viscosity, density, 

specific heat, and surface tension. The magnitude of these properties is contingent upon multiple 

independent variables, notably nanoparticle morphology (type, size, shape), volumetric 

concentration, fluid temperature, and the specific synthesis technique employed [51]. The 

nanoparticle volume fraction, representing the concentration of solid particles within the base 

fluid, is the fundamental parameter governing the thermophysical properties of nanofluids. 

Increasing the volume fraction significantly enhances the effective thermal conductivity of the 

fluid, thereby boosting heat transfer capacity and positively contributing to battery cooling 

performance. However, this elevation in particle concentration inevitably leads to an increase in 

both the viscosity and density of the fluid. Consequently, the volume fraction serves as a critical 

variable that dictates the trade-off between the thermal gains in heat transfer and the pressure drop 

(pumping power) resulting from increased viscosity. Beyond the thermophysical properties of the 

working fluid, the cooling performance of BTMS is directly correlated with the system's 

hydrodynamic and geometric parameters. In particular, the coolant inlet velocity stands out as one 

of the most critical dynamics, determining the convective heat transfer coefficient and, 

consequently, the rate of heat transfer. Similarly, the fluid inlet temperature dictates the temperature 

gradient between the battery and the coolant, thereby shaping the overall cooling potential. From 

a geometric perspective, the spacing between batteries emerges as a fundamental design variable; 
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it influences the flow regime and pressure drop, ultimately determining both the system's 

compactness and temperature uniformity. 

This thesis presents a comprehensive investigation into the performance and optimization of  LIBs, 

spanning from electrochemical modeling to thermal management strategies. First, the study 

examines the impact of varying C-rates on a 1D isothermal model, demonstrating how high-rate 

operations exacerbate internal heterogeneity, voltage spreads, and diffusion lags. Subsequently, the 

research evaluates the critical role of material selection, quantifying the distinct concentration 

gradients in polymer versus liquid electrolytes and analyzing the trade-offs between high-energy 

cathodes like LiNiO2 and stable alternatives like LFP. Extending the analysis to thermal behavior, 

a 3D cylindrical model is utilized to compare cooling strategies, establishing the superior 

performance of liquid cooling particularly when enhanced with water-based Al2O3 and water-

based CuO nanofluids over traditional air cooling methods. Finally, the study applies the Taguchi 

L9 orthogonal array methodology to optimize the BTMS. By identifying the optimal combination 

of coolant type, nanofluid concentration, and flow parameters, this optimization significantly 

minimizes the battery Tmax, offering a robust framework for designing safer and more efficient 

energy storage systems. 

2. LITERATURE REVIEW 

2.1 Literature Review on C-rate Effect 

Yüksek and Alkaya [19] investigate the critical impact of DOD and C-Rate on the long-term 

robustness of energy storage systems. Their simulation-based analysis reveals that while increasing 

these parameters accelerates battery degradation, it also opens pathways for designing customized 

applications by strategically balancing energy requirements with lifespan expectations. Hasan et 

al. [52] examine the constraints of conventional charging protocols, particularly at high C-rates 

such as 3C. Their findings indicate that the primary bottleneck for rapid charging performance at 

moderate to high operating temperatures is the transport of Li-ion within the electrolyte, 

manifesting as electrolyte resistance. Research into battery performance under varying rates 

reveals diverse degradation mechanisms. Leißing et al. [53] observed that the correlation between 

gassing and C-rate is largely determined by the specific type of graphite material employed. 

Furthermore, Snyder [54] notes that while degradation at high C-rates involves both chemical and 

mechanical factors, mechanical deterioration becomes increasingly dominant as the rate rises. This 
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is corroborated by Somerville et al. [55], whose findings indicate that charging rates exceeding 4C 

significantly compromise battery lifespan by altering chemical compositions. Conversely, Wang 

et al. [56] argue that capacity loss is primarily driven by temperature and time, with charging rates 

playing a negligible role in their experiments. Regarding electrode physical properties, Tran et al. 

[57] investigated graphite electrodes with particle sizes ranging from 6 to 44 µm. They concluded 

that capacity is jointly defined by the C-rate and the physical-chemical attributes linked to particle 

size. Similarly, Zheng et al. [58] identified a power-law relationship between electrode loading and 

maximum C-rate. They suggest that the rate-limiting step is not the resistance increase in thicker 

electrodes, but rather the diffusion of Li-ions, indicating a diffusion-dependent system. Finally, in 

terms of voltage stability, Li et al. [59] demonstrated that terminal voltage discrepancies remain 

minimal even at high rates; LCO batteries showed deviations below 50 mV at 4C, while LFP 

batteries maintained deviations under 50 mV even at 5C.  

2.2 Literature Review on Electrode and Electrolyte Material Effect 

Peng and Jiang [60] conducted a comparative simulation of five distinct LIB chemistries to 

evaluate their thermal properties. Their results highlight that while the LMO cell exhibits superior 

thermal stability, the LFP cell demonstrates the highest level of thermal safety among the variants 

tested. Choi et al. [61] conducted a comparative analysis of discharge characteristics, revealing 

that elevated discharge rates directly correlate with increased capacity loss and rising temperatures. 

Their findings indicate that NCM batteries are more sensitive to these rate fluctuations than LFP 

and LMO chemistries. However, despite this sensitivity, they conclude that NCM remains the more 

suitable option for EV applications due to its superior high energy density and lighter weight, 

whereas LFP is recommended when prioritizing thermal safety over capacity. Zheng et al. [62] 

provide a comparative analysis of LFP and NCA chemistries, establishing that both possess robust 

thermal stability. However, a divergence in performance is noted based on current density: while 

NCA outperforms LFP under low charge/discharge rate conditions, LFP demonstrates superior 

efficiency at higher rates. Consequently, the authors conclude that both materials remain viable 

candidates for cathode applications, depending on the specific operational requirements. The 

impact of electrode density on battery performance is a multifaceted subject. Shim and Striebel 

[63] identified a non-linear relationship, observing that capacity retention at elevated rates peaks 

at a density of 0.9 g/cm³ before subsequently declining. Expanding on this, Choi et al. [64] report 
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that while higher density improves electrical conductivity, increasing cathode density (e.g., from 

1.5 to 3.5 g/cm³) significantly degrades rate capability and cyclability. This deterioration is 

attributed to a substantial reduction in porosity and active surface area, as confirmed by scanning 

electron microscope (SEM) imaging. Further nuances regarding density were highlighted by 

Smekens et al. [65], who found that high-density positive electrodes benefit from a 4–5% reduction 

in DC resistance (DCR) and offer marginally better discharge capacities at low current rates. 

However, for high-current applications, cells with lower electrode density demonstrate superior 

performance. Beyond density, diffusion kinetics and particle dynamics are critical. Chabot et al. 

[66] established a performance threshold, noting a marked decline in efficiency when the lithium 

diffusion coefficient falls below 3.9 × 10-14 m²/s. Similarly, Ye et al. [67] and Zheng et al. [58] 

focus on concentration gradients; they demonstrate that significant Li-ion concentration disparities 

within active material particles lead to a rapid drop in electrode potential, thereby prematurely 

limiting the cell's discharge capacity.  

2.3 Literature Review on BTMS 

Wiriyasart et al. [68] investigate the impact of nanofluids on thermal management, emphasizing 

that the movement of nanoparticles suspended in the base fluid significantly enhances cooling 

capacity. Their results demonstrate an inverse relationship between concentration and temperature; 

specifically, higher nanofluid concentrations lead to lower maximum battery temperatures. 

Soleymani et al. [69] revealed that the integration of nanofluids enhances heat transfer capabilities 

by promoting vortex development within the fluid. Through a comparative analysis, they 

established that Al2O3 nanofluids demonstrate superior thermal performance over CuO, 

outperforming the latter by an average of 4.37%. In terms of optimization, the study identified a 

5% volume fraction as the ideal concentration for Al2O3 to maximize efficiency while mitigating 

the risk of nanoparticle clustering. Furthermore, transient analysis showed significant temperature 

reductions compared to the base fluid: 7.89% for Al2O3 and 4.73% for CuO. Although increasing 

fluid velocity was found to improve heat transfer via enhanced turbulence, the authors noted this 

comes at the cost of a higher pressure drop. Koorata and Chandrasekaran [70] investigated the 

thermal dynamics of battery packs under varying environmental conditions. Their analysis reveals 

that reducing the ambient temperature not only lowers the maximum cell temperature but also 

facilitates a more uniform thermal distribution across the pack. Even under aggressive operating 
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conditions, such as a 4C discharge rate at an ambient temperature of 38°C, the system successfully 

maintains the maximum temperature within the optimal range for LIBs. However, the authors note 

a critical trade-off regarding airflow; increasing the inlet velocity from 0.1 to 0.5 m/s reduces the 

peak temperature by 1°C but comes at the cost of increased power consumption (0.23 W) and a 

widened temperature differential of 2.3°C. Suryavanshi and Ghanegaonkar [71] investigated the 

geometric optimization of battery packs, identifying that a cell spacing of 2 mm yields the best 

cooling performance by minimizing the ventilation path and enhancing efficiency. They noted that 

contrary to expectation, larger spacings reduce cooling effectiveness despite providing more 

airflow channels. Furthermore, while they confirmed that higher discharge rates (C-rates) increase 

both maximum temperatures and thermal gradients, they argue that reducing the C-rate is not a 

practical solution due to the dynamic power demands of EVs. Yetik et al. [72] employed an L16 

orthogonal array to evaluate the combined effects of inlet velocity, nanoparticle mixture ratio, C-

rate, and ambient temperature on thermal performance. Their statistical analysis identifies the C-

rate as the primary determinant affecting both maximum battery temperature and temperature 

uniformity. Conversely, while increasing the nanoparticle mixture ratio was observed to decrease 

the model's temperature, it was found to have the least significant impact on thermal outcomes 

among all the factors tested. Thorat et al. [73] emphasize the critical role of the thermophysical 

properties of nanofluids in maintaining battery temperatures within safe operating limits. Their 

study suggests that the choice of a specific nanofluid for a BTMS is not arbitrary but depends 

heavily on the battery pack arrangement and cell geometry. Furthermore, they report that 

employing nanofluids enhances cooling efficiency significantly, outperforming conventionally 

used fluids by 10% to 15%. Banerjee and Nidhul [74] demonstrate that the use of nanofluids leads 

to a significant improvement in thermal management, achieving a maximum temperature reduction 

of 7 K. They attribute this performance to the enhanced thermal conductivity of the fluid and the 

formation of a thinner thermal boundary layer, which collectively ensure a uniform temperature 

distribution across both high and low discharge rates. Interestingly, the study reveals a saturation 

point; increasing the nanofluid volume fraction from 0.1% to 0.4% does not yield a substantial 

further reduction in temperature. Panchal [75] investigates the geometric configuration of battery 

packs, concluding that a cell spacing of 2 mm provides the optimal cooling performance by 

minimizing the ventilation path. The study highlights a counter-intuitive finding: increasing the 

spacing beyond this point reduces efficiency, despite creating more airflow channels. Furthermore, 
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while increasing the inlet air velocity is effective in mitigating the high temperatures and thermal 

gradients caused by elevated discharge rates, Panchal warns of a diminishing return. Beyond a 

certain threshold, higher air velocities lead to increased power consumption and a decline in heat 

dissipation efficiency. Yetik and Karakoc [76] emphasize that the importance of nanofluid volume 

fraction and inlet velocity is amplified under high discharge rate conditions, primarily due to the 

larger temperature differentials observed in the battery model. Their individual cell analysis 

revealed a distinct thermal profile: temperatures are lowest near the cooling inlet, peak towards the 

center of the module, and decrease again at the end where the absence of adjacent cells facilitates 

heat loss. Furthermore, they observed that low coolant velocities exacerbate thermal non-

uniformity, resulting in significant temperature disparities between individual cells. Ali et al. [77] 

conducted an experimental investigation simulating the cooling system (radiator) of a Toyota Yaris 

2007 to evaluate the efficacy of nanofluids under various loads and concentrations. Their study 

concludes that to maximize heat transfer enhancement within the radiator system, the optimum 

nanofluid concentration is 0.01. Ozbektas et al. [78] presented a comprehensive experimental and 

numerical analysis of temperature estimation in Li-ion cells, utilizing Taguchi-based model 

parameterization. By examining key variables such as pulse time gap, discharge duration, and rest 

periods, they highlighted the influence of these parameters on Equivalent Circuit Model (ECM) 

accuracy across various thermal conditions. Their primary conclusion identifies the discharge 

pulse C-rate as the most critical determinant of temperature accuracy, particularly under high 

discharge rate conditions. Sharma et al. [79] successfully investigated the performance of a novel 

hybrid automotive cooling system utilizing the Peltier effect. Their study distinguishes the specific 

impact of operational variables on different thermal metrics. They identified flow rate as the 

dominant factor for maximizing thermal energy, whereas the coolant ratio was found to have the 

strongest influence on maximizing the Reynolds number. Regarding the convective heat transfer 

coefficient, the results indicate that both flow rate and coolant ratio contribute almost equally and 

significantly, while fan speed consistently showed a negligible effect across these performance 

indicators. Internal material composition and cell geometry are fundamental factors that determine 

the internal resistance and the resulting heat generation rate of a battery during operation, which 

directly dictates the required cooling capacity of a BTMS. In this context, Alrashdan [80] 

investigated seven control factors influencing the average electric power during the charging of 

LIBs, ranging from electrode thicknesses to material compositions. Through Signal-to-Noise (S/N) 
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ratio analysis, the study identified that the positive electrode material is the most critical 

determinant, exhibiting the highest delta function. The research established a clear hierarchy of 

influence: the positive electrode material has the greatest impact, followed in decreasing order by 

separator thickness, negative electrode active material volume fraction, and positive electrode 

thickness, with the positive electrode active material volume fraction showing the least 

significance. Morali et al. [81] employed thermal simulation coupled with S/N ratio analysis to 

quantify the relative magnitude of various discharge factors. Their statistical evaluation identifies 

ambient temperature (delta = 0.5593) as the primary determinant for the maximum battery 

temperature. In contrast, for temperature uniformity, the C-rate emerges as the most influential 

parameter, evidenced by a significantly higher delta value of 24.1513. Kirad and Chaudhari [82] 

differentiate the impacts of geometric parameters on thermal performance. They identify that the 

module cooling efficiency factor is primarily contingent on transverse spacing, as this dimension 

governs flow characteristics, convective heat transfer coefficients, and the pressure drop associated 

with energy consumption. Conversely, longitudinal spacing is found to be the dominant factor 

influencing maximum temperature and thermal variation; specifically, increasing the longitudinal 

gap reduces peak temperatures and promotes a more uniform thermal distribution. Shaik et al. [83] 

investigated the interdependent effects of cell spacing and flow characteristics on thermal 

performance. They observed that increasing the gap between cells from 1 mm to 4 mm, which 

inherently led to a rise in the Reynolds number, resulted in a significant enhancement in the average 

Nusselt number by 39% and 51%, respectively. This improvement is attributed to the larger 

temperature gradient established between the battery cells, which accelerates the overall heat 

transfer rate. Furthermore, the 4 mm spacing was found to alleviate flow resistance compared to 

the restricted 1 mm gap, thereby contributing to more efficient cooling. 

3. MATERIALS AND METHODS 

3.1 Physical and Chemical Properties of the 1D LIB Model 

Figure 3 [84] illustrates the architecture of a standard LIB. This configuration typically utilizes a 

graphite intercalation compound (LiC6) for the negative electrode and LMO for the positive 

electrode, though specific materials may vary. Functionally, the discharge phase involves the 

transport of lithium ions from the anode to the cathode via the electrolyte. Conversely, the charging 

phase utilizes an external power source to drive electron flow from the cathode back to the anode. 
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The specific chemical reactions occurring at the negative electrode are detailed in the following 

equations [85], where the variable 'x' represents the stoichiometry of lithium ions (Li+) and 

electrons (e-) relative to each graphite (C6) unit. 

𝐿𝑖𝑥𝐶6 → 6𝐶 + 𝑥𝐿𝑖+ + 𝑥𝑒− (1) 

6𝐶 + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖𝑥𝐶6 (2) 

 

Figure 3. Schematic representation of the internal structure of a LIB, based on [84]. 

The specific reactions taking place at the positive electrode throughout the charging and 

discharging phases are described in [85]: 

𝐿𝑖1−𝑥𝑀𝑛2𝑂4 + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖𝑀𝑛2𝑂4 (3) 

𝐿𝑖𝑀𝑛2𝑂4 → 𝐿𝑖1−𝑥𝑀𝑛2𝑂4 + 𝑥𝐿𝑖+ + 𝑥𝑒− (4) 

 

The simulation employs a one-dimensional (1D), isothermal model at an operating temperature of 

298K, disregarding edge effects along the height and length. As shown in Figure 4, the system 

geometry is divided into three distinct sub-domains: a graphite negative electrode, an electrolyte, 

and a LMO-based positive electrode [84]. The specific dimensions for these components are 10–4 

m for the negative electrode, 0.52×10-4 m for the electrolyte, and 1.74×10-4 m for the positive 

electrode. The electrolyte composition is defined as a solution of 2M LiPF6 salt within a 1:2 

volume ratio of EC:DMC solvent and Poly (vinylidene fluoride-hexafluoropropylene) (PVDF-

HFP), utilizing standard material properties for LIBs [84]. 
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Figure 4. Schematic representation of the 1D LIB model, based on [86]. 

The 1D geometry of the isothermal LIB model was discretized using the mesh builder within 

COMSOL Multiphysics. The computational domain, with a total length of 3.26 × 10-4 m, consists 

of 46 edge elements and 47 mesh vertices. The mesh includes 4 vertex elements defining the 

boundaries of the internal domains. The element length ratio of the generated mesh is 0.2741 

(defined as the ratio of the minimum element length to the maximum element length), ensuring 

appropriate spatial resolution for the numerical solution [84]. 

As depicted in Figure 5, the simulation follows a specific load profile based on Ref. [87]. The 

protocol commences with a discharge phase of 17.5 A/m² for a duration of 2000 s, succeeded by a 

300 s relaxation (open circuit) period. Subsequently, a charging phase is applied for 2000 s at an 

equivalent current density, before the cycle terminates with a final rest period extending to 8000 s. 

 

Figure 5. The simulated current load profile applied to the battery model, based on [86]. 
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3.2 Numerical Method of the 1D LIB Model 

The mathematical framework detailed in Section 3.2 adopts the 1D isothermal Li-ion battery 

model [84] available in COMSOL Multiphysics. These governing equations characterize the 

transport of charge and current distribution across both the electrode and electrolyte domains, 

based fundamentally on the conservation of mass and charge. 

𝛻 ⋅ 𝐽𝑙 = 𝑅𝑙 (5) 

𝛻 ⋅ 𝑖𝑙 = 𝑄𝑙 (6) 

𝛻 ⋅ 𝑖𝑠 = 𝑄𝑠 (7) 

 

In these expressions, 𝐽𝑙 represents the Li-ion flux within the electrolyte phase. The current densities 

are denoted by 𝑖𝑙 for the ionic current in the electrolyte and 𝑖𝑠 for the electronic current within the 

solid electrode. Finally, 𝑅𝑙, 𝑄𝑙, and 𝑄𝑠 serve as the source terms associated with the 

electrochemical reactions. 

𝐽𝑙 = −𝐷𝑙𝛻𝑐𝑙 +
𝑖𝑙𝑡+

𝐹
 

(8) 

 

Equation 8 characterizes the total flux of Li-ions within the electrolyte phase. This expression 

combines two transport mechanisms: a diffusion term (−𝐷𝑙𝛻𝑐𝑙), which addresses ion movement 

driven by concentration gradients, and a migration term (
𝑖𝑙𝑡+

𝐹
), which describes movement induced 

by the electric field. In this equation, 𝐷𝑙 represents the diffusion coefficient, 𝑐𝑙 is the Li-ion 

concentration, 𝑡+ denotes the transference number, and 𝐹 is Faraday’s constant. 

The subsequent equation defines the ionic current within the electrolyte, 

𝑖𝑙 = −𝜎𝑙𝛻𝜙𝑙 +
2𝜎𝑙𝑅𝑇

𝐹
(1 +

𝜕𝑙𝑛𝑓

𝜕𝑙𝑛𝑐𝑙
) (1 − 𝑡+)𝛻𝑙𝑛𝑐𝑙 

(9) 

 

The equation includes two primary components: 

• Conductive term: Expressed as −𝜎𝑙𝛻𝜙𝑙, this term represents the migration of charged 

species driven by the electric potential gradient. 
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• Concentration gradient term: Expressed as 
2𝜎𝑙𝑅𝑇

𝐹
(1 +

𝜕𝑙𝑛𝑓

𝜕𝑙𝑛𝑐𝑙
) (1 − 𝑡+)𝛻𝑙𝑛𝑐𝑙, this term 

accounts for the dependency of ionic conductivity on concentration variances. 

In this context, 𝜎𝑙 denotes the ionic conductivity, 𝜙𝑙 is the electrolyte potential, 𝑅 represents the 

universal gas constant, 𝑇 is the temperature, and 𝑓 is the activity coefficient. Additionally, 𝑐𝑠,𝑖𝑛𝑖𝑡 

is defined as the initial concentration of the species at the start of the simulation. 

𝐢𝑠 = −𝜎s∇𝜙s (10) 

 

This expression is governed by Ohm's law and characterizes the electronic current within the solid 

electrode phase. Here, 𝜎𝑠 represents the electrical conductivity of the solid material, while 𝜙𝑠 

denotes the electrode potential. 

−𝑛 ⋅ 𝐽𝑙 = 0 (11) 

 

This expression defines a no-flux boundary condition for the Li-ion flux (𝐽𝑙) at the specified 

surface. The variable 𝑛 denotes the unit normal vector, which is directed outward from the 

computational domain. 

−𝑛 ⋅ 𝑖𝑙 = 0 (12) 

−𝑛 ⋅ 𝑖𝑠 = 0 (13) 

 

This system of equations constitutes a mathematical framework characterizing the current 

distribution and transport phenomena within a porous electrode, an approach widely adopted in 

the modeling of batteries and electrochemical systems. 

The conservation of charge within both the electrolyte and solid phases is governed by the 

following expressions: 

𝛻 ⋅ 𝐽𝑙 = 𝑅𝑙 , 𝑅𝑙 = − ∑  

𝑚

 
𝜈𝐿𝑖+,𝑚𝑖𝑣,𝑚

𝐹
+ 𝑅𝑙,𝑠𝑟𝑐 

(14) 
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The following equations quantify the consumption or production of Li-ions resulting from 

electrochemical reactions. In this context, 𝑖𝑣, total  denotes the total volumetric current density, 

which is directly proportional to the reaction rates. 

𝛻 ⋅ 𝑖𝑙 = 𝑖𝑣, total + 𝑄𝑙 (15) 

𝛻 ⋅ 𝑖𝑠 = −𝑖𝑣, total + 𝑄𝑠 (16) 

 

The effective transport properties are defined by the subsequent equations, where 𝑓𝑙 represents the 

volume fraction of the electrolyte phase. 

𝐷𝑙,eff = 𝑓𝑙𝐷𝑙 , 𝜎𝑙, eff = 𝑓𝑙𝜎𝑙 , 𝜎𝑠, eff = 𝜎𝑠 (17) 

 

Equation 18 defines the total volumetric current density. In this expression, 𝑖𝑣,𝑚 represents the 

contributions from reaction current density, while 𝑖𝑣,𝑑𝑙 denotes the double-layer current, which 

accounts for capacitive effects at the interfaces. 

𝑖𝑣, total = ∑  

𝑚

  𝑖𝑣,𝑚 + 𝑖𝑣,𝑑𝑙 
(18) 

 

In the context of potential losses, the overpotential (𝜂) acts as the thermodynamic driving force for 

electrochemical reactions, allowing them to proceed by surpassing equilibrium conditions. The 

equilibrium potential (𝐸𝑒𝑞) represents the material-dependent voltage in a no-current state, 

whereas the charge transfer potential (𝐸𝑐𝑡) denotes the actual potential difference observed during 

operation. The definition of 𝐸𝑐𝑡 is provided in Eq. 20: 

𝜂 = 𝐸𝑐𝑡 − 𝐸𝑒𝑞 (19) 

𝐸𝑐𝑡 = 𝜙𝑠 − 𝜙𝑙 (20) 

 

Charge transfer at the electrode-electrolyte interface is governed by the electric potential difference 

between the solid phase and the liquid electrolyte. Consequently, the volumetric current density 

(𝑖𝑣) is defined as: 
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𝑖𝑣 = 𝑎𝑣𝑖𝑙𝑜𝑐 (21) 

 

This relationship bridges the gap between microscopic reaction rates and macroscopic 

performance in porous structures by utilizing the following parameters: 

• 𝑖𝑣 (volumetric current density): Measured in A/m³, this represents the current per unit 

volume, a crucial metric for high-surface-area porous electrodes. 

• 𝑎𝑣 (specific surface area): Measured in m²/m³, this quantifies the available reactive surface 

area within a given volume. 

• 𝑖𝑙𝑜𝑐 (local current density): Measured in A/m², this denotes the current generated per unit 

surface area at specific reaction sites. 

Equation 22 establishes a boundary condition within the framework of electrochemical system 

modeling. 

𝜙𝑠 = 0 (22) 

 

Equation 23 serves as the boundary condition that enforces current continuity at the interface of 

the porous electrode. 

−𝑛 ⋅ 𝑖𝑠 = 𝑖𝑛, 𝑠 (23) 

 

𝑖𝑛 (normal current density): A scalar value quantifying the current flowing per unit area 

perpendicular to the surface boundary.  

Subscript 𝑠: Denotes properties associated with the surface boundary. 

3.3 1D LIB Model Validation with the Experimental Results 

Based on the foundational work of Doyle et al. [88], the model utilizes a nominal discharge current 

density of 17.5 A/m2 at 1C (representing a theoretical one-hour full discharge). By definition, a 

17.5 Ah cell is theoretically capable of providing 17.5 A for one hour, 1.75 A (C/10) for ten hours, 

or achieving complete discharge in approximately six minutes at a 10 C-rate, though actual 
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discharge relationships are non-linear. The numerical model [89] was developed using the 

COMSOL Multiphysics Battery Design Module and validated against experimental data [88] 

across three distinct C-rates. As demonstrated in Figure 6, there is a strong correlation, with 

numerical and experimental results overlapping. 

 

Figure 6. Cell potential (V) shown as a function of capacity (Ah/m2) under various discharge 

rates. 

3.4 Physical and Chemical Properties of the 3D LIB Model 

The simulation centers on an air-cooled, cylindrical 18650 battery (18 mm diameter, 65 mm 

height). To optimize computational efficiency, a 1D model handles the internal electrochemical 

processes of the active cell, while a 3D model resolves the thermal behavior and cooling fluid flow. 

To accurately replicate pack-level thermal interactions, the computational domain includes the 

primary active cell surrounded by partial sections of neighboring cells (e.g., the ¼ section shown 

in Figure 7). 3 × r_batt (9 mm) is maintained between the main cell and its neighbors. Crucially, 

the 1D electrochemical model is exclusive to the main cell; neighboring sections function solely 

as passive thermal masses to establish realistic boundary conditions. Heat transfer and fluid motion 

are linked via the Nonisothermal Flow Multiphysics interface. However, because fluid properties 

are treated as temperature-independent, the model utilizes a one-way coupling approach. The 

simulation employs the LIB interface to define the cell's electrochemical properties, comprising a 

negative porous electrode (LixC6 MCMB, 55 μm), a separator (30 µm), and a positive porous 

electrode (LiFePO₄, 55 μm). To link the physics, the model calculates the average temperature of 
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the active battery material using a nonlocal integration coupling. Simultaneously, the Heat Transfer 

in Solids and Fluids interface governs the 3D thermal behavior. As depicted in Figure 7, the thermal 

geometry includes four distinct domains: the active battery material (wound sheets, r=9 mm, h=65 

mm), a central nylon mandrel (r=2 mm), a top-mounted aluminum connector (3 mm thick), and 

the surrounding flow compartment (air or liquid). 

Limitations of the Study; 

While the developed 3D thermal model provides significant insights into the battery's thermal 

behavior, the following limitations associated with the computational method and assumptions 

must be considered: 

1. Unidirectional Flow-Thermal Coupling: The simulation employs a one-way coupling strategy 

where the fluid flow is solved first as a stationary step, and the resulting velocity field is used for 

the time-dependent thermal analysis. This approach assumes that the cooling air properties (density 

and viscosity) do not change significantly with temperature. Consequently, the effect of buoyancy-

driven natural convection or the alteration of flow patterns due to heat rejection from the battery 

surface is neglected. 

2. Geometric Simplification of the Canister: To reduce computational cost, the outer steel canister 

of the battery was not modeled as a separate physical domain. Instead, its thermal influence was 

approximated by scaling the volumetric heat source within the active material. This simplification 

ignores the specific thermal contact resistance between the jelly-roll and the canister case. 

3. Averaged Electrochemical Coupling: The coupling between the 1D electrochemical model and 

the 3D thermal model relies on the volume-averaged temperature of the active material. The 

electrochemical reaction rates in the 1D model are therefore uniform, neglecting local variations 

in reaction kinetics that might occur due to radial thermal gradients (e.g., the core being hotter than 

the surface). 

4. Homogenized Active Material: The spiral wound structure (jelly-roll) consists of discrete layers 

of anode, cathode, and separator, but was modeled as a homogenized cylinder with anisotropic 

thermal conductivity. This approach accurately predicts macro-scale thermal gradients but cannot 

capture micro-scale hotspots resulting from potential localized defects or winding irregularities. 
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Isometric View Side View Front View 

 

  

Top View 

 

Figure 7. Geometry of the thermal model, based on [90]. 

As shown in Figure 8, a boundary layer mesh consisting of two layers (2 × 10-4 m thickness, 1.2 

stretching factor) was applied to the channel walls to resolve gradients at the fluid-solid 

boundaries. The mandrel and active battery material were discretized using a swept technique with 

triangular face meshing, which generated prismatic elements, while the z-direction was assigned 

a fixed distribution of 10 elements for consistency. In total, the mesh contains 43,405 domain 

elements (predominantly tetrahedra and prisms), 5,429 boundary elements, and 481 edge elements. 

The discretization quality was verified via the skewness metric, resulting in an average score of 

0.7044, which confirms a high-quality grid capable of mitigating numerical diffusion. 
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Figure 8. 3D hybrid mesh structure of the LIB cell in COMSOL Multiphysics, based on [90]. 

The simulation is initialized with a uniform temperature of 298.15 K. Boundary conditions include 

an inlet velocity of 0.1 m/s (for air cooling), a fixed outlet pressure of 1 atm, symmetry conditions 

on the respective planes, and no-slip conditions on the battery walls. The solution methodology 

follows a three-step sequence: first, computing the steady-state laminar flow at 298.15 K; second, 

evaluating the initial electrochemical potentials at t=0; and third, conducting a time-dependent 

analysis of the fully coupled system [90]. 

In the COMSOL Multiphysics analyses, the selection of the flow model was based on the 

calculated Reynolds numbers. The Reynolds numbers were determined to be approximately 133 

for air (at 0.1 m/s) and 1541 for water-based fluids (at 0.05 m/s). Although the water-based fluid 

flow remains below the traditional critical threshold for turbulence, the Turbulent Flow (k-ε) 

interface was specifically utilized for these cases. This selection was made to conservatively 

account for potential local flow instabilities, enhanced mixing effects, and the significantly higher 

momentum associated with the liquid coolant compared to air. Comparative tests confirmed that 

employing turbulence modeling for the liquid coolant yielded results consistent with the laminar 

assumption, further validating the reliability of the modeling approach. 

3.5 Numerical Method of the 3D LIB Model 

The 3D thermal analysis of the cylindrical LIB integrates two distinct modeling components. The 

electrochemical behavior is simulated using a 1D Cell Model via the LIB interface [84], a method 
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further referenced in [89] and [91]. Simultaneously, the thermal dynamics are resolved using a 3D 

Thermal Model within the Heat Transfer in Solids and Fluids interface. The mathematical 

framework for this COMSOL Multiphysics implementation follows the equations [90] outlined in 

Section 3.5. 

Eq. 24, 25 and 26 govern the fluid dynamics of the coolant employed for the battery's thermal 

management, under the assumptions of steady-state and incompressible flow. 

𝜌(u ⋅ ∇)u = ∇ ⋅ [−𝑝I + K] + F (24) 

𝜌∇ ⋅ u = 0 (25) 

 

• 𝜌: Fluid density (coolant). 

• u: Fluid velocity vector. 

• ∇: The Nabla operator, representing spatial derivatives (gradient, divergence). 

• 𝑝: Fluid pressure. 

• I: The identity tensor. 

• K: The viscous stress tensor, defined below. 

• F: Volume force vector (e.g., gravity). 

K = 𝜇(∇u + (∇u)⊤) (26) 

 

• 𝜇: Fluid dynamic viscosity (e.g., Pa·s). It is a measure of the fluid's resistance to flow. 

• ∇u: The velocity gradient tensor. 

• (∇u)T: The transpose of the velocity gradient tensor. 

Eq. 27 is essential for defining the boundary behavior in fluid dynamic systems. 

u = 0 (27) 

 

This defines the no-slip boundary condition, which is applied to the battery walls. 
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Eq. 28 and 29 define the pressure-outlet boundary condition within the COMSOL Laminar Flow 

interface, applied at the outlet of the flow compartment to maintain a constant pressure of 1 atm. 

n⊤[−𝑝I + K]n = −𝑝0̂ (28) 

𝑝0̂ ≤ 𝑝0, u ⋅ t = 0 (29) 

 

• n: The unit vector normal (perpendicular) to the boundary, pointing outward from the fluid 

domain. 

• −𝑝I + K: Total stress tensor acting on the fluid. It combines the pressure stress (−𝑝I) and 

the viscous stress (K). 

• −𝑝0: This is a prescribed external pressure acting on the boundary from the outside. 

Eq. 30 defines the velocity-inlet boundary condition, applied at the inlet of the flow compartment. 

u = −𝑈0n (30) 

 

• u: The fluid velocity vector at the boundary. 

• U₀: A constant value representing the speed or velocity magnitude. 

Eq. 31 and 32 define the symmetry boundary condition applied to the symmetry planes of the 

domain to reflect the battery matrix arrangement. 

u ⋅ n = 0 (31) 

Kn − (Kn ⋅ n)n = 0, Kn = Kn (32) 

 

• K: The viscous stress tensor (K = μ(∇u + (∇u)T)). 

• Kn: The total viscous stress vector acting on the boundary. 

• (Kn ⋅ n)n: The component of that stress that is normal to the boundary. 

The following expressions represent the governing equations for the Heat Transfer physics. In this 

model, a one-way coupling approach is utilized where the Laminar Flow is initially solved in a 
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steady-state step to define the velocity field. Subsequently, this field is coupled with the time-

dependent energy equation to compute the battery's thermal response.  

𝜌𝐶𝑝u ⋅ ∇𝑇 + ∇ ⋅ q = 𝑄 + 𝑄ted  (33) 

q = −𝑘 ⋅ ∇𝑇. (34) 

 

• 𝜌𝐶𝑝u ⋅ ∇𝑇: Convective Heat Transfer. 

o 𝜌: Material density. 

o 𝐶𝑝: Specific heat capacity. 

o u: Velocity vector field (from the Laminar Flow solution). 

o ∇𝑇: Temperature gradient. 

• ∇ ⋅ q: Conductive Heat Transfer (the divergence of the heat flux). 

o This term represents how heat diffuses through the materials due to temperature 

differences. 

• 𝑄 + 𝑄𝑡𝑒𝑑: Heat Sources. 

o 𝑄: The main heat source from the battery electrochemistry (Joule heating, reaction 

heat). 

o 𝑄𝑡𝑒𝑑: Thermo-electric dissipation (Joule heating from electric currents, often 

negligible in battery models compared to the electrochemical heating). 

• q: Heat flux vector (direction and magnitude of heat flow). 

• 𝑘: Material thermal conductivity. 

• ∇𝑇: Temperature gradient. 

• − sign: Indicates that heat flows from high temperature to low temperature. 

Eq. 33 and 34 serve as the governing heat transfer equations for the solid domains (active battery 

material, mandrel, and connector). In contrast, Eq. 35 and 36 represent the energy balance for the 

fluid domain (cooling air), where Eq. 36 explicitly accounts for the fluid density variation using 

the ideal gas law. 
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𝜌𝐶𝑝u ⋅ ∇𝑇 + ∇ ⋅ q = 𝑄 + 𝑄𝑝 + 𝑄vd (35) 

𝜌 =
𝑝A

𝑅s𝑇
 in ideal gas domains (36) 

 

• Left Side - Heat Transport: 

o 𝜌𝐶𝑝u ⋅ ∇𝑇: Convective heat transfer - heat carried by fluid flow. 

o ∇ ⋅ q: Conductive heat transfer - heat diffusion through materials. 

• Right Side - Heat Sources: 

o 𝑄: General heat source (from battery electrochemistry). 

o 𝑄𝑝: Pressure work - heating from fluid compression/expansion. 

o 𝑄𝑣𝑑: Viscous dissipation - heating from fluid friction. 

• 𝜌: Gas density. 

• 𝜌𝐴: Reference density at a reference state. 

• 𝑅𝑠: Specific gas constant. 

• 𝑇: Absolute temperature. 

Eq. 37 defines the adiabatic (zero heat flux) boundary condition, which is applied to all external 

boundaries of the flow compartment excluding the inlet and outlet as well as the symmetry planes, 

to represent thermal insulation from the ambient environment. 

−n ⋅ q = 0 (37) 

 

Eq. 38 defines the volumetric heat source applied to the active battery material domain. This term 

incorporates the heat generated during electrochemical cycles, scaled from the 1D cell model, to 

drive the transient temperature distribution in the 3D thermal model. 

𝑄 = 𝑄0 (38) 
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• Q: The heat flux (heat flow per unit area) at the boundary. 

• Q₀: A constant value specifying the magnitude of the heat flux. 

Eq. 39 defines the fixed temperature boundary condition, which is applied to the inlet of the flow 

compartment. It maintains the incoming cooling air at a constant prescribed temperature of 298.15 

K throughout the simulation. 

𝑇 = 𝑇0 (39) 

 

• T: The temperature at the boundary. 

• T₀: A constant value specifying the prescribed temperature. 

Eq. 40 shows a specific heat source term in the fluid flow model. 

𝑄vd = 𝜏: ∇u (40) 

 

• Qvd: The heat generated per unit volume due to viscous dissipation.  

• τ: The viscous stress tensor.  

• ∇u: The velocity gradient tensor. 

3.6 Nanofluid Properties Calculation 

Table 2 displays the thermophysical properties of the nanofluids, which were determined using 

equations derived from the base fluids (water and a 30:70 mixture of EG and water (EGW) [92]) 

and specific nanoparticles (Al2O3 and CuO [93–95]). The same calculation methodology was 

applied to determine the properties for the 2% and 3% Al2O3–W volume fractions. 

The density of the nanofluid is determined using the Pak and Cho mixture theory model [96]. This 

model calculates (Eq. 41) density as a weighted average of the base fluid and nanoparticle 

densities, proportional to their respective volume fractions. 

𝜌𝑛𝑓 = (1 − 𝜙)𝜌𝑏𝑓 + 𝜙𝜌𝑝 (41) 
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• 𝜌𝑛𝑓 : Nanofluid density. 

• 𝜌𝑏𝑓 : Base fluid density. 

• 𝜌𝑝 : Nanoparticles density. 

• 𝜙 : Nanoparticles volume fraction. 

The thermal equilibrium model [97] assumes that the nanoparticles and the base fluid share the 

same temperature. Consequently, this equation calculates the resulting property as a mass-

weighted average of the two components. 

𝑐𝑝,𝑛𝑓 =
(1 − 𝜙)𝜌𝑏𝑓𝑐𝑝,𝑏𝑓 + 𝜙𝜌𝑝𝑐𝑝,𝑝

𝜌𝑛𝑓
 

(42) 

 

• 𝑐𝑝,𝑛𝑓 : Nanofluid specific heat capacity.  

• 𝑐𝑝,𝑏𝑓 : Base fluid specific heat capacity. 

• 𝑐𝑝,𝑝 : Nanoparticles specific heat capacity. 

The Maxwell model [98] (Eq. 43) is utilized to estimate the effective thermal conductivity of dilute 

suspensions containing spherical solid particles. 

𝑘𝑛𝑓 = 𝑘𝑏𝑓 [
𝑘𝑝 + 2𝑘𝑏𝑓 − 2𝜙(𝑘𝑏𝑓 − 𝑘𝑝)

𝑘𝑝 + 2𝑘𝑏𝑓 + 𝜙(𝑘𝑏𝑓 − 𝑘𝑝)
] 

(43) 

 

• 𝑘𝑛𝑓 : Nanofluid thermal conductivity. 

• 𝑘𝑏𝑓 : Base fluid thermal conductivity.  

• 𝑘𝑝 : Nanoparticles thermal conductivity. 

The Brinkman model [99] (Eq. 44) is employed to quantify the increase in effective viscosity 

resulting from the suspension of spherical solid particles in a dilute mixture. 

𝜇𝑛𝑓 =
𝜇𝑏𝑓

(1 − 𝜙)2.5
 

(44) 
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• 𝜇𝑛𝑓 : Nanofluid dynamic viscosity. 

• 𝜇𝑏𝑓 : Base fluid dynamic viscosity. 

Table 2. Properties of the Coolants. 

 Nanofluids 

Properties 5% Al2O3 - W 5% CuO - W 5% Al2O3 - 

EGW 

5% CuO - 

EGW 

Density [kg/m3] 1146.2 1272.68 1169.4 1295.9 

Specific Heat 

[J/(kg.K)] 

3574.8 3254.56 3253 2883.33 

Thermal 

Conductivity 

[W/(m.K)] 

0.707 0.7126 0.547 0.5512 

Dynamic 

Viscosity [Pa.s] 

0.0010095 0.00101 0.00079 0.00079 

 

3.7 3D LIB Model Validation with the Experimental Results 

To validate the numerical COMSOL model developed for the air-cooled cylindrical battery, the 

results were compared against the experimental data [100] provided by Panchal et al. Experimental 

data from a commercial 18,650 cylindrical Li-ion cell (LiFePO4/Graphite) was utilized as the 

reference. The validation experiments were conducted under a controlled ambient temperature of 

298 K with air cooling. The experimental setup consisted of a high-precision battery testing system 

and a thermal data acquisition unit. The cell was cycled using an A & D Bitrode cell cycler 

(providing charge/discharge control) within a voltage window of 2.0 V to 3.6 V. To ensure reliable 

electrical contact and minimize resistance, aluminum connectors were employed at the terminals. 

Thermal characterization was performed using T-type thermocouples (30 gauge, special limits of 

error) with a measurement uncertainty of approximately ±1°C. These sensors were strategically 

placed on the cell surface (anode, cathode, and mid-surface) and connected to a national 

instruments field point (NI-FP-TC-120) data acquisition system to record transient temperature 
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profiles [100]. As shown in Figure 9, the battery temperature change (ΔT) over time demonstrates 

a strong agreement between the simulation and the experimental measurements [100].  

 

Figure 9. Validation of numerical ΔT (°C) curves against experimental data from [100]. 

3.8 Application of the Taguchi Method for Parameter Selection 

Losses due to functional variation are defined as the losses incurred when a product's performance 

deviates from its intended target value. This deviation is driven by uncontrollable elements known 

as noise factors, which are categorized into external influences (such as ambient temperature or 

human error), manufacturing discrepancies (such as unit-to-unit variance), and product 

degradation over time. The primary objective of quality engineering is to develop products that 

remain robust despite these noise factors. Consequently, the selection of control factors represents 

the most critical phase in experimental design. It is advisable to incorporate as many factors as 

possible to facilitate the early identification of insignificant variables. To meet this requirement, 

the Taguchi method employs standard orthogonal arrays [101]. 

The Taguchi method is a robust optimization technique widely utilized in both industrial and 

scientific sectors to achieve optimal results efficiently by minimizing the number of required 

experiments. In the context of this study, the method was applied to accelerate the optimization 

process by reducing the number of numerical analyses. The approach relies on an orthogonal array 

design to systematically evaluate specific parameter combinations and their respective levels 

[102]. Central to this method is the S/N ratio calculated as the ratio of the mean (signal) to the 

standard deviation (noise) which serves as a quantitative indicator of process quality [103]. 
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The S/N ratio is expressed using three different equations [101]. These are: 

Smaller is better; 

𝑆/𝑁 = −10log 
1

𝑛
(∑  𝑦2) 

(45) 

 

Larger is better; 

𝑆/𝑁 = −10log 
1

𝑛
(∑  

1

𝑦2
) 

(46) 

 

Nominal is best; 

𝑆/𝑁 = 10log 
𝑦⃗

𝑆𝑦
2

 
(47) 

 

Where 𝑦 represents the observed data, 𝑦⃗ denotes the mean value of 𝑦, 𝑆𝑦
2 indicates the variance of 

𝑦, and 𝑛 is the total number of observations. 

Given that the primary objective of this study is to minimize the Tmax of the battery, the "smaller-

is-better" criterion was selected for the Taguchi optimization. 

A conventional full factorial design involving four control factors at three levels would require 

34=81 distinct numerical analyses to determine their impact on the battery's Tmax. However, by 

employing the Taguchi optimization method, the requisite number of experiments was 

significantly reduced, allowing the optimal design to be identified more efficiently. The specific 

parameters and their corresponding levels are outlined in Table 3. 
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Table 3. Optimization parameters and their corresponding levels. 

Parameters Level 1 

 

Level 2 

 

Level 3 

 

Base Fluid (A) EG EGW [92] W 

Φ-Al2O3 [93-95] (B) 2% 3% 5% 

Battery-Battery 

Distance (C) 

2.5 × r_batt (9 

mm) 

3 × r_batt 3.5 × r_batt 

Tinlet (D) 293.15 K 298.15 K 303.15 K 

 

The L9 orthogonal array (generated by Minitab software) shown in Table 4 provides a systematic 

way to test four factors (A, B, C, and D) using only nine experimental runs instead of the 81 

required for a full factorial design. In this table, the numerical values 1, 2, and 3 represent the 

specific levels defined in Table 3. For instance, in experimental run L1, all factors are set to their 

first level (Base Fluid: EG, Concentration: 2%, Distance: 2.5 × r_batt, and Tinlet: 293.15 K). This 

balanced arrangement ensures that each level of every factor is tested equally against the levels of 

other factors, allowing for an independent evaluation of each parameter's main effect on the 

battery's maximum temperature. 
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Table 4. Structure of the L9 orthogonal array with four control factors and three levels. 

Orthogonal 

Design 

A B C D 

L1 1 1 1 1 

L2 1 2 2 2 

L3 1 3 3 3 

L4 2 1 2 3 

L5 2 2 3 1 

L6 2 3 1 2 

L7 3 1 3 2 

L8 3 2 1 3 

L9 3 3 2 1 

 

4. RESULTS 

4.1 C-Rate Effect on 1D LIB 

A 1D isothermal LIB was modeled using COMSOL Multiphysics to investigate performance under 

various C-rates [89]. As shown in Figure 10, the initial voltage is closely aligned at approximately 

4 V across all cases, though a slight decrease is observed as the C-rate increases. These voltage 

profiles correspond with the 0.1C, 0.5C, and 1C data presented in Figure 6. The results demonstrate 

that increasing the C-rate proportionally raises the cell current density, thereby reducing discharge 

and charge durations. 

The temporal scaling of the discharge, open circuit voltage (OCV), and charge phases is evident 

in Figure 10. Using the 1C rate as a baseline where phases occur at 0–2000 s, 2000–2300 s, and 

2300–4300 s, respectively the timing scales inversely with the C-rate. For example, at 0.1C, the 

duration increases tenfold (discharge ending at 20000 s). Conversely, at higher rates, the process 

accelerates: the 2C rate concludes the discharge phase at 1000 s, while the 3C rate reduces the 

discharge, OCV, and charge periods to 0–666.66 s, 666.66–766.66 s, and 766.66–1433.33 s, 

respectively. 
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Figure 10. Voltage and current profiles during load cycles applied at five distinct C-rates. 

To ensure an accurate comparison of the data presented in Figures 11, 12, and 14, time points of 

10 s, 100 s, and 300 s were selected, as these fall within the discharge phase for all C-rates (refer 

to Figure 10). An analysis of Figure 11 and Table 5 indicates that the electrolyte voltage declines 

across all battery domains the negative electrode, electrolyte, and positive electrode during the first 

0.1 C 0.5 C 

1 C 2 C 

 

3 C 
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300 seconds of discharge. Furthermore, the data demonstrates that as the C-rate increases, the rate 

of voltage drop accelerates across all three components. 

  

  

 

Figure 11. Electrolyte potential distribution across five distinct C-rates. 

 

0.1 C 0.5 C 

1 C 2 C 

3 C 
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Table 5. Average electrolyte potential difference of battery components across five distinct C-

rates (10–300 s). 

C-

Rate 

Between 10s and 300s, 

Approximate Average 

Electrolyte Potential 

Difference of Negative 

Electrode [0-10]x10-5 m 

Between 10s and 300s, 

Approximate Average 

Electrolyte Potential 

Difference of Electrolyte 

[10-15,2]x10-5 m 

Between 10s and 300s, 

Approximate Average 

Electrolyte Potential 

Difference of Positive 

Electrode [15,2-32,6]x10-5 

m 

0.1 -0.087 V _ -0.092 V 

Difference = 0.005 V 

-0.091 V _ -0.096 V 

Difference = 0.005 V 

-0.094 V _ -0.1 V Difference 

= 0.006 V 

0.5 -0.103 V _ -0.128 V 

Difference = 0.025 V 

-0.121 V _ -0.152 V 

Difference = 0.031 V 

-0.136 V _ -0.168 V 

Difference = 0.032 V 

1 -0.12 V _ -0.175 V 

Difference = 0.055 V 

-0.157 V _ -0.227 V 

Difference = 0.07 V 

-0.186 V _ -0.257 V 

Difference = 0.071 V 

2 -0.15 V _ -0.273 V 

Difference = 0.123 V 

-0.22 V _ -0.404 V 

Difference = 0.184 V 

-0.276 V _ -0.455 V 

Difference = 0.179 V 

3 -0.17 V _ -0.385 V 

Difference = 0.215 V 

-0.277 V _ -0.63 V 

Difference = 0.353 V 

-0.358 V _ -0.7 V Difference 

= 0.342 V 

 

As illustrated in Figure 12 and Table 6, the electric potential of the positive electrode decreases 

during the initial 300 seconds of the discharge phase across all C-rates. The data further indicates 

that this rate of decline accelerates as the C-rate increases, resulting in a steeper potential drop. 
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Figure 12. Electrode potential with respect to ground across five distinct C-rates. 
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Table 6. Positive electrode electric potential difference across five distinct C-rates (10–300 s). 

C-

Rate 

Between 10s and 300s, Approximate Electric Potential Difference 

of Positive Electrode [15,2-32,6]x10-5 m 

0.1 4.2 V – 4.17 V Difference = 0.03 V 

0.5 4.13 V – 4.0 V Difference = 0.13 V 

1 4.05 V – 3.85 V Difference = 0.2 V 

2 3.92 V – 3.63 V Difference = 0.29 V 

3 3.8 V – 3.36 V Difference = 0.44 V 

 

To analyze the evolution of electrolyte salt concentration, time snapshots of 1200, 1800, 2200, 

2400, and 3000 seconds were chosen. For the 1C rate, these times effectively map the full cycle: 

mid-to-late discharge, the relaxation phase, and the subsequent charging process. However, due to 

time scaling, these points represent the discharge phase for 0.1C and 0.5C rates, whereas for the 

2C rate, the period from 1800 s onward falls within the charge phase. The average salt 

concentration values were derived from the vertical axis at approximate average horizontal 

coordinates. Figure 13 and Table 7 indicate that the variation in salt concentration widens as the 

C-rate rises. 
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Figure 13. Electrolyte salt concentration at various C-rates. 
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Table 7. Average electrolyte salt concentration ranges within battery components at various C-

rates. 

C-

Rate 

Average Electrolyte 

Salt Concentration 

Range of Negative 

Electrode [0-10]x10-5 

m 

Average Electrolyte 

Salt Concentration 

Range of Electrolyte 

[10-15,2]x10-5 m 

Average Electrolyte Salt 

Concentration Range of 

Positive Electrode [15,2-

32,6]x10-5 m 

0.1 2070 mol/m3 - 2067 

mol/m3 Difference = 3 

mol/m3 

2010 mol/m3 - 2010 

mol/m3 Difference = 0 

mol/m3 

1962 mol/m3 - 1960 mol/m3 

Difference = 2 mol/m3 

0.5 2340 mol/m3 - 2330 

mol/m3 

Difference = 10 mol/m3 

2040 mol/m3 - 2035 

mol/m3 Difference = 5 

mol/m3 

1820 mol/m3 – 1810 mol/m3 

Difference = 10 mol/m3 

1 2700 mol/m3 - 1500 

mol/m3 Difference = 

1200 mol/m3 

2080 mol/m3 - 1970 

mol/m3 Difference = 110 

mol/m3 

2250 mol/m3 - 1600 mol/m3 

Difference = 650 mol/m3 

2 2530 mol/m3 - 1000 

mol/m3 

Difference = 1530 

mol/m3 

2130 mol/m3 - 1800 

mol/m3 Difference = 330 

mol/m3 

2650 mol/m3 - 1650 mol/m3 

Difference = 1000 mol/m3 

 

Figure 14 illustrates that the gradient in solid lithium concentration between the particle surface 

and center intensifies as the C-rate increases. Temporally, the negative electrode exhibits a 

consistent depletion of solid lithium at both the surface and center, whereas the positive electrode 

shows a corresponding accumulation. As supported by Figure 14 and Table 8, the disparity in 

average lithium concentration between the center and surface of the electrode particles widens 

progressively over time and scales proportionally with the C-rate. 
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Figure 14. Solid lithium concentration at five distinct C-rates. 
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Table 8. Center-to-surface lithium concentration differences in negative and positive electrode 

particles across five distinct C-rates. 

C-

Rate 

Time Between Center and Surface, 

Approximate Average Electrode 

Particle Lithium Concentration 

Difference of Negative Electrode 

[0-10]x10-5 m 

Between Surface and Center 

Approximate Average Electrode 

Particle Lithium Concentration 

Difference of Positive Electrode 

[15,2-32,6]x10-5 m 

0.1 10 s. 14870 mol/m3 - 14840 mol/m3 

Difference = 30 mol/m3 

3910 mol/m3 - 3900 mol/m3 

Difference =  10 mol/m3 

100 s. 14870 mol/m3 - 14775 mol/m3 

Difference = 95 mol/m3 

3950 mol/m3 - 3910 mol/m3 

Difference = 40 mol/m3 

300 s. 14870 mol/m3 - 14680 mol/m3 

Difference = 190 mol/m3 

4020 mol/m3 - 3980 mol/m3 

Difference = 40 mol/m3 

0.5 10 s. 14870 mol/m3 - 14740 mol/m3 

Difference = 130 mol/m3 

3950 mol/m3 - 3900 mol/m3 

Difference = 50 mol/m3 

100 s. 14870 mol/m3 - 14380 mol/m3 

Difference = 490 mol/m3 

4150 mol/m3 - 3950 mol/m3 

Difference = 200 mol/m3 

300 s. 14900 mol/m3 - 13900 mol/m3 

Difference = 1000 mol/m3 

4500 mol/m3 - 4300 mol/m3 

Difference = 200 mol/m3 

1 10 s. 14870 mol/m3 - 14600 mol/m3 

Difference = 270 mol/m3 

4000 mol/m3 - 3900 mol/m3 

Difference = 10 mol/m3 

100 s. 14880 mol/m3 - 13900 mol/m3 

Difference = 980 mol/m3 

4365 mol/m3 - 4030 mol/m3 

Difference = 335 mol/m3 

300 s. 14920 mol/m3 - 12900 mol/m3 

Difference = 2020 mol/m3 

5000 mol/m3 - 4670 mol/m3 

Difference = 330 mol/m3 

2 10 s. 14870 mol/m3 - 14370 mol/m3 

Difference = 500 mol/m3 

4105 mol/m3 - 3900 mol/m3 

Difference = 205 mol/m3 

100 s. 14890 mol/m3 - 12950 mol/m3 

Difference = 1940 mol/m3 

4778 mol/m3 - 4150 mol/m3 

Difference = 628 mol/m3 
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300 s. 14980 mol/m3 - 10930 mol/m3 

Difference = 4050 mol/m3 

5860 mol/m3 - 5300 mol/m3 

Difference = 560 mol/m3 

3 10 s. 14870 mol/m3 - 14155 mol/m3 

Difference = 715 mol/m3 

4200 mol/m3 - 3900 mol/m3 

Difference = 300 mol/m3 

100 s. 14897 mol/m3 – 12016 mol/m3 

Difference = 2881 mol/m3 

5110 mol/m3 -  4250 mol/m3 

Difference = 860 mol/m3 

300 s. 15040 mol/m3 - 8967 mol/m3 

Difference = 6073 mol/m3 

6560 mol/m3 -  5790 mol/m3 

Difference = 770 mol/m3 

 

Figure 15 compares the discharge curves across five distinct C-rates (0.1C, 0.5C, 1C, 2C, and 3C).  

 

Figure 15. Comparison of discharge profiles across five distinct C-rates. 

4.2 Electrolyte, Electrode Material Effect on 1D LIB 

Batteries are fundamentally composed of electrodes and electrolytes. Given that battery operation 

relies on electrochemical processes, the intrinsic properties and chemical behavior of these 

materials are fundamental. 

This research [91] investigates the impact of six distinct electrolyte materials using a 1D isothermal 

LIB model within COMSOL Multiphysics. The electrolytes were categorized into two cohorts: 

• Group 1: Two batteries utilizing polymer electrolytes with varying solvents. 

• Group 2: Four batteries employing liquid electrolytes with differing solvents. 
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The specific materials and their properties, sourced from the COMSOL Multiphysics Battery 

Design Module material library, are outlined below: 

1. Polymeric Electrolyte (1:2 EC:DMC): Composed of LiPF6 salt dissolved in a 1:2 volume ratio 

of EC:DMC solvent within a PVDF-HFP polymer matrix. Key properties include a diffusion 

coefficient of 7.5×10-11 m2/s, a transport number of 0.363, and a salt concentration of 1000 mol/m³. 

2. Polymeric Electrolyte (2:1 EC:DMC): Utilizes LiPF6 salt in a 2:1 EC:DMC solvent mixture. It 

retains the same PVDF-HFP polymer structure and identical material properties as the first 

electrolyte. 

3. Liquid Electrolyte (1:1 EC:DEC): A solution based on LiPF6 dissolved in a 1:1 EC:DEC solvent 

system, with a salt concentration of 1000 mol/m³. 

4. Liquid Electrolyte (1:1 EC:DMC): Consists of LiPF6 dissolved in a 1:1 EC:DMC mixture. 

5. Liquid Electrolyte (3:7 EC:EMC): Features LiPF6 in a 3:7 EC:EMC solvent system with a salt 

concentration of 1200 mol/m³. 

6. Liquid Electrolyte (PC:EC:EMC): Composed of LiPF6 in a solvent mixture of 0.1 PC : 0.27 EC 

: 0.63 EMC, also maintaining a salt concentration of 1200 mol/m³. 

Utilizing these distinct electrolyte formulations allows for a comparative analysis of ion transport 

and electrochemical performance within the LIB simulations. Specific time snapshots 1200, 1800, 

2200, 2400, and 3000 s were selected for the electrolyte salt concentration graph to represent 

critical phases of a 1C charge-discharge cycle: 

• 1200 s (Mid-Discharge): Captures the concentration profile during the active discharge 

phase, providing data before the cycle nears completion. 

• 1800 s (Late Discharge): Represents the final stages of discharge, highlighting 

concentration gradients as the battery approaches full depletion. 

• 2200 s (Rest Period): occurs during the 300-second pause following discharge, allowing 

for the observation of post-discharge electrolyte relaxation. 

• 2400 s (Onset of Charge): Marks the beginning of the charging phase, establishing a 

baseline for concentration shifts as energy input begins. 
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• 3000 s (Late Charge): Reflects the profile near the end of the charging process, 

demonstrating how lithium ions redistribute as the battery nears capacity. 

Figure 16 illustrates the spatial distribution of electrolyte salt concentration across the battery cross 

section for six different electrolytes at a 1 C-rate, captured at five distinct time intervals. The 

horizontal axis represents the battery dimension (m), while the vertical axis displays the salt 

concentration (mol/m3). 

An analysis of Figure 16 and Table 9 reveals distinct trends among the groups: 

• Cases A and B: The polymer electrolytes exhibit nearly identical concentration profiles 

across all battery domains (negative electrode, electrolyte, and positive electrode). 

• Cases D, E, and F: The liquid electrolytes demonstrate similar concentration magnitudes. 

Furthermore, the polymer electrolytes (Cases A and B) and Case C (LiPF6 in 1:1 EC:DEC) 

maintain a higher average salt concentration compared to the other formulations. To quantify the 

concentration gradients, the difference between the maximum and minimum concentrations at the 

midpoint of the battery components was calculated and defined as the average electrolyte salt 

concentration range. 
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A) LiPF6 salt in 1:2 EC:DMC (by volume) solvent 

and PVDF-HFP (Polymer, LIB) 

B) LiPF6 salt in 2:1 EC:DMC (by volume) solvent 

and PVDF-HFP (Polymer, LIB) 

  

C) LiPF6 in 1:1 EC:DEC (Liquid, LIB) D) LiPF6 in 1:1 EC:DMC (Liquid, LIB) 

  

E) LiPF6 in 3:7 EC:EMC (Liquid, LIB) F) LiPF6 in 0.1PC:0.27EC:0.63EMC (Liquid, LIB) 

  

Figure 16. Comparative analysis of salt concentration across different LIBs electrolytes at 

selected time steps. 
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Table 9. Ranges of average electrolyte salt concentrations across battery components for LIBs 

utilizing various electrolyte materials. 

Electrolyte Material 

Types 

Average Electrolyte 

Salt Concentration 

Range of Negative 

Electrode [0-10]x10-5 

m 

Average Electrolyte 

Salt Concentration 

Range of Electrolyte 

[10-15,2]x10-5 m 

Average Electrolyte 

Salt Concentration 

Range of Positive 

Electrode [15,2-

32,6]x10-5 m 

LiPF6 salt in 1:2 

EC:DMC (by volume) 

solvent and PVDF-HFP 

(Polymer, LIB) 

2680 mol/m3 – 1495 

mol/m3 Difference = 

1185 mol/m3 

2095 mol/m3 - 1970 

mol/m3 Difference = 125 

mol/m3 

2265 mol/m3 - 1586 

mol/m3 Difference = 679 

mol/m3 

LiPF6 salt in 2:1 

EC:DMC (by volume) 

solvent and PVDF-HFP 

(Polymer, LIB) 

2680 mol/m3 - 1515 

mol/m3 Difference = 

1165 mol/m3 

2095 mol/m3 - 1980 

mol/m3 Difference = 115 

mol/m3 

2245 mol/m3 – 1583 

mol/m3 Difference = 662 

mol/m3 

LiPF6 in 1:1 EC:DEC 

(Liquid, LIB) 

2870 mol/m3 - 1297 

mol/m3 Difference = 

1573 mol/m3 

2122 mol/m3 - 1927 

mol/m3 Difference = 195 

mol/m3 

2395 mol/m3 - 1465 

mol/m3 Difference = 930 

mol/m3 

LiPF6 in 1:1 EC:DMC 

(Liquid, LIB) 

2436 mol/m3 - 1659 

mol/m3 Difference = 

777 mol/m3 

2037 mol/m3 - 1947 

mol/m3 Difference = 90 

mol/m3 

2208 mol/m3 - 1754 

mol/m3 Difference = 454 

mol/m3 

LiPF6 in 3:7 EC:EMC 

(Liquid, LIB) 

2330 mol/m3 - 1725 

mol/m3 Difference = 

605 mol/m3 

2040 mol/m3 - 1953 

mol/m3 Difference = 87 

mol/m3 

2171 mol/m3 - 1807 

mol/m3 Difference = 364 

mol/m3 

LiPF6 in 

0.1PC:0.27EC:0.63EMC 

(Liquid, LIB) 

2333 mol/m3 - 1729 

mol/m3 Difference = 

604 mol/m3 

2031 mol/m3 - 1955 

mol/m3 Difference = 76 

mol/m3 

2167 mol/m3 - 1810 

mol/m3 Difference = 357 

mol/m3 
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Figure 17 illustrates the discharge profiles of LIBs utilizing varying electrolytes across different 

C-rates. In these graphs, voltage (V) is plotted against capacity (Ah/m2). The left panel depicts the 

performance of two batteries with polymer electrolytes, while the right panel displays four 

batteries utilizing liquid electrolytes. A comparison of the discharge curves reveals that the liquid 

electrolyte batteries exhibit higher voltage levels, particularly at elevated C-rates. For a detailed 

quantitative analysis, this data is summarized in Table 10. 

Polymer, LIB Liquid, LIB 

  

Figure 17. Comparative analysis of discharge curves for LIBs utilizing various electrolyte 

materials across five C-rates. 
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Table 10. Voltage-capacity profiles of LIBs utilizing different electrolyte materials evaluated at 

five distinct C-rates. 

Electrolyte 

Material 

Type 

  Capacity (Ah/m2)  

C-rate 0 5 10 15 

P
o
ly

m
er

, 
L

IB
 

0.1 4.2 V 3.875 V 3.65 V 3.2 V 

0.5 4.155 V 3.8 V 3.55 V 3.09 V 

1 4.099 V 3.7 V 3.419 V 2.93 V 

2 4 V 3.5 V 3.14 V 2.58 V 

3 3.93 V 3.31 V 2.86 V - 

L
iq

u
id

, 
L

IB
 

0.1 4.21 V 3.87 V 3.65 V 3.2 V 

0.5 4.17 V 3.82 V 3.57 V 3.1 V 

1 4.14 V 3.74 V 3.47 V 2.98 V 

2 4.08 V 3.6 V 3.28 V 2.7 V 

3 4.02 V 3.47 V 3.08 V - 

 

Among common cathode materials, LCO is distinguished by its superior specific energy density. 

Electrochemical behaviors differ significantly across materials; for instance, LMO batteries 

function within a range of 3.0–4.2 V (3.7 V nominal), whereas LFP cells operate between 2.5–3.65 

V with a nominal voltage of 3.2 V. Although LFP exhibits lower specific capacity and operating 

voltage, it is considered one of the most dependable technologies due to its exceptional voltage 

plateau stability, high-current performance, and slow reaction rate with the electrolyte. In contrast, 

NCA is characterized by high specific capacity and elevated operating voltage [104], offering three 

main benefits: high energy density, outstanding power density, and superior cycle durability. 

Properties for these five positive electrode materials, sourced from the COMSOL Multiphysics 

Battery Design Module material library, are detailed in the Appendix. 

Figure 18 and Table 11 illustrate the average electrode state of charge (AESOC) for five LIBs with 

distinct positive electrode materials, subjected to identical load cycling at a 1C rate. The negative 

electrodes (porous electrode 1) exhibited consistent AESOC values across all battery types 

examined. However, the positive electrodes (porous electrode 2) demonstrated significant 
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variation during the discharge period. LFP showed the largest AESOC increase at 0.33, followed 

by LiNiO2 at 0.31, LMO at 0.30, NCA at 0.14, and LCO with the smallest rise at 0.121. When the 

cathode materials are ranked by increasing reference concentration and density LFP, LMO, 

LiNiO2, NCA, and LCO the order closely aligns with the observed trend in AESOC elevation 

(from highest to lowest). These results confirm the outstanding performance of LFP under high-

rate conditions, as previously noted in [104]. 

Variations in the AESOC offer critical insights into the electrochemical balance, operational 

efficiency, and durability of LIBs throughout charge-discharge cycles. AESOC behavior is heavily 

influenced by the reference concentration and density of the cathode materials, which dictate both 

Li-ion storage capacity and mass transport dynamics. Materials with lower reference 

concentrations and densities, such as LFP and LMO, experience more pronounced AESOC shifts 

during discharge. This occurs because their lower initial volumetric or gravimetric lithium content 

results in a larger fractional depletion of SOC under load. Conversely, high density materials like 

LCO and NCA possess larger total lithium reserves, resulting in more moderate relative SOC 

changes under identical conditions. These trends highlight a fundamental trade-off in battery 

design: materials exhibiting high AESOC fluctuations (e.g., LFP) generally offer superior safety, 

structural stability, and cycle life, albeit at the expense of energy density. In contrast, materials 

with stable AESOC profiles (e.g., LCO, NCA) maximize energy output but are more susceptible 

to structural stress and degradation, potentially shortening the battery's lifespan. 
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LCO LMO 

  

LFP LiNiO2 

  

NCA 

 

Figure 18. Average SOC profiles of porous electrodes in LIBs with different cathode 

compositions during charging and discharging at 1 C-rate. 
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Table 11. Average SOC values of porous electrodes for LIBs having various cathode materials at 

chosen times of 1 C-rate. 

Positive 

Electrode 

Material Type 

 Time (s) 

0 2000 4000 

L
C

O
, 

L
iC

o
O

2
  

Negative Electrode  0.56 0.27 0.519 

Positive Electrode 0.069 0.19 0.087 

L
M

O
, 

L
iM

n
2
O

4
  

Negative Electrode  0.56 0.27 0.519 

Positive Electrode  0.17 0.47 0.21 

L
F

P
, 

L
iF

eP
O

4
  

Negative Electrode  0.56 0.27 0.519 

Positive Electrode 0.18 0.51 0.23 

L
iN

iO
2
  

Negative Electrode  0.56 0.27 0.519 

Positive Electrode 0.16 0.47 0.21 

N
C

A
, 

L
iN

i 0
.8

C
o

0
.1

5

A
l 0

.0
5
O

2
  Negative Electrode  0.56 0.27 0.519 

Positive Electrode 0.08 0.22 0.1 

 

Figure 19 illustrates the lithium concentration values at the surface and center of positive and 

negative electrode particles for five different LIBs at a 1 C-rate. Complementary numerical data is 

provided in Table 12. An analysis of the positive electrode surface data reveals that LFP exhibits 

the most significant variation in particle lithium concentration between the 1200 and 1800-second 

time points. Conversely, LiNiO2 demonstrates the smallest concentration difference over this same 

interval. This trend LFP showing the highest variation and LiNiO2 the lowest is consistent for the 

lithium concentrations observed at the particle center as well. These concentration gradients serve 

as a critical indicator of solid-phase diffusion kinetics and interfacial mechanical stress, 

highlighting the materials' rate capability and long-term structural stability. 
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LCO LMO 

  

LFP LiNiO2 

  

NCA 

 

Figure 19. Profiles of solid-phase lithium concentration at the electrode surface and center for 

different cathode materials during a 1 C-rate discharge. 
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Table 12. Comparison of lithium concentration differences between two surface points of the 

positive electrode for distinct cathode materials during the discharge phase. 

Positive 

Electrode 

Material Type 

Difference of Electrode Particle Lithium Concentration of the Positive Electrode 

Surface Two Chosen Point [(16-30)x10-5 m] According to Time (s) 

10 1200 1800 

L
C

O
, 

L
iC

o
O

2
 

4105 mol/m3-3991 

mol/m3 = 114 mol/m3 

8918 mol/m3-8011 mol/m3 

= 907 mol/m3 

11034 mol/m3 -10108 mol/m3 

= 926 mol/m3 

L
M

O
, 

L
iM

n
2
O

4
 

4069 mol/m3-3992 

mol/m3 = 77 mol/m3 

11341 mol/m3-7023 

mol/m3 = 4318 mol/m3 

13227 mol/m3 -8604 mol/m3 = 

4623 mol/m3 

L
F

P
, 

L
iF

eP
O

4
 

4110 mol/m3-3975 

mol/m3 = 135 mol/m3 

12742 mol/m3 -6465 

mol/m3 = 6277 mol/m3 

16787 mol/m3 -7665 mol/m3 = 

9122 mol/m3 

L
iN

iO
2
 

4059 mol/m3-3997 

mol/m3 = 62 mol/m3 

8337 mol/m3 -8222 mol/m3 

= 115 mol/m3 

10449 mol/m3 -10326 mol/m3 

= 123 mol/m3 

N
C

A
, 

L
iN

i 0
.8

C
o

0
.1

5

A
l 0

.0
5
O

2
 4122 mol/m3-3971 

mol/m3 = 151 mol/m3 

8810 mol/m3 -7979 mol/m3 

= 831 mol/m3 

10920 mol/m3 -10081 mol/m3 

= 839 mol/m3 

 

Figure 20 and Table 13 illustrate the discharge characteristics of the varying cathode materials. At 

the onset of the discharge period, LiNiO2 exhibits the highest initial potential, followed by LCO, 

NCA, and LMO, with LFP showing the lowest potential. However, this hierarchy shifts 

significantly toward the end of the discharge cycle. In the final stages, LCO retains the maximum 

potential, followed by NCA and LMO. Notably, LiNiO2 drops to the second-lowest position, while 

LFP remains at the minimum voltage value. 

Quantitative analysis reveals that LiNiO2 experiences the largest voltage decay, with a difference 

of 3.58 V between 0 and 15 Ah/m2. While this steep drop suggests high energy availability, it 

implies reduced voltage stability, making it suitable for energy-intensive applications where 

stability is secondary. In contrast, LFP demonstrates the most stable profile, with a minimal 

potential difference of just 0.9 V over the same range. Although this smaller voltage window 

indicates lower energy density, the superior stability of LFP supports applications requiring safety 



66 
 

and extended cycle life. As noted in [104], LFP is defined by its lower voltage and slow electrolyte 

reactivity, whereas NCA is distinguished by high specific capacity and elevated operating voltage. 
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LCO LMO 

  

LFP LiNiO2 

  

NCA 

 

Figure 20. Comparative analysis of discharge profiles for LIBs utilizing distinct electrode 

materials across five C-rates. 
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Table 13. Comparative analysis of voltage-capacity profiles for LIBs utilizing distinct electrode 

materials across five C-rates. 

Positive 

Electrode 

Material 

Type 

  Capacity (Ah/m2)  

C-rate 0 5 10 15 

L
C

O
, 
L

iC
o
O

2
 

0.1 4.91 V 4.64 V 4.29 V 3.81 V 

0.5 4.87 V 4.56 V 4.2 V 3.7 V 

1 4.81 V 4.46 V 4.07 V 3.55 V 

2 4.71 V 4.24 V 3.79 V 3.19 V 

3 4.63 V 4.03 V 3.51 V - 

L
M

O
, 
L

iM
n

2
O

4
 0.1 4.2 V 3.875 V 3.65 V 3.2 V 

0.5 4.155 V 3.8 V 3.55 V 3.09 V 

1 4.099 V 3.7 V 3.419 V 2.93 V 

2 4 V 3.5 V 3.14 V 2.58 V 

3 3.93 V 3.31 V 2.86 V - 

L
F

P
, 
L

iF
eP

O
4
 

0.1 3.32 V 3.18 V 2.96 V 2.61 V 

0.5 3.28 V 3.1 V 2.87 V 2.49 V 

1 3.22 V 3.01 V 2.75 V 2.32 V 

2 3.13 V 2.81 V 2.48 V - 

3 3.06 V 2.62 V 2.2 V - 

L
iN

iO
2
 

0.1 6.33 V 4.83 V 3.46 V 2.92 V 

0.5 6.28 V 4.74 V 3.37 V 2.79 V 

1 6.22 V 4.61 V 3.24 V 2.64 V 

2 6.13 V 4.34 V 2.96 V 2.28 V 

3 6.05 V 4.08 V 2.68 V - 

N
C

A
, 

L
iN

i 0
.8

C
o

0
.1

5
A

l 0
.0

5
O

2
 

0.1 4.6 V 4.27 V 3.87 V 3.37 V 

0.5 4.56 V 4.19 V 3.77 V 3.26 V 

1 4.5 V 4.09 V 3.65 V 3.12 V 

2 4.42 V 3.88 V 3.38 V 2.76 V 
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3 4.35 V 3.68 V 3.11  - 

 

4.3 Nanofluid Coolant Effect on 3D BTMS 

The coolants tested included conventional fluids (air and water) as well as nanofluids containing 

Al₂O₃ (2%, 3%, and 5% volume fractions) dispersed in either water or an EGW base and CuO (5% 

volume fraction) with the same bases. 

Figure 21 clearly highlights the critical impact of coolant selection. While air cooling proved 

inadequate, leading to significant temperature spikes, liquid cooling provided vastly superior 

temperature control. The data suggests that cooling performance relies heavily on both the 

nanoparticle concentration and the thermophysical characteristics of the base fluid. Ultimately, 

water-based nanofluids achieved the lowest temperature rise, attributing their success to the 

synergistic effect of water's superior properties and the added thermal conductivity of the 

nanoparticles. 

 

Figure 21. Time-dependent temperature variations for different cooling fluids. 

Figure 22 illustrates three key findings regarding thermal management: first, air cooling is 

inadequate for maintaining thermal stability; second, water-based cooling systems outperform 

their EGW-based counterparts; and third, the suspension each of nanoparticles (Al₂O₃ and CuO) 

in either base fluid significantly enhances heat dissipation, resulting in lower battery surface 

temperatures compared to the base fluids alone. (For each cooling strategy in Figures 22, 23, 25, 
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and 28, localized (narrowed) color scales were utilized in the visualizations to clearly distinguish 

the local temperature gradients and the location of hot spots on the battery surface separately. This 

approach is essential for visualizing the specific thermal distribution details within each model. If 

a unified scale were used, the entire battery surface would appear red for the air-cooling case, while 

it would appear entirely blue for the water-based fluid cases.) 
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Air Water 

  

5% Al2O3 - Water 5% Al2O3 - EGW 

  

5% CuO - Water 5% CuO - EGW 

  

Figure 22. Comparison of 3D temperature contours on the surface for various cooling fluids. 
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As illustrated in Figure 23, the impact of varying volume fractions (2%, 3%, and 5%) was 

evaluated for the Al2O3-Water nanofluid. The data demonstrates that elevating the volumetric 

concentration of Al2O3 nanoparticles significantly improves effective thermal conductivity, 

thereby increasing the convective heat transfer coefficient. This enhancement facilitates superior 

heat dissipation from the battery surface, resulting in a reduction of the Tmax. Consequently, the 

5% Al2O3-Water nanofluid exhibited the optimal thermal management performance among the 

tested concentrations. 
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2% Al2O3 - Water 

 

3% Al2O3 - Water 

 

5% Al2O3 - Water 

 

Figure 23. Influence of Al₂O₃-Water nanofluid volumetric concentration on the battery's 3D 

thermal distribution. 
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3D thermal analysis was conducted on an air-cooled cylindrical LIB under three distinct coolant 

velocities. As depicted in Figure 24, the efficiency of the thermal management system correlates 

directly with fluid velocity. Elevating the inlet velocity (Vinlet) proved to be a decisive factor in 

reducing operational temperatures by intensifying the cooling process. The maximum velocity of 

0.2 m/s resulted in the lowest total battery temperature rise, effectively maximizing heat removal. 

At this velocity, the Reynolds number was estimated at approximately 266, confirming that the 

flow remained well within the laminar regime. Consistent with this finding, the Laminar Flow 

interface was utilized for all air cooling simulations. However, this thermal enhancement 

necessitates a significant energy trade-off: the pumping power required at 0.2 m/s increased by a 

factor of 16 relative to the 0.05 m/s baseline. 

 

Figure 24. Comparative analysis of the effect of varying Vinlet on the time-dependent ΔT. 

Figure 25 elucidates the direct correlation between the air Vinlet and cooling efficiency. A fourfold 

increase in flow velocity (from 0.05 m/s to 0.2 m/s) resulted in a reduction of approximately 15.5°C 

in the battery's Tmax. This significant thermal improvement is attributed to the higher mass flow 

rate interacting with the battery surface. Furthermore, the velocity streamlines corroborate this 

behavior: as Vinlet rises, the maximum local fluid velocity scales from 0.18 m/s to 0.65 m/s. This 

high-momentum flow effectively thins the thermal boundary layer, thereby augmenting the 

convective heat transfer coefficient and optimizing heat dissipation. 
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Vinlet= 0.05 m/s 

 

Vinlet= 0.1 m/s 

 

Vinlet= 0.2 m/s 

 

Figure 25. Impact of Vinlet on the battery's 3D surface temperature profile and velocity 

streamlines under air-cooling conditions. 
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4.4 3D BTMS with the Taguchi Optimization Method 

Simulations of the 3D battery thermal model were performed for the 9 distinct parameter 

combinations planned according to the Taguchi L9 orthogonal array. The Tmax, serving as the 

primary response variable for the study, was recorded for each experimental condition and is 

summarized in Table 14. 

An examination of the findings in Table 14 clearly indicates that the level changes in the control 

factors have a significant impact on the battery's thermal performance. The resulting Tmax values 

are distributed over a wide range, from 35.5°C to 50.0°C (a variation of 14.5°C). 

• Lowest Tmax (Desired State): The minimum Tmax was observed as 35.5°C in the L9 

experiment (A3, B3, C2, D1) configuration. This condition represents the combination of 

Water as the base fluid, a 5% Al₂O₃ volume fraction, a 3 × r_batt battery distance, and a 

293.15 K Tinlet. Another similarly low temperature of 36.0°C was obtained in the L5 

experiment (A2, B2, C3, D1). 

• Highest Tmax (Undesired State): The Tmax value was recorded as 50.0°C in the L3 

experiment (A1, B3, C3, D3) configuration. This condition involved the settings of 

Ethylene Glycol as the base fluid, a 5% Al₂O₃ volume fraction, a 3.5 × r_batt battery 

distance, and a 303.15 K inlet temperature. 

These raw Tmax results reveal a distinct difference of 14.5°C between the best-case (L9) and worst-

case (L3) scenarios, proving how critical the selected parameters are for optimization. 
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Table 14. L9 orthogonal array configuration and the obtained Tmax results. 

Orthogonal 

Design 

A B C D Tmax 

(°C) 

L1 1 1 1 1 48.5 

L2 1 2 2 2 48 

L3 1 3 3 3 50 

L4 2 1 2 3 46 

L5 2 2 3 1 36 

L6 2 3 1 2 45 

L7 3 1 3 2 38.5 

L8 3 2 1 3 47.5 

L9 3 3 2 1 35.5 

 

To minimize the battery Tmax, the "smaller-is-better" S/N analysis was applied. The S/N ratio 

response table, presented in Table 15, shows the average S/N ratios for each control factor (A, B, 

C, D) at their different levels. According to the Taguchi methodology, for the 'smaller-is-better' 

objective, the level with the highest S/N ratio is considered the optimal level for that factor. 

Analyzing the table: 

• Factor A (Base Fluid): The highest S/N ratio (-32.08) was obtained at Level 3 (Water). 

• Factor B (Volume Fraction (Φ)-Al2O3): The highest S/N ratio (-32.68) was obtained at 

Level 3 (5%). 

• Factor C (Battery-Battery Distance): The highest S/N ratio (-32.27) was obtained at Level 

3 (3.5 × r_batt). 

• Factor D (Tinlet): The highest S/N ratio (-31.95) was obtained at Level 1 (293.15 K). 

Based on these findings, the optimal parameter combination that minimizes the Tmax value is 

determined to be A3-B3-C3-D1. 
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The 'Delta' value in the table (the difference between the maximum and minimum S/N ratio for 

each factor) indicates the relative influence of that factor on the response variable (Tmax). The 

'Rank' column orders the factors by this magnitude of effect: 

1. Factor A (Base Fluid) (Delta = 1.69) 

2. Factor D (Tinlet) (Delta = 1.64) 

3. Factor C (Battery-Battery Distance) (Delta = 1.17) 

4. Factor B (Φ-Al2O3) (Delta = 0.21) 

This ranking clearly demonstrates that the base fluid and Tinlet are the most dominant factors 

affecting the battery cooling performance. Conversely, the Φ-Al2O3 (Factor B) was found to be the 

least influential factor on Tmax within the range studied. 

Table 15.  S/N ratio responses for Tmax (smaller-is-better). 

Level A B C D 

1 -33,77 -32,89 -33,44 -31,95 

2 -32,48 -32,76 -32,63 -32,80 

3 -32,08 -32,68 -32,27 -33,59 

Delta 1,69 0,21 1,17 1,64 

Rank 1 4 3 2 

 

To validate the findings from the S/N ratio analysis and to observe the direct effect of the factors 

on the raw temperature data, the mean Tmax values at each factor level were examined. The 

"response table for means," presented in Table 16, lists the average Tmax obtained at levels 1, 2, 

and 3 for each parameter. As the objective of the study is to minimize Tmax, the level with the 

lowest average temperature for each factor indicates the preferred level. 

According to the table: 
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• Factor A (Base Fluid): The lowest mean temperature (40.50°C) was obtained at Level 3 

(Water - W). 

• Factor B (Φ-Al2O3): The lowest mean temperature (43.50°C) was obtained at Level 3 (5%). 

• Factor C (Battery-Battery Distance): The lowest mean temperature (41.50°C) was obtained 

at Level 3 (3.5 × r_batt). 

• Factor D (Tinlet): The lowest mean temperature (40.00°C) was obtained at Level 1 (293.15 

K). 

These results directly confirm the A3-B3-C3-D1 optimal combination identified by the S/N ratio 

analysis (Table 15). 

Furthermore, the 'Delta' value in the table (the difference between the maximum and minimum 

mean Tmax for each factor) represents the magnitude of that factor's absolute effect on Tinlet. The 

'Rank' column orders the factors by this magnitude of effect: 

1. Factor A (Base Fluid) (Delta = 8.33°C) 

2. Factor D (Tinlet) (Delta = 7.83°C) 

3. Factor C (Battery-Battery Distance) (Delta = 5.50°C) 

4. Factor B (Φ-Al2O3) (Delta = 0.83°C) 

This ranking is in perfect agreement with the ranking obtained from the S/N ratio analysis (Rank: 

1-A, 2-D, 3-C, 4-B). Both analyses consistently demonstrate that the base fluid (A) has the most 

significant effect on Tmax, followed closely by the Tinlet (D). The effect of the Φ-Al2O3 (B) is 

markedly less significant compared to the other factors. 
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Table 16. Mean responses for Tmax. 

Level A B C D 

1 48,83 44,33 47,00 40,00 

2 42,33 43,83 43,17 43,83 

3 40,50 43,50 41,50 47,83 

Delta 8,33 0,83 5,50 7,83 

Rank 1 4 3 2 

 

As part of the Taguchi analysis, a "main effects plot" was generated to visualize the impact of each 

control factor (A, B, C, D) on the battery's Tmax. This plot, presented in Figure 26, is a graphical 

representation of the "response table for means" (previously shown in Table 16). The vertical axis 

represents the mean Tmax value, while the horizontal axis shows the levels (1, 2, 3) for each factor. 

Since the study's objective is to minimize Tmax, the lowest point on the plot for each factor indicates 

its optimal level: 

• Factor A (Base Fluid): The lowest mean temperature is achieved at Level 3 (Water). 

• Factor B (Φ-Al2O3): The lowest mean temperature is at Level 3 (5%). 

• Factor C (Battery-Battery Distance): The lowest mean temperature is at Level 3 (3.5 × 

r_batt). 

• Factor D (Tinlet): The lowest mean temperature is at Level 1 (293.15 K). 

This visual analysis clearly shows that the conditions for optimal Tmax performance are A3-B3-C3-

D1, confirming the findings from Tables 15 and 16. 

Furthermore, the steepness (slope) of a line represents the magnitude of that factor's effect (its 

significance) on Tmax. 
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• Factor A (Base Fluid) and Factor D (Tinlet) exhibit the steepest slopes between levels. This 

visually proves that these two parameters are the most dominant factors in controlling the 

battery temperature. 

• Factor C (Battery-Battery Distance) also shows a significant negative trend, reducing 

temperature from Level 1 to Level 3, indicating it is an important factor. 

• In stark contrast, the line for Factor B (Φ-Al2O3) is nearly horizontal. This indicates that 

the nanofluid concentration, within the studied range of 2%-5%, has very little (or 

negligible) statistical effect on Tmax. 

These visual findings are in perfect agreement with the calculated 'Rank' (Rank: 1-A, 2-D, 3-C, 4-

B) from the previous response Tables 15 and 16. 

 

Figure 26. Main effects of the means for Tmax. 

To determine the optimal levels of the four control factors, the main effects plot for the "smaller-

is-better" S/N ratio data was plotted, as presented in Figure 27. In this graph, the vertical axis 

represents the mean of S/N ratios. According to the Taguchi methodology, the highest S/N ratio 

value is desired, as it signifies a performance that is both on target (low Tmax) and robust against 

noise (low variation). 

Upon examining the plot, the levels that yield the highest S/N ratio for each factor are as follows: 

• Factor A (Base Fluid): The highest S/N ratio is observed at Level 3 (Water). 

• Factor B (Φ-Al2O3): The highest S/N ratio is observed at Level 3 (5%). 
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• Factor C (Battery-Battery Distance): The highest S/N ratio is observed at Level 3 (3.5 × 

r_batt). 

• Factor D (Tinlet): The highest S/N ratio is observed at Level 1 (293.15 K). 

This analysis visually confirms that the optimal conditions required to minimize Tmax are A3-B3-

C3-D1. This result is in perfect consistency with the main effects plot for means (Figure 26). 

Furthermore, the slopes of the lines in the plot corroborate the factor ranking. Factor A (base fluid) 

and Factor D (Tinlet) demonstrate the sharpest changes in S/N ratio between levels, proving they 

are the most influential factors. Conversely, the line for Factor B (Φ-Al2O3) is nearly horizontal, 

confirming it has the least significant impact by causing very little change in the S/N ratio. These 

findings perfectly align with the 'Rank' established in the S/N response table (Table 15). 

 

Figure 27. Main effects of the S/N ratios for Tmax. 

ANOVA is a statistical method used to decompose and identify the sources of total variability 

observed in results. Developed by R.A. Fisher, this method tests the statistical significance of the 

parameters (control factors) on the process output. Its fundamental principle is based on the ratio 

of between-group variability (factor effect) to within-group variability. 

ANOVA was performed to quantitatively determine the statistical significance and relative 

influence of the four control factors (A, B, C, D) on the battery Tmax. The ANOVA results are 

summarized in Table 17. 
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In this study, as an L9 array was used for 4 factors at 3 levels, the total 8 degrees of freedom (DF) 

were assigned to the factors (Total DF = 9 runs - 1 = 8; Factor DF = 4 factors * (3 levels - 1) = 8). 

This is known as a "saturated" design, which leaves zero DF for the residual error (DF_Error = 0). 

Consequently, standard F-values and P-values cannot be calculated (indicated by '*' in the table). 

In such a case, the strength of each factor's effect on Tmax is determined by examining its "adjusted 

sum of squares" (Adj SS) and calculating its "percentage contribution" (P%). The P% shows that 

factor's share of the total variation. 

The ANOVA results statistically confirm the findings from the S/N ratio and main effects plots. 

1. Factor A (Base Fluid) is identified as the most dominant factor influencing Tmax, with a 

contribution of 44.96%. 

2. Factor D (Tinlet) is the second most significant factor at 36.00%. 

3. Factor C (Battery-Battery Distance) has a moderate effect with a contribution of 18.65%. 

4. Factor B (Φ-Al2O3), with a contribution of only 0.41%, has a statistically insignificant 

(negligible) effect on Tmax. 

This analysis quantitatively demonstrates that efforts to reduce battery temperature should 

primarily focus on the selection of the base fluid and the coolant Tinlet. 

Table 17.  ANOVA of the Tmax means. 

Source DF Seq SS Adj SS Adj MS F P 

A 2 115,056 115,056 57,5278 * * 

B 2 1,056 1,056 0,5278 * * 

C 2 47,722 47,722 23,8611 * * 

D 2 92,056 92,056 46,0278 * * 

Residual Error 0 * * * 
  

Total 8 255,889 
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The Taguchi S/N ratio and ANOVA analyses identified the optimal parameter combination as A3-

B3-C3-D1 for minimizing Tmax. To validate the performance of this optimal design (Water-based, 

5% Al₂O₃, 3.5 × r_batt distance, 293.15 K Tinlet) and to quantify the effectiveness of the 

optimization, a confirmation simulation was performed in COMSOL Multiphysics using this new 

configuration. 

Figure 28 presents a direct comparison between the results of this confirmation run (post-

optimization) and the initial experimentally validated air-cooled reference model (pre-

optimization) used at the study's outset. 

• Figure 28 (Pre-Optimization): This shows the baseline air-cooled reference model. Upon 

examining the temperature color scale, it is evident that the battery surface is 60°C - 

62.5°C. This temperature is above the safe operating limit for LIBs (typically below 60°C) 

and carries a risk of thermal runaway. 

• Figure 28 (Post-Optimization): This shows the nanofluid-cooled model based on the 

optimal A3-B3-C3-D1 design found via the Taguchi method. The temperature scale 

(30.5°C - 33.5°C) on the battery surface demonstrates a dramatic improvement in cooling 

performance. In the optimized design, the Tmax is successfully limited to approximately 

33.5°C. 

This comparison quantitatively proves the success of the Taguchi optimization. The optimal 

nanofluid-cooled design achieved a remarkable reduction of 29.0°C in battery Tmax compared to 

the initial air-cooled design. 

It is also noteworthy that this Tmax of 33.5°C is even lower than the best result obtained within the 

L9 experimental array (35.5°C from the L9 run). This validates the predictive capability of the 

Taguchi method, showing it can not only identify the best result within an experimental set but 

also successfully predict an "optimum" combination outside of that set that performs even better. 
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Pre-optimization Air Cooled Model Taguchi-Optimized (A3-B3-C3-D1) Nanofluid 

Cooled Model 

  

Figure 28. Surface temperature contours and velocity streamlines for the baseline air-cooled and 

optimized (A3-B3-C3-D1) nanofluid-cooled models. 

To evaluate the effect of optimization on the battery's thermal behavior, not only in terms of Tmax 

but also in terms of heating rate, a time-dependent analysis was conducted. Figure 29 illustrates 

the temperature increase in the battery over a 300-second operating period. 

• Air-Cooled Model: This represents the initial air-cooled reference model. As seen in the 

graph, the temperature rise in this model is very rapid (steep slope), and at the end of the 

300-second period, the ΔT reached approximately 18.7°C. This indicates that heat is not 

being effectively dissipated and is rapidly accumulating in the system. 

• Optimized Nanofluid Model: This represents the A3-B3-C3-D1 configuration optimized 

via the Taguchi method. In this model, the heating rate is significantly slower (a much 

flatter slope). At the end of the same 300-second period, the temperature rise in the 

optimized system was limited to only approximately 5.1°C. 

This graph proves that the thermal stability of the optimized A3-B3-C3-D1 design is far superior. 

The optimized system achieved an approximate 73% reduction in the rate of temperature increase 

compared to the initial air-cooled system (5.1°C vs. 18.7°C). 

This finding corroborates the low Tmax value seen in Figure 28: the optimized nanofluid cooling 

system driven by the dominant effects of the (A) base fluid (Water) and (D) Tinlet (293.15 K) is 
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able to dissipate the heat generated by the battery much more efficiently, preventing it from 

reaching dangerous temperature levels. 

 

Figure 29. Time-dependent ΔT for the pre-optimization air-cooled and post-optimization (A3-

B3-C3-D1) nanofluid-cooled models. 

5. CONCLUSION 

As the modeling of energy storage systems remains essential for future developments, 

understanding the interplay between design choices and functional performance is crucial. LIBs, 

distinguished by their high energy and power density, continue to be a focal point of this research. 

Through the simulation of a 1D isothermal LIB in COMSOL Multiphysics, this study first 

investigated the impact of varying C-rates. The findings confirm that higher C-rates exacerbate 

internal heterogeneity, causing significant increases in voltage spreads, electrolyte salt 

concentration gradients, and the diffusion lag between the particle surface and center. 

Building on the fundamental components of battery systems electrodes and electrolytes the model-

guided selection of functional materials was identified as a critical strategy for designing efficient 

battery configurations. The investigation into material selection using the Battery Design Module 

revealed significant performance differences. The results indicate that batteries utilizing polymer 

electrolytes generally exhibit an average electrolyte salt concentration range within the electrodes 

that is approximately 70% higher than those using liquid electrolytes. Similarly, the concentration 

range within the electrolyte component itself is roughly 40% higher for polymers. Regarding 
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discharge performance, liquid electrolytes consistently demonstrated a voltage advantage of 

approximately 0.05 V at a 1 C-rate compared to polymer variants. 

Further investigation into positive electrode materials revealed that materials with lower 

concentration and density experienced more pronounced increases in AESOC values during 

discharge and sharper declines during charging. Specifically, LiNiO2 showed the highest initial 

voltage (6.17 V) and the largest voltage differential (3.58 V), whereas LFP started with the lowest 

initial voltage (3.21 V) and showed the smallest potential difference (0.9 V). Based on these 

findings, distinct material recommendations are proposed: LiNiO2 and NCA are recommended for 

high-energy applications (e.g., EVs), while LFP is recommended for safety and stability-critical 

applications due to its balanced trade-off between performance and cycle life. 

Complementing the electrochemical analysis, this study provided a comprehensive thermal 

analysis of a 3D cylindrical LIB model. The results underscore that the selection of coolant, flow 

parameters, and nanofluid concentration is critical for effective temperature control. Liquid 

cooling demonstrated superior thermal management capabilities compared to air cooling. Under 

air cooling (Vinlet = 0.1 m/s), the battery experienced ΔT of ~18.5°C and a surface Tmax ~62.5°C 

after 300 seconds, whereas all liquid cooling scenarios ensured stable operation, limiting the ΔT 

to below 6°C and the surface Tmax to below 41.5°C. Furthermore, the inclusion of Al2O3 and CuO 

nanoparticles significantly improved thermal performance, with optimal results achieved using 

water-based nanofluids. 

Finally, the Taguchi L9 orthogonal array methodology, combined with S/N ratio analysis and 

ANOVA, was successfully applied to minimize the Tmax of the cylindrical LIB. Based on the 

smaller-is-better S/N ratio analysis, the optimal parameter combination was determined to be a 

Water (W) base fluid, a 5% Al2O3 volume fraction, a 3.5 x r_batt battery distance, and a 293.15 K 

(20°C) Tinlet. The ANOVA identified the base fluid as the most dominant factor (44.96% 

contribution), closely followed by the Tinlet (Factor D) with a 36.00%. The optimized nanofluid-

cooled design achieved a Tmax of 33.5°C, representing a 29.0°C reduction compared to the air-

cooled reference model and performing better than the best result within the experimental matrix. 

This confirms the Taguchi method as an efficient and powerful statistical tool for optimizing a 

BTMS, validating the study's approach to enhancing simulation accuracy and making informed 

material decisions for reliable LIB systems. 



88 
 

ABBREVIATATIONS 

BTMS Battery Thermal Management Systems 

EG Ethylene Glycol 

EGW Ethylene Glycol Water 

ANOVA Analysis of Variance 

Tmax Maximum Temperature 

Tinlet Inlet Temperature 

LFP Lithium Iron Phosphate 

LIB Lithium-ion Battery 

EV Electric Vehicle 

NiCd Nickel-Cadmium 

NiMH Nickel-Metal Hydride 

NiZn Nickel-Zinc 

AgZn Silver-Zinc 

Li-ion Lithium-ion 

DOD Depth of Discharge 

SOC State of Charge 

BMS Battery Management Systems 

Ah Ampere-Hours 

LCO Lithium Cobalt Oxide 

LMO Lithium Manganese Oxide 

NMC Lithium Nickel Manganese Cobalt Oxide 

NCA Lithium Nickel Cobalt Aluminum Oxide 

DMC Dimethyl Carbonate 

DEC Diethyl Carbonate 

EMC Ethyl Methyl Carbonate 

EC Ethylene Carbonate 

PC Propylene Carbonate 

LiPF6 Lithium Hexafluorophosphate 

HEV Hybrid Electric Vehicle 
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PHEV Plug-in Hybrid Electric Vehicle 

PCM Phase Change Material 

DCR Direct Current Resistance 

SEM Scanning Electron Microscope 

ECM Equivalent Circuit Model 

S/N Signal-to-Noise 

1D One-Dimensional 

PVDF-HFP Poly (Vinylidene Fluoride-Hexafluoropropylene) 

Ref. Reference 

Eq. Equation 

ΔT Temperature Change 

OCV Open Circuit Voltage 

AESOC Average Electrode State of Charge 

Vinlet Inlet Velocity 

Φ Volume Fraction 
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APPENDIX 

Table A. Key parameters for five selected positive electrode materials. 

Electrode 

Material Type 

Electrical 

Conductivity 

Reference 

Concentration 

Maximum- 

Minimum 

Electrode 

SOC 

Poisson’s 

Ratio 

Young’s 

Modulus 

Density Difussion 

Coefficient 

Some Other 

Properties 

LCO, LiCoO2 1.13 mS/cm 56250 mol/m3 1 

0.43 

0.24 191 GPa 5000 

kg/m3 

5×10-13 m2/s Coefficient of 

Thermal 

Expansion 

1.3×10-5 1/K 

LMO, LiMn2O4 3.8 S/m 22860 mol/m3 0.995 

0.175 

0.26 194 GPa 4140 

kg/m3 

  

LFP, LiFePO4 91 S/m 21190 mol/m3 0.90 

0.01 

0.3 117.8 

GPa 

3600 

kg/m3 

3.2×10-13 

m2/s 

Thermal 

Conducti

vity 

Heat 

Capacity 

at 

Constant 

Pressure 

1 

W/(m×

K) 

881 

J/(kg×

K) 

LiNiO2 100 S/m 23000 mol/m3 1 

0.45 

  4650 

kg/m3 

 Temperature 

Derivative of 

Equilibrium 

Potential 

0 V/K 

NCA, 

LiNi0.8Co0.15Al0.05

O2 

91 S/m 48000 mol/m3 1 

0.25 

  4740 

kg/m3 

1.5×10-15 

m2/s 
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