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ABSTRACT 

The growing integration of renewable energy sources and the electrification of transport 

systems have increased the demand for efficient and reliable energy storage technologies. Lithium-

ion batteries (Li-ion) are at the forefront of this transition due to their high energy density, long 

cycle life, and efficiency. However, their performance and safety are susceptible to temperature 

fluctuations. In electric vehicles (EVs), elevated or non-uniform temperatures can cause 

degradation, efficiency loss, and thermal runaway, posing safety risks. 

This thesis presents a multi-level framework combining experimental characterization, 

electrothermal modelling, deep learning-based prediction, and advanced thermal management 

strategies. Temperature- and state of charge (SoC) dependent parameters such as open-circuit 

voltage, internal resistance, and entropic heat were extracted through experiments. These 

parameters inform the development of electrothermal models for two chemistries: LFP (prismatic) 

and NMC (cylindrical). The modelling includes resistance-based approaches and equivalent circuit 

models with inductive elements, enabling accurate prediction of temperature and voltage 

behaviour across varied discharge conditions. To enhance prediction under variable operating 

environments, data-driven models including Long Short-Term Memory (LSTM), Gated Recurrent 

Unit (GRU), and Transformer were trained on datasets collected at 4 °C, 24 °C, and 43 °C. These 

models estimate SoC, voltage, and temperature while capturing electrothermal dynamics and 

ageing indicators such as capacity fade and resistance growth. This integration of machine learning 

supports real-time monitoring and decision-making for battery management systems.  

Thermal management solutions are then explored through a detailed numerical 

investigation of passive cooling with Phase Change Materials (PCMs). The effect of discharge 
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rate, melt fraction, and PCM layer thickness (1.25 mm, 2.50 mm, and 5.00 mm) is analyzed to 

identify optimal configurations that maintain thermal safety without overdesign. Performance 

metrics such as the Cell Cooling Coefficient and PCM Cooling Enhancement Factor are 

introduced. Building on this, an AHP-TOPSIS framework is applied to rank over 110 

commercially available PCMs based on ten thermophysical and safety attributes. The simulation 

results guide the selection to ensure compatibility between PCM thermal properties, discharge-

dependent heat loads, and optimal thickness configuration. The study also compares PCM-based 

cooling with passive immersion techniques using dielectric liquids like water-glycol, silicone, and 

mineral oil. A hybrid battery thermal management system is developed by integrating PCM with 

a liquid cooling jacket to improve thermal regulation beyond passive methods. A vehicle-level 

hybrid framework is also constructed in MATLAB Simulink to simulate coupling between an 

electric vehicle's battery and cabin thermal systems, allowing analysis of shared thermal loads and 

energy consumption. 

Overall, this research delivers a scalable and technically rigorous strategy for improving 

the safety, thermal stability, and performance of Li-ion batteries. The work offers actionable 

insights for real-time diagnostics and future battery system development by integrating 

electrothermal modelling, machine learning, and advanced cooling design. It also contributes to 

sustainability by supporting clean energy technologies aligned with the UN Sustainable 

Development Goals (SDG 7 and SDG 13) and India's FAME and National Electric Mobility 

Mission. 

Keywords: Electrothermal modelling; Lithium-ion battery; Phase Change Materials; Deep 

learning; Hybrid thermal management systems 
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सारांश 

अ"य ऊजा( )ोतो ं के बढ़त े एकीकरण और प7रवहन ;णािलयो ं के िवद्युतीकरण ने कुशल और 

िवBसनीय ऊजा( भंडारण ;ौGोिगिकयो ंकी मांग को बढ़ा िदया है। िलिथयम-आयन बैटरी (ली-आयन) अपने 

उS ऊजा( घनU, लंब ेचX जीवन और द"ता के कारण इस प7रवत(न मZ सबसे आग ेह[। हालांिक, उनका 

;दश(न और सुर"ा तापमान के उतार-चढ़ाव के ;ित संवेदनशील ह[। इले\]̂क वाहनो ं (ईवी) मZ, ऊंचा या 

असमान समान तापमान "रण, द"ता मZ कमी और थम(ल रनवे का कारण बन सकता है, िजससे सुर"ा जो\खम 

पैदा हो सकता है। 

यह शोध-;बंध ;ायोिगक ल"ण-वण(न, िवद्युत-तापीय मॉडिलंग, गहन अिधगम-आधा7रत पूवा(नुमान 

और उdत तापीय ;बंधन रणनीितयो ंको िमलाकर एक बe-fरीय gपरेखा ;fुत करता है। तापमान और 

आवेश की अवhा (SoC) पर िनभ(र ;ाचल, जैसे िक खुला-प7रपथ वोlेज, आंत7रक ;ितरोध और एm̂ॉपी 

ऊnा, ;योगो ं के माoम से िनकाले गए। ये ;ाचल दो रसायन िवpानो:ं LFP (ि;ज़मैिटक) और NMC 

(िसलZडरनुमा) के िलए िवद्युत-तापीय मॉडल के िवकास को सूिचत करत ेह[। इस मॉडिलंग मZ ;ितरोध-आधा7रत 

xिyकोण और ;ेरक तUो ंवाले समतुz प7रपथ मॉडल शािमल ह[, जो िविभd िनव(हन \hितयो ंमZ तापमान और 

वोlेज {वहार का सटीक पूवा(नुमान लगाने मZ स"म बनात ेह[। प7रवत(नशील प7रचालन प7रवेशो ंमZ पूवा(नुमान 

को बेहतर बनान ेके िलए, दीघ(-अ|कािलक }ृित (LSTM), गेटेड आवत(क इकाई (GRU), और ट̂ांसफाम(र 

सिहत डेटा-संचािलत मॉडलो ंको 4°C, 24°C और 43°C पर एकि�त डेटासेट पर ;िशि"त िकया गया। ये 

मॉडल िवद्युत-तापीय गितकी और "मता "ीणन तथा ;ितरोध वृ\� जैसे आयु सूचको ंको �हण करत ेeए 

SoC, वोlेज और तापमान का अनुमान लगाते ह[। मशीन अिधगम का यह एकीकरण बैटरी ;बंधन ;णािलयो ं

के िलए वाfिवक समय की िनगरानी और िनण(य लेने मZ सहायक होता है। 

त��ात, ताप ;बंधन समाधानो ंका अ�ेषण चरणब� gप से फेज़ चZज मटे7रयल (पीसीएम) आधा7रत 

पैिसव कूिलंग के सं�ा�क िव�ेषण के माoम से िकया गया है। िड�चाज( दर, मेl �ै�न, और पीसीएम 
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परत की मोटाई (1.25 िममी, 2.50 िममी, और 5.00 िममी) के ;भाव का िव�ेषण िकया गया है तािक ऐसे 

िव�ास की पहचान की जा सके जो अिधक िडज़ाइन िकए िबना तापीय सुर"ा बनाए रखZ। ;दश(न संकेतको ं

जैसे सेल कूिलंग गुणांक (Cell Cooling Coefficient) और पीसीएम कूिलंग संवध(न गुणांक (PCM Cooling 

Enhancement Factor) को प7रभािषत िकया गया है। इसके आधार पर, एक AHP-TOPSIS gपरेखा को 

लाग ूिकया गया है, िजसमZ दस थम¬िफिज़कल और सुर"ा गुणो ंके आधार पर 110 से अिधक वािण\­क पीसीएम 

को र[क िकया गया है। िसमुलेशन प7रणाम पीसीएम की तापीय िवशेषताओ,ं िड�चाज(-िनभ(र ऊnा भार, और 

इyतम मोटाई कॉ\¯फ़गरेशन के बीच अनुकूलता सुिनि�त करने मZ माग(दश(न करत ेह[। अoयन मZ पीसीएम-

आधा7रत कूिलंग की तुलना पैिसव इमश(न तकनीको ंसे भी की गई है, िजसमZ जल-±ाइकोल, िसिलकॉन, और 

िमनरल ऑयल जैसे डाइइले\]̂क ³वो ंका उपयोग िकया गया है। इसके अित7र´, एक हाइिµड बैटरी थम(ल 

;बंधन ;णाली िवकिसत की गई है िजसमZ पीसीएम को तरल शीतलन जैकेट के साथ एकीकृत िकया गया है, 

तािक पैिसव तरीको ंकी तुलना मZ उdत तापीय िनयं�ण ;ा¶ िकया जा सके। MATLAB िसमुिलंक मZ एक 

वाहन-fरीय हाइिµड ढांचा भी िनिम(त िकया गया है, जो इले\]̂क वाहन की बैटरी और केिबन थम(ल ;णािलयो ं

के बीच यु¹न का अनुकरण करता है, िजससे साझा ऊnा भार और ऊजा( खपत का िव�ेषण संभव होता है। 

सम� gप से,, यह शोध िलिथयम-आयन बैट7रयो ंकी सुर"ा, तापीय \hरता और ;दश(न मZ सुधार के 

िलए एक मापनीय और तकनीकी gप से सुxढ़ रणनीित ;दान करता है। यह काय( इले]̂ोथम(ल मॉडिलंग, 

मशीन लिन»ग और उdत शीतलन िडज़ाइन को एकीकृत करके वाfिवक समय िनदान और भिव¼ की बैटरी 

;णाली के िवकास के िलए {ावहा7रक अंतx(िy ;दान करता है। यह संयु´ राŷ सतत िवकास ल½ो ं(एसडीजी 

7 और एसडीजी 13) और भारत के FAME और राŷीय इले\]̂क मोिबिलटी िमशन के अनुgप ¿À ऊजा( 

;ौGोिगिकयो ंका समथ(न करके \hरता मZ भी योगदान देता है। 

मु� शÁ (कीवड(): इले]̂ोथम(ल मॉडिलंग; िलिथयम-आयन बैटरी; फेज़ चZज मटे7रयल; डीप लिन»ग; 

हाइिµड थम(ल ;बंधन ;णािलयां  



 

ix 

 

 

Contents 

 Page No. 
  
CERTIFICATE i 
ACKNOWLEDGEMENTS iii 
ABSTRACT v 
List of Figures xiii 
List of Tables xix 
List of Symbols xxi 
  
1 Introduction 1 
 1.1 Background 1 
 1.2 Motivation 3 
 1.3 Overview of Lithium-ion Cell Design and Thermal Dynamics 5 
 1.4 Working Principles of Lithium-ion Cells 10 
 1.5 Heat Generation and Thermal Dynamics 11 
 1.6 Thermal Issues of Lithium-ion Batteries 15 
 1.7 Organization of Thesis 21 
2 Literature Review 25 
 2.1 Preface 25 
 2.2 Battery Modelling Approaches 25 
 2.3 Battery Thermal Management System 33 
 2.4 Summary and conclusions of Literature Review 48 
 2.5 Problem Definition and Research Gaps 50 
 2.6 Objectives 51 
3 Parametrization of Li-ion Battery Model 53 
 3.1 Preface 53 
 3.2 Parameterization Methods 54 
 3.3 Experimental Setup and Parameter Identification for LFP Li-ion 

Battery 
61 

 3.4 Experimental Setup and Parameter Identification for NMC Li-
ion Battery 

66 

 3.5 Summary and conclusions 75 
 3.6 Closure 76 
4 Electrothermal Model of LFP Li-ion Battery 77 
 4.1 Introduction 77 
 4.2 Numerical formulation and Problem definition 77 
 4.3 Governing equations for Electrothermal model 79 
 4.4 Electrothermal Model Definitions Based on Parameter 

Dependency 
89 

 4.5 Results and discussion 91 
 4.6 Summary and conclusions 102 
 4.7 Closure 104 
5 Electrothermal Model of NMC Li-ion Battery 105 
 5.1 Preface 105 



 

x 

 5.2 Numerical Formulation and Problem Definition 106 
 5.3 Governing equations for Electrothermal model 109 
 5.4 Results and Discussion 121 
 5.5 Summary and conclusions 128 
 5.6 Closure 130 
6 ML-Based Electrothermal Modelling and SoH Analysis 131 
 6.1 Preface 131 
 6.2 Methodology and Model Parameter 132 
 6.3 Source Data 133 
 6.4 Data processing 133 
 6.5 Model Architecture 135 
 6.6 Input Features and Feature Selection 144 
 6.7 Results and Discussion 148 
 6.8 Conclusion 163 
 6.9 Closure 164 
7 PCM-Based Cooling System Modelling 167 
 7.1 Preface 167 
 7.2 Problem definition 168 
 7.3 Governing equations 171 
 7.4 Numerical method and grid study 177 
 7.5 Validation 179 
 7.6 Results and discussion 180 
 7.7 Conclusions 192 
 7.8 Closure 193 
8 Multi-Criteria PCM Selection and Comparative Analysis of Passive Cooling 

Techniques 
195 

 8.1 Preface 195 
 8.2 Hybrid AHP–TOPSIS Based PCM Selection Methodology 196 
 8.3 Analysis of the Proposed Methodology for PCM Selection 203 
 8.4 Thermal Behaviour Analysis and Correlation with TOPSIS 

Rankings 
208 

 8.5 Comparative Evaluation of PCM and Passive Liquid Immersion 
Cooling 

212 

 8.6 Comparative Analysis of Passive Cooling 217 
 8.7 Battery Pack-Level Performance 221 
 8.8 Conclusion 223 
 8.9 Closure 224 
9 Hybrid Thermal Management System for Battery and Cabin Cooling 225 
 9.1 Preface 225 
 9.2 Numerical Evaluation of Hybrid Battery Thermal Management 225 
 9.3 Thermal Performance Evaluation of Hybrid Cooling 231 
 9.4 Simulink-Based Analysis of Integrated Battery and Cabin 

Cooling 
232 

 9.5 Performance Evaluation of Battery and Cabin Cooling 236 
 9.6 Summary and Conclusions 238 
 9.7 Closure 239 
10 Conclusions 241 
 10.1 Preface 241 
 10.2 Major outcomes 242 
 10.3 Scope for future work 244 
11 References 245 



 

xi 

A Appendix A: Supplementary Tables 271 
 A.1 Experimental OCV and Internal Resistance Data 271 
 A.2 Experimental Uncertainty analysis 272 
B Appendix B: NMC 18650 Cell – EIS Spectra and Fitted Parameter 

Expressions 
275 

 B.1 Electrochemical Impedance Spectra of NMC 18650 Cell 275 
 B.2 Polynomial Expressions for Electrothermal Parameters 275 
C Appendix C: Specifications and Experimental Data of INR 18650 Cell 279 
 C.1 Technical Specifications and Measured Data 279 
D Appendix D: Comparative Summary of Electrothermal Behaviour of LFP 

and NMC cells 
281 

 D.1 Qualitative Comparison of Cell-Level Performance Parameters 
under Similar Discharge Conditions 

281 

 Brief Biodata and Publications 283 
   
   
   
   
   
   

 

  



 

xii 

  



 

xiii 

 

 

List of Figures 

Figure 
Number 

Description Page 
No. 

Figure 1.1 (a) Global CO2 emissions by sector with Breakdown of CO₂ emissions in 
the transportation sector worldwide 2022 [1] (b) Global CO2 emissions 
by sector, 2019-2022 [2] 

2 

Figure 1.2 Annual number of fire incidents involving light-duty electric vehicles 
(EVs) and corresponding global EV market share from 2010 to 2023 
[3,4] 

4 

Figure 1.3 Radar plots comparing different lithium-ion cathode chemistries (LCO, 
LMO, NMC, LFP, NCA, and LTO) [5] 

9 

Figure 1.4 Schematic representation of a lithium-ion cell showing physical 
structure, layered architecture, and charge-discharge pathways 

11 

Figure 1.5 Types of the heat generation within Li-ion Batteries (LiBs) 12 
Figure 1.6 Relative capacity of LiFePO4 w.r.t temperature [6] 16 
Figure 1.7 (a) Discharge capacity (Ah) vs. cycle number at 85 °C and 120 °C [7] 

and (b) The impact of temperature and cycling on the capacity 
degradation [8] 

19 

Figure 1.8 Influence of temperature on Li-ion battery dynamics. 21 
Figure 2.1 Categorization of battery models into white-box, grey-box, and black-

box approaches. 
26 

Figure 2.2 Potential performance parameters for Battery thermal management 
system 

34 

Figure 2.3 (a) Classification of Battery Thermal Management Systems (BTMS) and 
(b) Key attributes, functions, and parameters influencing BTMS 

36 

Figure 2.4 Basic Schematic of Air based BTMS 37 
Figure 2.5 A basic Schematic showing (a) Direct contact immersion, (b) Indirect 

contact thermal management techniques 
38 

Figure 2.6 (a) Schematic showing working of a heat pipe & (b) Basic Layout of 
Heat Pipe Based BTMS 

40 

Figure 2.7 Basic Schematic of PCM based BTMS 41 
Figure 2.8 A schematic representation of a Hybrid BTMS 43 
Figure 2.9 Graphical representation of comparison between different Battery 

thermal management system. 
46 

Figure 2.10 Classification of the factors influencing PCM-Based BTMS. 49 
Figure 3.1 Measuring parameter values pulse current vs cell voltage response. 56 
Figure 3.2 Typical Nyquist plot of a new li-ion battery cell 58 
Figure 3.3 A general mth order Equivalent ciruict model for a new li-ion battery cell 60 



 

xiv 

Figure 3.4 (a) Schematic of the setup, (b) Experimental Setup to obtain battery 
discharge parameters 

62 

Figure 3.5 Experimental data of the (a) open circuit voltage (OCV) and (b) 
discharge equivalent internal resistance of LiFePO4 pouch cell 

64 

Figure 3.6 Curve fitted surface for (a) equivalent internal resistance, (b) open circuit 
voltage (OCV) and (c) entropy change !!"!"#

!#
" 

66 

Figure 3.7 Experimental setup illustrating the functional configuration for acquiring 
NMC Li-ion Battery discharge parameters and characteristics. 

67 

Figure 3.8 Variation of Experimental measurement of the (a) discharge internal 
resistance and (b) OCV of INR18650 cylindrical cell. 

70 

Figure 3.9 Electrochemical impedance spectra of the INR 18650 cylindrical Li-ion 
cell at (a) 100 % SoC, (b) 100 % SoC, (c) 50 % SoC, and (d) 25 % SoC 

71 

Figure 3.10 Two equivalent circuit model for li-ion battery— (a) with inductance and 
(b) without inductance. 

74 

Figure 4.1 Temperature profiles for 1 C – 4 C discharge rate of each model 93 
Figure 4.2 Heat generation and Internal Resistance for each model at different (1 C 

– 4 C) discharge rate 
94 

Figure 4.3 Absolute relative errors for 1 C – 4 C discharge rate of each model 96 
Figure 4.4 Voltage profiles for 1 C – 4 C discharge rate of each model 98 
Figure 4.5 (a) Temperature and (b) Voltage profiles for 1 C – 4 C discharge rate of 

2s2p Module 
101 

Figure 4.6 Temperature distribution of the LiFePO4 pouch cell in a 2s2p module at 
various discharge rates captured at the end of discharge. 

102 

Figure 5.1 (a) Schematic of the Li-ion cell showing (i) 3D cross-sectional view of 
the cell components and (ii) 2D axisymmetric domain indicating 
boundary conditions, and (b) Three geometric configurations for 
analysing electrothermal behaviour 

107 

Figure 5.2 Equivalent circuit of 𝑅$%&	model for Li-ion battery 110 
Figure 5.3 Typical Nyquist plot for a Li‐ion cell and its equivalent circuit model 

without an inductive element. 
113 

Figure 5.4 Typical Nyquist plot for a Li‐ion cell and its equivalent circuit model 
with an inductive element. 

115 

Figure 5.5 Extracted ECM parameters for the circuit without inductance across 
different SoC and temperature conditions. 

117 

Figure 5.6 Extracted ECM parameters for the circuit with inductance across 
different SoC and temperature conditions. 

118 

Figure 5.7 Comparison of temperature evolution for three structural configurations 
against experimental data at (a) 1C and (b) 3C discharge rates, showing 
the impact of structural elements on thermal behaviour. 

122 

Figure 5.8 EIS fitting for the circuit without inductance at 50% SoC for 20 °C, 30 
°C, 40 °C and 50 °C 

124 

Figure 5.9 EIS fitting for the circuit with inductance at 50% SoC for 20 °C, 30 °C, 
40 °C and 50 °C 

125 



 

xv 

Figure 5.10 Comparison of temperature evolution profiles for the 𝑅$%& model, ECM 
without inductance, and ECM with inductance at (a) 1C and (b) 3C 
discharge rates. 

127 

Figure 5.11 Comparison of voltage evolution profiles for the 𝑅$%& model, ECM 
without inductance, and ECM with inductance at (a) 1C and (b) 3C 
discharge rates. 

128 

Figure 6.1 Sliding Window mechanism for data creation 135 
Figure 6.2 Schematic of the (a) LSTM network architecture, (b) LSTM single layer, 

and (c) multi-layer neural network representation of the LSTM 
138 

Figure 6.3 Schematic of the Gate Recurrent Unit (GRU) 139 
Figure 6.4 (a) Schematic of the Transformer Model (b) Multi-head Attention 

Mechanism (c) Multi-layer Encoder Decoder 
143 

Figure 6.5 Feature Correlation Heatmaps for Different Temperature Conditions (a) 
4 °C, (b) 24 °C and (c) 43 °C 

145 

Figure 6.6 Actual vs. Predicted SoC Estimations using LSTM, GRU, and 
Transformer models at 4 °C, 24 °C, and 43 °C. 

150 

Figure 6.7 Comparison of RMSE for SoC Estimations across LSTM, GRU, and 
Transformer models at different temperatures. 

151 

Figure 6.8 RMSE variation with cycle number for SoC Estimation using LSTM, 
GRU, and Transformer models. 

152 

Figure 6.9 Comparison of RMSE for Voltage Estimations across LSTM, GRU, and 
Transformer models at different temperatures. 

153 

Figure 6.10 Actual vs. Predicted Voltage Estimations using LSTM, GRU, and 
Transformer models at 4 °C, 24 °C, and 43 °C. 

154 

Figure 6.11 RMSE variation with cycle number for Voltage Estimation using LSTM, 
GRU, and Transformer models. 

155 

Figure 6.12 Actual vs. Predicted Temperature Estimations using LSTM, GRU, and 
Transformer models at 4 °C, 24 °C, and 43 °C. 

157 

Figure 6.13 Comparison of RMSE for Temperature Estimations across LSTM, GRU, 
and Transformer models at different temperatures. 

158 

Figure 6.14 RMSE variation with cycle number for Temperature Estimation using 
LSTM, GRU, and Transformer models. 

159 

Figure 6.15 (a) Capacity vs. cycle number, (b) SoH vs Cycle number for different 
ambient temperatures (4°C, 24°C, and 43°C), (c) Evolution of 𝑅' and (d) 
𝑅(& with cycle number 

161 

Figure 6.16 Correlation Heatmap of Electrothermal Parameters 162 
Figure 7.1 Schematic of the Li-ion cell with a PCM based BTMS (a) 3D cross-

sectional view of the Li-ion cell components with PCM BTMS, (b) 2D 
axial symmetric view showing boundary conditions. 

168 

Figure 7.2 DSC thermogram for (a) Latent heat, (b) Specific heat of the Capric acid, 
and (c) Differential scanning calorimeter (DSC) Q2000 from TA 
Instruments. 

171 

Figure 7.3 (a) Grid and (b) Time step independence study for variation of average 
surface temperature with time. 

178 



 

xvi 

Figure 7.4 Schematics of the structured mesh for the Li-ion cell with PCM based 
BTMS 

178 

Figure 7.5 Comparison of (a) Melt fraction variation Kamkari et al.[9] for PCM 
model validation and (b) Cell surface temperature at different discharge 
rates for Battery thermal model validation. 

180 

Figure 7.6 Instantaneous Variation of Melt Fraction and Temperature contours at 
different times against experimental results [9]. 

180 

Figure 7.7 Average cell surface temperature at different discharge C rates. 181 
Figure 7.8 Distinct stages or intervals cell surface temperature variation of the 

18650 cylindrical Li-ion without utilizing PCM at (a) 1.0 C and (b) 3.5 C 
discharge rate. 

181 

Figure 7.9 Comparison of (a) heat generation and (b) internal resistance inside the 
INR 18650 cylindrical Li-ion cell at different discharge rates. 

182 

Figure 7.10 Effect of PCM thickness on Battery surface temperature during (a) 1 C 
discharge rate, (b) 3.5 C discharge rate. 

183 

Figure 7.11 (a)Temperature and (b)Melt fraction contours at 3.5 C discharge rate 
considering the effect of PCM thickness. 

184 

Figure 7.12 (a) Melt Fraction and (b) Energy stored within the phase change material 
(PCM) at different discharge rates for different PCM thickness. 

185 

Figure 7.13 Variation of Battery surface temperature evolution and Melt fraction for 
(a) 2.5 C, (b) 3.0 C and (c) 3.5 C discharge rate. 

186 

Figure 7.14 (a) Maximum and (b) Minimum surface temperatures of 18650 Li-ion 
cell at different discharge rate. 

186 

Figure 7.15 Comparison of 𝑇$∗and Δ𝑇$∗ at different discharge rate. 187 
Figure 7.16 Comparison of (a) Cell Cooling Coefficient (CCC) and (b) PCM cooling 

enhancement factor for different PCM thickness configurations at 
varying discharge current ratings. 

190 

Figure 7.17 (a) Gravimetric and (b) Volumetric energy densities of Li-ion cells after 
integrating PCM based thermal management system. 

192 

Figure 8.1 Decision hierarchy of PCM selection. 197 
Figure 8.2 Flowchart of the general procedure for AHP weight assignment. 199 
Figure 8.3 Relative attribute weights for PCM selection using Analytical Hierarchy 

Process (AHP) 
200 

Figure 8.4 Battery temperature reduction using top five PCMs selected based on 
global TOPSIS ranking. 

209 

Figure 8.5 Battery temperature reduction using top-performing PCMs selected from 
temperature-window-based TOPSIS segmentation. 

211 

Figure 8.6 Model configuration for passive cooling: (a) 3D view of a Li-ion cell 
with PCM or immersion coolant, (b) 2D axisymmetric domain with 
applied boundary conditions 

213 

Figure 8.7 Variation of Battery surface temperature evolution 218 
Figure 8.8 Comparison of Energy Density (Wh/kg) 220 



 

xvii 

Figure 8.9 Thermal performance of a cylindrical battery module under 3.5 C 
discharge rate: (a) Temperature distribution across the module at the end 
of discharge; (b) Time evolution of the average pack temperature 

222 

Figure 9.1 Model configuration for the hybrid battery thermal management system 
(BTMS), showing coolant flow representation and the computational 
domain. 

226 

Figure 9.2 Temperature evolution of the battery pack at (a) 3C and (b) 3.5C 
discharge rates, comparing PCM-only cooling with the hybrid BTMS. 

232 

Figure 9.3 Indian Driving Cycle (IDC) velocity profile used as a power demand 
input for evaluating the integrated battery and cabin thermal management 
system. 

234 

Figure 9.4 Simulink model architecture of the integrated battery and cabin thermal 
management system. 

235 

Figure 9.5 Transient temperature response of the cabin and battery pack at 25 °C 
ambient temperature. 

237 

   
   
   
   
   

 

  



 

xviii 

  



 

xix 

 

 

List of Tables 

Table 
Number Description 

Page 
No. 

Table 1.1 Characteristics of different chemistry of Li-ion batteries [5] 8 
Table 2.1 Comparison of different Battery thermal management system 47 
Table 4.1 LiFePO4-20Ah pouch cell technical specifications 78 
Table 4.2 Correlation for estimating the thermophysical properties of Li-ion cell 82 
Table 6.1 RMSE for SoC Estimations across LSTM, GRU, and Transformer 150 
Table 6.2 RMSE for Voltage Estimations across LSTM, GRU, and Transformer 153 
Table 6.3 RMSE for Temperature Estimations across LSTM, GRU, and 

Transformer 
158 

Table 7.1 Thermophysical properties of different layer of INR (Lithium Nickel 
Manganese Cobalt Oxide (NMC)) 18650 cylindrical cell [10–12]. 

169 

Table 7.2 Thermal properties of the Active zone of Li-ion battery and outer casing. 170 
Table 7.3 Thermal properties of Capric acid [13–17].  170 
Table 8.1 Results obtained from AHP method 200 
Table 8.2 Material selection attributes values according to a decisive 11-point 

scale. [15,170] 
202 

Table 8.3 Decision matrix of selected Phase Change Materials (PCMs) based on 
ten evaluation attributes 

205 

Table 8.4 Ranking of the top ten Phase Change Materials (PCMs) based on the 
TOPSIS method 

206 

Table 8.5 Thermophysical properties of different coolants [18] 217 
Table 9.1 Thermophysical properties of PCM and coolant 227 
Table A.1 Experimental value of OCV (V) at various depth of discharge (DoD) and 

Temperature ranges. 
271 

Table A.2 Experimental value of discharge equivalent internal resistance (Ω) at 
various depth of discharge (DoD) and Temperature ranges. 

272 

Table A.3 Summary of uncertainty analysis. 273 
Table C.1 Specifications of the INR 18650 Lithium-ion cell in terms of technical 

details. 
279 

Table C.2 Experimental measurement of Open Circuit Voltage (V) across different 
temperature range and SoC levels. 

279 

Table C.3 Experimental measurement of discharge internal resistance across 
different temperature range and SoC levels. 

280 

   
  



 

xx 

 

  



 

xxi 

 

 

List of Symbols 

Symbol Description 
  
𝑔 Acceleration due to gravity, (m/s2) 
𝑑('** Diameter of cell, (mm) 
 𝜌 Density 
𝐼('** Discharge Current, (Ampere) 
𝑅$%& Discharge Internal Resistance, (Ω) 
𝑞+','+-$.*'  Entropic heating, (W) 
𝑄/  Heat generation, (W/m3) 
ℎ('**  Height of cell, (mm) 
𝜃 Melt Fraction 
𝑘 Thermal conductivity, (W/m °C) 
t Time, (s) 
𝑢 Velocity vector, (m/s) 
𝑉.0&& Volume of cell, (m3) 
𝐶12-/ Mushy zone constant 
𝑉3(, Open Circuit Voltage, (V) 
𝑐4 Specific heat capacity, (J/kg °C) 
𝑇 Temperature, (K) 
𝑘 Thermal conductivity, (W/m °C) 

List of Abbreviations 

Abbreviation  Abbreviation  

BMS Battery management 
system HEVs Hybrid Electric Vehicles 

BTMS Battery thermal 
management system ICE Internal Combustion Engine 

CCC Cell cooling coefficient  LFP Lithium iron phosphate 

cPCM Conductive composite 
phase change material LiB Lithium-ion Battery 

CC Constant Current  LMO Lithium-ion manganese oxide 
DoD Depth of discharge NMC Nickel Manganese Cobalt Oxide 
EVs Electric vehicles PCM Phase change material 

EIS Electrochemical 
Impedance Spectroscopy SEI Solid Electrolyte Interphase 

ESS Energy storage system SoC State of charge 
GHG Greenhouse Gas       

  




