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Abstract 
Accurate prediction of coupled electrochemical and thermal behaviour is essential for 
improving the performance, durability, and safety of lithium-ion batteries. Internal heat 
generation, nonuniform reaction-current density, lithium-concentration gradients, and 
spatial temperature variation become particularly important under high-rate operation 
and nonuniform cooling. This review critically evaluates electrochemical-thermal coupled 
modelling approaches, with emphasis on model dimensionality, three-dimensional 
internal heterogeneity, heat-generation mechanisms, computational efficiency, and 
parameter-dependent thermal behaviour. Electrochemical formulations ranging from 
single-particle and reduced-order models to pseudo-two-dimensional frameworks are 
examined together with lumped, one-dimensional, two-dimensional, and three-
dimensional thermal models. Irreversible reaction, reversible, and solid- and electrolyte-
phase ohmic heat-generation mechanisms are discussed, and direct, sequential, hybrid, 
and multiscale coupling strategies are compared in terms of information exchange, 
physical fidelity, parameter requirements, and suitability for real-time or high-resolution 
applications. A validated three-dimensional pouch-cell case study illustrates how active-
material particle size, electrode thickness, discharge rate, and convective heat transfer 
influence overpotential, lithium-concentration nonuniformity, heat generation, and 
temperature distribution. The reviewed evidence indicates that reduced-order models are 
advantageous for control and online estimation, whereas high-fidelity three-dimensional 
models are required to resolve localized electrochemical and thermal behaviour. However, 
practical implementation remains constrained by computational cost, parameter 
uncertainty, simplified boundary conditions, and limited validation of internal variables. 
Future progress requires computationally efficient physics-based and surrogate models, 
standardized parameter identification, uncertainty quantification, integration of aging 
and mechanical degradation, advanced internal diagnostics, real-time digital twins, and 
multiscale extension from cells to modules and packs. This review provides a structured 
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basis for selecting electrochemical-thermal models according to battery geometry, 
operating conditions, required outputs, and computational constraints. 

Keywords 
Battery modelling; heat generation; temperature nonuniformity; multiphysics simulation; pouch 
cells; digital twins; safety assessment 

Nomenclature 
as / m⁻¹ Specific electrode-electrolyte interfacial area  / V Activation overpotential  
As / m² Heat-transfer surface area  ηi / V Local interfacial overpotential  
C / mol m⁻³ Lithium concentration  κeff / S m⁻¹ Effective electrolyte ionic conductivity 
ce / mol m⁻³ Electrolyte-phase lithium-ion concentration  κD

eff / A m⁻¹ Effective diffusional conductivity 
Cs / mol m⁻³ Solid-phase lithium concentration  λ / W m⁻¹ K⁻¹ Effective thermal conductivity  
Cs,max / mol m⁻³ Maximum solid-phase lithium concentration ρ / kg m⁻³ Effective density  
Cs,surf / mol m⁻³ Surface solid-phase lithium concentration σeff /S m⁻¹ Effective solid-phase electronic conductivity 
Cp / J kg⁻¹ K⁻¹ Specific heat capacity  σc / mol m⁻³ Standard deviation of surface Li concentration  
Ds / m² s⁻¹ Solid-phase lithium diffusion coefficient  σT / K Standard deviation of temperature 
De

eff / m² s⁻¹ Effective electrolyte diffusion coefficient  ϕe / V Electrolyte-phase potential 
Ea / J mol⁻¹ Activation energy ϕs / V Solid-phase potential 
F Faraday constant, 96.485 C mol⁻¹ ψ Temperature-dependent kinetic or transport parameter 
f± Mean molar activity coefficient ψref Value of ψ at the reference temperature 
h / W m⁻² K⁻¹ Convective heat-transfer coefficient Subscripts and superscripts 
I / A Applied current  a Anodic 
j0 / A m⁻² Exchange current density  amb Ambient 
je/ A m⁻² Electrolyte-phase current density c Cathodic 
jn/ A m⁻² Interfacial reaction-current density  d Discharge 
k Electrochemical reaction-rate constant  e Electrolyte phase 
Ln / m Negative-electrode thickness eff Effective 
Lp / m Positive-electrode thickness gen Generated 
Ls / m Separator thickness i Local value or electrode index 
m / kg Cell mass irr Irreversible 
n Number of electrons transferred max Maximum 
q̇ / W m⁻³ Volumetric heat-generation rate n, neg Negative electrode (anode) 
q̇irr / W m⁻³ Irreversible reaction heat-generation rate  OC Open circuit 
q̇ohm,e / W m⁻³ Electrolyte-phase ohmic heat-generation rate ohm Ohmic 
q̇ohm,s / W m⁻³ Solid-phase ohmic heat-generation rate  p, pos Positive electrode (cathode) 
q̇rev / W m⁻³ Reversible heat-generation rate  ref Reference condition 
Q̇gen / W Total cell heat-generation rate rev Reversible 
r / m Radial coordinate within an active-material particle  s Solid phase 
R Universal gas constant, 8,314 J mol⁻¹ K⁻¹ surf Surface 
Ri / Ω Equivalent internal resistance  tot Total 
t / s Time Abbreviations 
t+

0 Lithium-ion transference number BTMS Battery thermal management system 
T / K Absolute temperature CFD Computational fluid dynamics 
Tamb / K Ambient temperature DOD Depth of discharge 
U / V Equilibrium potential EChM Electrochemical model 
UOC / V Open-circuit voltage  ECTHM Electrochemical-thermal model 
Vcell / V Terminal cell voltage FH Flame height 
x / m Through-plane coordinate HGR Heat-generation rate 
y / m Y-coordinate  HRR Heat-release rate 
z / m Z-coordinate ISC Internal short circuit 
αa Anodic charge-transfer coefficient LIB Lithium-ion battery 
αc Cathodic charge-transfer coefficient PCM Phase-change material 
ΔCs,surf / mol m⁻³ Difference between max. and min. surface cLi  P2D Pseudo-two-dimensional model 
ΔS / J mol⁻¹ K⁻¹ Entropy change SEI Solid-electrolyte interphase 
ΔT / K Maximum-minimum temperature difference  SOC State of charge 
εe Electrolyte volume fraction  SPM Single-particle model 

THM Thermal model 
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Introduction 

The expanding use of lithium-ion batteries (LIBs) in portable electronics, electric vehicles, 

aerospace systems, and stationary energy storage has increased the demand for high energy 

density, long cycle life, rapid charging, and reliable operation [1-4]. Although LIBs offer substantial 

advantages over many alternative rechargeable battery technologies, their performance and safety 

remain strongly temperature-dependent [5-9]. Excessive or nonuniform temperature can accelerate 

degradation, increase internal resistance and side reactions, and, under severe conditions, 

contribute to internal short circuits and thermal runaway. Accurate prediction of internal heat 

generation and temperature evolution is therefore essential for battery design, operation, and 

thermal management [10-12]. 

Physics-based battery modelling is developed from electrochemical formulations that describe 

lithium transport, interfacial kinetics, charge conservation, and terminal voltage. The pseudo-two-

dimensional (P2D) framework established a detailed representation of transport and reaction pro-

cesses across the negative electrode, separator, and positive electrode [13,14]. In parallel, general 

energy-balance formulations provided a basis for predicting battery heat generation and tempe-

rature response [15]. Subsequent lumped, low-dimensional, and multidimensional thermal models 

improved cell-temperature prediction under different operating and cooling conditions [16-18]. 

Coupling electrochemical and thermal formulations further enabled temperature-dependent 

reaction kinetics and transport properties to interact dynamically with irreversible, reversible, and 

ohmic heat generation [12,19-23]. 

The appropriate electrochemical-thermal model depends strongly on battery geometry and the 

intended application. Cylindrical, prismatic, and pouch cells differ in winding or stacking 

arrangement, current-collector pathways, electrode aspect ratio, tab configuration, surface-area-

to-volume ratio, and dominant heat-dissipation direction. These geometric characteristics influence 

local current density, lithium concentration gradients, heat generation, tab-region hot spots, and 

temperature nonuniformity [18,22-24]. Lumped and axisymmetric models may provide adequate 

accuracy for rapid estimation when internal gradients are limited, whereas large-format pouch and 

prismatic cells often require two- or three-dimensional formulations to resolve asymmetric current 

and temperature distributions. 

Despite substantial progress, no single electrochemical-thermal framework provides the optimal 

balance of physical fidelity, computational efficiency, parameter requirements, and spatial 

resolution across all battery formats and operating conditions. Existing reviews frequently 

emphasize either electrochemical formulation, thermal management, thermal runaway, or 

individual modelling scales. A focused synthesis is therefore needed to connect governing 

electrochemical and thermal physics with coupling architecture, computational implementation, 

cell geometry, internal heterogeneity, and parameter-dependent thermal behaviour. 

Motivation and scope of the review 

Electrochemical and thermal processes are inherently coupled: reaction and transport losses 

generate heat, while temperature changes alter diffusion coefficients, reaction rates, ionic 

conductivity, equilibrium potential, and degradation behaviour. This feedback becomes especially 

important during high-rate charging and discharging, extreme-temperature operation, nonuniform 

cooling, and thermal-abuse conditions [25-27]. Models that neglect either the electrochemical 

origin of heat generation or the influence of temperature on electrochemical behaviour may 

therefore provide incomplete predictions of battery performance and safety. 
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This review critically examines electrochemical, thermal, and coupled modelling approaches 

across lumped, one-dimensional, two-dimensional, three-dimensional, reduced-order, P2D, hybrid, 

and multiscale frameworks. Particular attention is given to heat-generation mechanisms, coupling 

strategies, computational efficiency, model validation, battery geometry, and the ability to resolve 

internal electrochemical and thermal heterogeneity. A validated three-dimensional pouch-cell case 

study is used to illustrate how active-material particle size, electrode thickness, discharge rate, and 

convective heat transfer influence overpotential, lithium-concentration distribution, heat 

generation, and temperature nonuniformity. The review concludes by identifying research needs in 

parameter identification, uncertainty quantification, multiphysics degradation modelling, internal-

variable validation, physics-informed surrogates, digital twins, and cell-to-pack model extension. 

Review methodology 

Foundational and recent studies were identified using combinations of the lithium-ion battery 

terms, electrochemical-thermal coupled model, P2D model, single-particle model, reduced-order 

model, three-dimensional battery modelling, heat generation, thermal model, internal 

heterogeneity, thermal runaway, model validation, battery thermal management, and battery 

safety. Additional publications were identified through backward and forward reference tracking of 

representative studies and highly cited reviews. 

Studies were screened for relevance to electrochemical formulation, thermal-model 

dimensionality, heat-generation treatment, coupling architecture, computational efficiency, battery 

geometry, internal nonuniformity, parameter identification, and experimental validation. 

Publications were included when they provided governing formulations, clearly described modelling 

or coupling methods, quantitative model comparisons, validation evidence, or analysis of spatial 

electrochemical and thermal behaviour. Particular attention was given to lumped, one-dimensional, 

two-dimensional, three-dimensional, P2D, reduced-order, hybrid, and multiscale approaches. 

Purely experimental studies without a relevant modelling or validation contribution and 

publications not directly related to electrochemical-thermal behaviour, heat generation, thermal 

safety, or battery thermal management were not emphasized. The selected literature was 

categorized by electrochemical model type, thermal dimensionality, coupling strategy, heat-

generation formulation, cell format, validation method, computational requirements, and ability to 

resolve internal heterogeneity. This classification supported the critical comparison of existing 

frameworks and the identification of remaining challenges and future research directions. 

Overview of lithium-ion battery technologies and thermal runaway development 

Working principles, core components, and performance factors of lithium-ion batteries 

Lithium-ion batteries (LIBs) are widely used in portable electronics, electric vehicles, and large-

scale energy storage systems because of their high energy density, low self-discharge rate, long cycle 

life, and broad operating temperature range [28-30]. A conventional LIB consists of an intercalation-

based cathode, a carbonaceous anode, an ion-conducting electrolyte, and an electronically 

insulating separator [28,30,31]. During charging, lithium ions migrate through the electrolyte from 

the cathode to the anode, while electrons flow through the external circuit; these processes are 

reversed during discharge. Battery performance is primarily characterized by energy density, 

capacity, cycle life, self-discharge rate, charging capability, and operating-temperature tolerance. 

Electrochemical reactions and ionic and electronic transport generate heat during battery 

operation, including reversible reaction heat and irreversible contributions associated with 
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polarization and ohmic losses [31,32]. Although moderate heat generation is inherent to normal 

operation, insufficient heat dissipation can cause excessive temperature rise, accelerate 

degradation, and increase the risk of thermal failure. Under severe operating or abuse conditions, 

this heat accumulation may initiate self-accelerating reactions and ultimately lead to thermal 

runaway, fire, or explosion [33,34]. 

Advancements in thermal runaway analysis and modelling of lithium-ion batteries  

Thermal runaway is a self-accelerating process in which internal heat generation exceeds heat 

dissipation, continuously increasing cell temperature and the rates of exothermic reactions. It may 

be initiated by electrical, thermal, or mechanical abuse, manufacturing defects, internal short 

circuits, or inappropriate charging conditions [7,34-38]. At elevated temperatures, decomposition 

of the solid-electrolyte interphase, electrode-electrolyte reactions, cathode oxygen release, 

separator failure, and internal short circuits can intensify heat generation and ultimately cause fire, 

explosion, and the release of flammable or toxic gases [34,36-39]. In modules and packs, heat 

transferred from a failing cell can trigger thermal runaway in neighbouring cells, resulting in cell-to-

cell propagation. 

Experimental investigations have provided essential data for understanding thermal-runaway 

initiation and validating predictive models. Tests on a large-format 50 Ah LiMn₂O₄ cell identified 

successive swelling, failure, and thermal-runaway stages with increasing temperature, although the 

corresponding onset temperatures depend strongly on cell chemistry, size, state of charge, and 

surrounding conditions [38]. Heat generation and thermal-runaway behaviour in large prismatic 

cells have also been characterized using volume-accelerating-rate calorimetry [39]. Comparisons of 

different heating modes showed that internal heating can accelerate the development of thermal 

runaway relative to external heating, emphasizing the importance of resolving internal heat 

accumulation [40]. The location of the triggering heat source strongly affects propagation within a 

battery enclosure [41], and the relationship between internal short circuits and thermal runaway 

under thermal abuse conditions has also been clarified [42]. 

These experimental findings have supported the development of models for predicting thermal-

runaway onset, evolution, gas venting, and propagation. A propagation model incorporating vent-

gas combustion was developed for electric-vehicle battery systems [43], while the thermal-runaway 

mechanism of LiFePO₄ batteries was investigated through multilevel analysis [44]. A 

computationally efficient lumped thermal-resistance-network model combined with an electrical-

circuit analogy was proposed to predict propagation in battery packs [45]. Coupled thermal and gas-

phase modelling has also been applied to simulate cell venting, pressure evolution, and gas reactions 

during thermal runaway [46]. Other numerical frameworks have incorporated internal-short-circuit 

behaviour, temperature-dependent abuse reactions, heat-release characteristics, and propagation 

mechanisms [47-50]. 

More advanced frameworks couple electrochemical behaviour with thermal and abuse-reaction 

models. A coupled electrochemical-thermal failure model was developed to predict voltage decline, 

temperature rise, and thermal-runaway evolution [51]. Temperature-dependent side reactions, 

including solid-electrolyte interphase decomposition, electrode-electrolyte reactions, and cathode 

decomposition, have been modelled using Arrhenius-type kinetics [52]. Coupled modelling has also 

been applied to thermal-runaway prediction in prismatic and pouch cells [53]. Collectively, these 

studies demonstrate that reliable thermal-runaway prediction requires the consistent integration 

of electrochemical heat generation, temperature-dependent reaction kinetics, internal heat 
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transfer, gas generation, and intercell propagation. Representative experimental, numerical, 

reduced-order, and multiphysics approaches are compared in Table 1. 

Table 1. Representative studies on thermal runaway analysis, electrochemical-thermal coupling and safety 
modelling of lithium-ion batteries 

Thermal management strategies for lithium-ion batteries 

Lithium-ion batteries are widely used in modern applications, but managing their heat remains a 

significant challenge. Excess heat can degrade performance, shorten lifespan, and accelerate the 

aging of internal components. This has led to a surge of interest in developing effective thermal 

management systems for LIBs in recent years. Many different strategies have been proposed in the 

literature to tackle this issue [33]. 

References Parameters measured Battery type Results and findings 

Feng et al. [51] Voltage, temperature Prismatic cells 

Developed a two-way coupled electrochemical-thermal 

model (EChM-TH) to capture voltage, degradation, 

internal short circuit (ISC) and temperature during 

thermal runaway 

An et al. [53] 

C-rate, thermal conductivity, 

ambient temperature, cell 

thickness 

Prismatic cells 

Developed a model to detect thermal runaway in 

prismatic and pouch LIB cells and validated it against 

COMSOL solver. 

Chen et al. 

[54] 

Flame height (FH) and heat 

release rate (HRR) 

Pouch/21700 

cells 

Uses high definition (HD) and high-speed cameras to 

observe the behaviour and flame evolution during TR, 

establishing a method to estimate HRR 

Kong et al. [55] 

Battery state, 

heating position, 

electrolyte material 

18650 cylindrical 

cells 

The study proposes a new method to estimate HRR 

using FH correlations, offering an alternative to the 

oxygen consumption method 

Ostanek et al. 

[56] 

Heat generation rate (HGR), 

temperature and pressure 

18650 cylindrical 

cells 

A coupled thermal and gas venting model was 

established to estimate the onset and evolution of TR in 

18650 LIBs 

Jindal et al. 

[57] 

Heat generation rate (HGR), 

temperature, Degradation 

18650 

cell/module 

A three-mode heat transfer model coupled with 

electrochemical and abuse-reaction-kinetics models 

was developed to characterize the propagation 

behaviour in a battery module 

Kong et al. [58] 

Temperature, internal 

pressure, venting, jet fire 

behaviour 

18650 cylindrical 

cells 

Developed a coupled conjugate heat-transfer and CFD 

model to capture thermal runaway evolution, venting 

behaviour, and jet fire under thermal abuse conditions 

Zhao et al. [59] 

Temperature, aging state, 

low-temperature cycling 

effect, thermal runaway 

behaviour 

Lithium-ion cell 

Numerically investigated thermal runaway behaviour 

after low-temperature cycling and highlighted the 

influence of lithium plating and aging on thermal safety 

deterioration 

Zhang et al. 

[60] 

Internal heat transfer, 

thermal runaway 

propagation, intra-cell 

thermal behaviour 

Lithium-ion 

battery 

Developed a model for internal thermal runaway 

propagation, providing insight into heat-transfer 

pathways and propagation mechanisms within the cell. 

He et al. [61] 

Thermal runaway trigger 

time, propagation behaviour, 

heat-source redistribution 

Battery 

module/pack 

Proposed a reduced-order thermal runaway network 

model for fast prediction of thermal propagation in large-

scale lithium-ion battery power systems 

Wang et al. 

[62] 

Thermal runaway modelling 

methods, multi-scale 

coupling, computational 

efficiency 

Lithium-ion 

batteries 

Reviewed recent advances and challenges in thermal 

runaway modelling, emphasizing multiphysics coupling, 

model validation, and computational efficiency 

Ma et al. [63] 

Thermal runaway 

propagation, vented gas 

behaviour, pack-level safety 

Cell-to-chassis 

battery system 

Established a thermal runaway coupling model for 

battery-pack systems to analyse propagation 

characteristics and vented gas behaviour in practical 

power-battery configurations 
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These strategies generally fall into three main categories: air cooling, liquid cooling, and phase 

change materials (PCM) cooling. In some cases, hybrid cooling systems that combine these 

approaches are also used. Air cooling is vital to ensure safe battery operation and prevent 

overheating. Numerous studies have investigated how different air-cooling methods affect battery 

temperatures [64]. Liquid cooling systems, in particular, have attracted attention for their superior 

heat-removal capability. More innovative methods include mini-channel designs that have proven 

effective under various environmental conditions [65]. Phase change materials (PCMs) are another 

promising option. These materials absorb excess heat, helping keep the battery at a safe, stable 

temperature during operation. Table 2 outlines the different cooling needs of various battery 

chemistries. 

According to Table 2, most lithium-ion batteries must operate below 55 °C to avoid entering a 

dangerous thermal runaway state. However, with global temperatures rising, as in the Gulf 

Cooperation Council (GCC) region, where summer temperatures can reach up to 53 °C, there’s an 

urgent need for effective battery thermal management systems (BTMS). This is especially critical as 

the region’s electric vehicle market continues to expand. Developing these solutions will rely heavily 

on accurate simulation models that can ensure efficient thermal management in real-world 

applications. 

Table 2. Properties of common lithium-ion batteries focused on safe operating temperature 

Type Anode material Cathode material Operating temperature range, °C 

Lithium cobalt oxide (LCO) Graphite LiCoO2 0 to 45 

Lithium manganese oxide (LMO) Graphite LiMn2O4 -20 to 55 

Lithium nickel manganese cobalt oxide (NMC) Graphite LiNiMnCoO2 -20 to 60 

Lithium nickel cobalt aluminium oxide (NCA) Graphite LiNiCoAlO2 -20- to 55 

Lithium iron phosphate (LFP) Graphite LiFePO4 -20 to 60 

Lithium titanate (LTO) Lithium titanate Various -30 to 55 

Governing electrochemical and thermal models in lithium-ion batteries 

Electrochemical-thermal modelling provides a physics-based framework for predicting the 

coupled evolution of voltage, current, lithium concentration, heat generation, and temperature in 

lithium-ion batteries [66-71]. Advances in numerical methods and simulation platforms have 

enabled increasingly detailed treatment of electrochemical transport, aging, internal short circuits, 

thermal runaway, and cooling performance [72-87]. However, higher model fidelity also increases 

parameter requirements and computational cost. The following sections examine the governing 

electrochemical and thermal formulations that underlie coupled LIB models and their suitability 

across different spatial scales and applications. 

Electrochemical models describe lithium transport, charge conservation, interfacial reaction 

kinetics, and potential distributions within a battery. The single-particle model (SPM) and its 

extended forms provide computationally efficient approximations to electrode-scale diffusion but 

generally simplify the treatment of electrolyte concentration and potential gradients [88-92]. In 

contrast, the pseudo-two-dimensional (P2D) model resolves transport across the negative 

electrode, separator, and positive electrode while representing the active materials as spherical 

particles in which solid-state lithium diffusion occurs [13,14,93]. 

The P2D framework couples mass and charge conservation in the solid and electrolyte phases 

through interfacial electrochemical reactions [94,95]. It can consequently predict terminal voltage 

along with internal variables such as solid- and electrolyte-phase lithium concentrations, reaction 

current density, overpotential, and heat generation. Although this greater physical detail improves 
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predictive capability under high-rate and thermally nonuniform conditions, it also increases 

computational cost and parameter-identification requirements. The principal domains and 

transport pathways of the P2D model are illustrated in Figure 1.  

 
Figure 1. Schematic representation of the pseudo-two-dimensional model of a lithium-ion battery during 

charging and discharging, developed by the authors based on the P2D framework described in [94] 

Butler-Volmer kinetics in lithium-ion battery modelling 

Charge transfer at the electrode-electrolyte interface is commonly described by the Butler-

Volmer relationship given in Equation (1), which relates the interfacial reaction-current density to 

the exchange current density, activation overpotential, and temperature [96]: 

a c

n 0 exp     exp
F F

j j
RT RT

      
= −    

    
 (1) 

Here, jₙ / A m⁻² is the interfacial reaction-current density, j₀ / A m⁻² is the exchange current 

density, αₐ and αc are the dimensionless anodic and cathodic charge-transfer coefficients, 

respectively, F is Faraday’s constant, R is the universal gas constant and T / K is the absolute 

temperature. Using the sign convention η = ϕₛ − ϕₑ − U, where ϕₛ, ϕₑ, and U / V are the solid-phase, 

electrolyte-phase and equilibrium potentials, respectively, the anodic and cathodic terms have 

positive and negative exponents. The exchange current density is expressed by Equation (2) [96]: 

( ) ( )a c

0 s, max   s,surf s,surf- C  j Fk C C
 

=   (2) 

where k is the electrochemical reaction-rate constant, Cₑ / mol m⁻³ is the electrolyte lithium-ion 

concentration, and Cs,surf / mol m⁻³ and Cs,max / mol m⁻³ are the surface and maximum solid-phase 

lithium concentrations, respectively. The unit of k depends on the adopted concentration 

convention and reaction orders. 

Butler-Volmer-based formulations have been applied to high-power lithium-titanate batteries 

and extended to describe temperature-dependent behaviour under varying loads and subzero 

operating conditions [96-98]. They have also supported state estimation and degradation modelling 

by incorporating changes in reaction kinetics, internal resistance, and electrode properties 

associated with aging and capacity loss [99-102]. 
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Lithium-ion transport and charge conservation 

Lithiation and delithiation can produce concentration gradients and, depending on the electrode 

chemistry, structural or phase transformations within active-material particles [103-106]. In the P2D 

model, solid-phase lithium transport is commonly represented by radial diffusion within spherical 

particles according to Fick’s law, as expressed in Equation (3) [107]: 

2s s
s2

1
       

C c
D r

t r r r

  
 =  
   

  (3) 

Here, Cs/ mol m⁻³ is the solid-phase lithium concentration, Ds / m² s⁻¹ is the solid-phase diffusion 

coefficient, r / m is the radial coordinate within the active-material particle, and t / s is time. 

Although Dₛ is sometimes treated as constant for computational simplicity, it may depend on lithium 

concentration and temperature in higher-fidelity models. Lithium-ion conservation in the 

electrolyte phase can be expressed by Equation (4) [94,95]: 

( ) ( )eff
e e + s

e
e

0
n1 t

 
D C a jC

t F


   + +  =


 (4) 

where εₑ is the dimensionless electrolyte volume fraction, Dₑᵉᶠᶠ / m² s⁻¹, is the effective electrolyte 

diffusion coefficient, t₊⁰ is the dimensionless lithium-ion transference number, and aₛ / m⁻¹ is the 

specific electrode-electrolyte interfacial area. The product aₛjₙ / A m⁻³ represents the volumetric 

reaction-current source. Equation (4) describes electrolyte concentration gradients generated by 

ionic transport and electrochemical reactions across the cell thickness. Charge conservation in the 

electronically conducting solid phase, expressed in terms of the solid-phase potential, ϕs / V), is 

given by Equation (5) [94,95]:                              

( )eff
s s n  -a 0j   =

  (5) 

Here σᵉᶠᶠ / S m-1 is the effective solid-phase electronic conductivity. Charge conservation in the 

ionically conducting electrolyte phase is expressed by Equation (6) [94,95]: 

e s n- 0j a j =   (6) 

where je / A m⁻² is the electrolyte-phase current density. The signs of the reaction-source terms 

depend on the adopted current-direction convention and must be applied consistently throughout 

the model. Together, the Butler-Volmer kinetics and the solid- and electrolyte-phase mass- and 

charge-conservation equations constitute the principal electrochemical foundation of P2D-based 

electrochemical-thermal models [93-95,107]. 

Thermal modelling approaches for lithium-ion batteries 

Thermal models describe heat generation, heat conduction, surface heat transfer, and the 

resulting temporal and spatial temperature distributions within lithium-ion batteries. Depending on 

the required resolution and computational efficiency, thermal behaviour can be represented using 

lumped, one-dimensional, two-dimensional, or three-dimensional formulations. Lumped and low-

dimensional models are computationally efficient and suitable for rapid prediction and control 

applications, whereas three-dimensional models are required to resolve local temperature 

gradients, tab-induced hot spots, nonuniform cooling, and internal thermal heterogeneity. The 

appropriate model dimensionality therefore depends on cell geometry, cooling configuration, 

operating conditions, and the intended application. 
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Heat generation, transfer and model dimensionality  

Heat generation in LIBs originates primarily from electrochemical reaction losses, entropy 

changes, electronic and ionic resistance, and concentration polarization [32,108,109]. The 

generated heat is transferred through the cell by conduction and subsequently rejected to the 

surroundings through convection and, under some conditions, radiation. For a three-dimensional 

battery domain, conservation of thermal energy can be expressed by Equation (7) [110]: 

( )p      
T

C T q
t

 


=   +


 (7) 

Here, ρ / kg m⁻³ is the effective density, Cₚ is the effective specific heat capacity, λ / W m⁻¹ K⁻¹ is 

the effective thermal-conductivity tensor and q̇ / W m⁻³ is the volumetric heat-generation rate. The 

tensor form of λ allows anisotropic heat conduction to be represented in layered cells, where the 

in-plane thermal conductivity may differ substantially from the through-plane value. 

Three-dimensional thermal models provide detailed spatial temperature fields but require finer 

meshes, additional material parameters, and greater computational resources. When the internal 

temperature gradient is sufficiently small, the cell can instead be represented by a lumped thermal 

model. The validity of this approximation is commonly assessed using the Biot number, with Bi≪0.1 

indicating that internal conductive resistance is small relative to external convective resistance. The 

corresponding lumped energy balance is given by Equation (8) [111-114] 

( ) ( )p gen s amβd / d   - - mC T t Q hA T T=   (8) 

where m is the cell mass (kg), Q̇gen / W is the total heat-generation rate, h / W m⁻² K⁻¹ is the 

convective heat-transfer coefficient, Aₛ / m² is the heat-transfer surface area and Tₐₘᵦ / K is the 

ambient temperature. Lumped models offer low computational cost and have been widely used to 

predict average cell temperature during charging, discharging, and aging. However, because they 

assume a spatially uniform temperature, they cannot resolve internal hot spots, tab effects, or 

cooling-induced temperature nonuniformity. 

Heat generation models and boundary conditions 

Battery heat generation consists of reversible and irreversible contributions. Reversible heat is 

associated with the entropy change of electrochemical reactions, whereas irreversible heat arises 

mainly from activation polarization, concentration polarization, and ohmic losses in the solid and 

electrolyte phases. The total volumetric heat-generation rate can therefore be decomposed into 

reversible and irreversible contributions, as shown in Eq. (9) [115-121]: 

irr rev ohm,s ohm,eq q q q q= + + +   (9) 

where q̇irr is the irreversible reaction heat, q̇rev is the reversible heat, and q̇ohm,s and q̇ohm,e are the 

ohmic heat-generation rates in the solid and electrolyte phases, respectively. All terms in Equation 

(9) have units of W m⁻³. For a spatially resolved electrochemical-thermal model, the individual heat-

generation contributions can be expressed using Eq. (10) [15] 

( )
2 2eff eff eff

s n s n s e D e e a a ln  
U

q j j T k k C
T

    
 

= + +  +  +   
 

   (10) 

Here, aₛjₙη represents irreversible reaction heat, aₛjₙT(∂U/∂T) represents reversible entropic 

heat, σᵉᶠᶠ|∇ϕₛ|² represents solid-phase ohmic heat, and the final two terms describe electrolyte-

phase ohmic and concentration-related heat generation. In Equation (10), κᵉᶠᶠ / S m⁻¹ is the effective 

electrolyte ionic conductivity, κDᵉᶠᶠ is the effective diffusional conductivity, Cₑ / mol m⁻³ is the 

electrolyte lithium-ion concentration, and ∂U/∂T / V K⁻¹ is the entropy coefficient. The signs of the 

reaction and reversible terms depend on the adopted current-direction and heat-generation 
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conventions and must be applied consistently. When detailed internal electrochemical variables are 

unavailable, total cell heat generation can be approximated using Equation (11) [15,122]: 

( ) OC
gen OC cell- -  

U
Q I U V IT

T

 
=  

 

     (11) 

where I / A is the applied current, UOC / V is the open-circuit voltage, Vcell / V is the terminal voltage. 

The first term represents irreversible heat associated with the voltage loss, whereas the second 

represents reversible entropic heat. This formulation assumes negligible heat of mixing and phase-

transition effects and does not resolve the spatial distribution of heat generation. 

Empirical and semi-empirical formulations have also been developed using measured internal 

resistance, entropy change, and charge-discharge data [123-125]. Such approaches reduce 

parameter requirements and computational effort but are generally restricted to the cell chemistry 

and operating range used for their calibration. In contrast, physics-based local heat-generation 

models provide greater transferability and spatial resolution but require electrochemical 

parameters and solution of the coupled transport equations. The principal reaction, reversible 

polarization and ohmic heat-generation mechanisms are illustrated in Figure 2. 

 
Figure 2. Electrochemical heat generation and thermal transport mechanisms in a lithium-ion cell. Developed 

by the authors based on [126] 

Thermal boundary conditions describe heat exchange between the battery surface and its 

surroundings. A convective boundary condition can be expressed using Equation (12)                     

( ) ( )amβ= -T h T T− n  (12) 

where n is the outward unit-normal vector. An insulated or symmetry boundary is obtained by 

setting the normal heat flux to zero, whereas a prescribed-temperature boundary is represented by 

specifying the surface temperature directly. Radiation may also be included at elevated 

temperatures or when radiative heat exchange is significant. The selection of boundary conditions 

should reflect the actual cell geometry, tab configuration, cooling surfaces, thermal contacts, and 

the surrounding environment, as these factors strongly influence the predicted maximum 

temperature and temperature nonuniformity. 
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Coupled electrochemical-thermal modelling approaches for lithium-ion batteries 

Fundamental principles of electrochemical-thermal coupling 

Electrochemical and thermal behaviour in lithium-ion batteries is inherently interdependent. 

Electrochemical reactions, ionic transport, electronic conduction, and polarization generate heat, 

while the resulting temperature changes affect reaction kinetics, diffusion coefficients, ionic 

conductivity, equilibrium potential, and internal resistance. Electrochemical-thermal coupling 

therefore requires two principal information pathways: the electrochemical model supplies local or 

total heat generation to the thermal model, and the thermal model returns the calculated 

temperature to update temperature-dependent electrochemical parameters. 

The temperature dependence of a general electrochemical or transport parameter, ψ, is 

commonly represented by the Arrhenius relationship given in Equation (13) [52]: 

( ) a,

ref

ref

1 1
= exp -   

E
T

R T T


 

  
   

  
 (13) 

Here, ψ(T) is the temperature-dependent parameter, ψref is its value at the reference 

temperature, Ea,ψ / J mol⁻¹ is the corresponding activation energy, R is the universal gas constant, 

and T / K and Tref / K are the operating and reference temperatures, respectively. This general 

expression can be applied to solid- and electrolyte-phase diffusion coefficients, reaction-rate 

constants, and ionic conductivity. A separate equation for the temperature dependence of the solid-

phase diffusion coefficient is therefore unnecessary. 

The required thermal resolution depends on the cell geometry and modelling objective. A zero-

dimensional lumped model predicts the average cell temperature using a limited number of thermal 

parameters but cannot resolve spatial gradients. One-dimensional models capture temperature 

variation along a selected direction, while two-dimensional models resolve gradients in a plane or 

axisymmetric domain. Three-dimensional models provide the most complete representation of tab 

effects, asymmetric cooling, nonuniform heat generation, and internal thermal heterogeneity, but 

require more detailed parameters and substantially greater computational resources. The principal 

characteristics and input requirements of these thermal-model dimensionalities are compared in 

Table 3. Consequently, model selection should balance spatial resolution, computational cost, 

available parameters, battery geometry, and the intended application [86,87,127,128]. 

Table 3. Input requirements and principal characteristics of thermal models of different dimensionality 

Thermal model dimension Parameters Limitations 

0-dimension Ea, S,Cp,lumped Limited spatial resolution 

1-dimension K, Cp and 1D unit cell geometry Limited axial resolution 

2-dimension 2D cell geometry Neglects the electrode thickness 

3-dimension 3D cell geometry, tab location, inner structure High computational cost 

Electrochemical-thermal coupling strategies 

Electrochemical and thermal models can be integrated through direct, sequential, hybrid, or 

multiscale coupling architectures [129,130]. These categories describe different approaches to 

information exchange, model fidelity, and spatial-scale integration. Their suitability depends on the 

strength of electrochemical-thermal feedback, required spatial resolution, computational 

resources, and whether the model is intended for offline analysis or real-time implementation. 

In direct coupling, the electrochemical and thermal equations are solved simultaneously or 

iteratively within the same computational framework. Electrochemical heat generation is 
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transferred to the thermal model, while the resulting temperature field continuously updates 

temperature-dependent electrochemical parameters. This two-way feedback can capture strong 

interactions between temperature, reaction kinetics, transport, and heat generation, particularly 

under high-rate or thermally nonuniform conditions [130,131]. However, direct coupling increases 

numerical stiffness, parameter requirements, and computational cost, which can limit its use in real-

time battery-management applications. 

Sequential coupling solves the electrochemical and thermal models in separate stages. The 

electrochemical model first calculates heat generation, which is then used as input to the thermal model. 

This approach reduces computational complexity and is suitable when temperature feedback has a 

limited influence on electrochemical behaviour. However, a one-way sequential formulation cannot 

fully capture how temperature evolution affects reaction kinetics, transport properties, and subsequent 

heat generation. Iterative sequential schemes can partially address this limitation by exchanging 

information between the two models until a specified convergence criterion is satisfied. 

Hybrid coupling combines models of different levels of fidelity to balance predictive capability 

and computational efficiency [132-134]. A detailed P2D electrochemical model may, for example, 

be coupled with a lumped or reduced-order thermal model when accurate electrochemical-state 

prediction is required but spatial temperature gradients are limited. Conversely, a reduced-order 

electrochemical model may be coupled with a two- or three-dimensional thermal model when local 

temperature distribution, cooling performance, or tab-region hot spots are the primary focus. 

Hybrid models are particularly suitable for control-oriented simulation, parameter studies, and 

battery-management applications, although their accuracy depends on whether the simplified sub 

model preserves the dominant physical processes under the investigated conditions. 

Multiscale coupling links physical processes across particle, electrode, cell, module, or pack 

scales. It can integrate microscopic ion transport and interfacial reactions, mesoscopic electrode 

structures and side reactions, and macroscopic current and temperature distributions within a 

unified framework [135]. Such models can represent interactions among primary electrochemical 

reactions, solid-electrolyte-interphase growth, degradation, heat generation, and thermal transport 

across multiple domains. However, the exchange of information between scales, large parameter 

requirements, and high computational cost remain major implementation challenges. A 

representative multiscale framework connecting primary reactions, side reactions, and thermal 

behaviour is shown in Figure 3. 

 
Figure 3. Multiscale electrochemical-thermal modelling framework linking primary electrochemical reactions, 

side reactions, and domain-specific thermal behaviour. Reproduced from [135] under CC BY-NC-ND 4.0 
licence. Copyright © 2021 The authors. Published by Elsevier Ltd 
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Overall, direct coupling provides the most complete two-way electrochemical-thermal feedback; 

sequential coupling offers lower computational cost; hybrid coupling balances fidelity and 

efficiency; and multiscale coupling provides the broadest physical representation across spatial and 

temporal scales. No single strategy is universally optimal; the appropriate coupling architecture 

must be selected according to the cell format, operating conditions, required outputs, available 

parameters, and computational constraints. 

Improving computational efficiency in electrochemical-thermal coupled battery models 

The computational cost of electrochemical-thermal models is governed by electrochemical 

model fidelity, thermal model dimensionality, coupling strength, spatial and temporal discretization, 

parameter complexity, and numerical implementation. High-fidelity P2D and three-dimensional 

models resolve internal concentration, current density, heat generation, and temperature 

distributions but require solving strongly coupled, often stiff, differential equations. Computa-

tionally efficient implementation therefore requires an appropriate balance among physical 

resolution, numerical cost, and the outputs required for a particular application. 

Numerical efficiency can be improved through parameter-reduction methods, parallel 

computing, and the selection of suitable solvers. The integration of temperature-dependent 

parameters into a P2D framework has been combined with genetic-algorithm-based parameter 

identification and parallel strategies, including Single Program Multiple Data and parallel FOR loops, 

to accelerate model calibration [136]. Earlier P2D implementations employed sparse-matrix solvers 

in Fortran [13,14,93], while alternative formulations used symbolic or numerical environments with 

finite-difference discretization and stiff-equation solvers [137,138]. These studies demonstrate that 

computational performance depends not only on model formulation but also on discretization, 

solver architecture, parallelization, and software implementation. 

Reduced-order formulations provide another important route to computational acceleration. A 

Padé-approximation-based electrochemical-thermal model represented the 20 windings of a large 

cylindrical cell through interconnected reduced-order sub-models while retaining thermal and aging 

feedback [139]. Under 1C cyclic loading, the reduced model required approximately 179 to 187 s 

compared with 526 to 534 s for the full-order P2D model. Under an Urban Dynamometer Driving 

Schedule, the computational time decreased from approximately 7800 to 8100 s to 89 to 92 s [139]. 

Although these results demonstrate substantial acceleration, the reported performance is specific 

to the investigated cylindrical-cell configuration and reduced-order implementation. 

The Method of lines provides a further means of reducing computational cost by spatially 

discretizing the governing partial differential equations and converting them into a system of 

ordinary differential and algebraic equations. Coupling an SPM with a lumped thermal formulation 

through this method produced computational accelerations of approximately 400 times for a 

photovoltaic loading profile and 118 times for a 1C galvanostatic discharge relative to the 

corresponding P2D implementation [15,140]. Such reductions are particularly valuable for repeated 

simulations, parameter estimation, optimization, and control-oriented applications. 

The selected electrochemical model can influence computational performance more strongly than 

the coupling architecture itself. A comparison of generalized lumped, SPM, and P2D electrochemical 

models, coupled with the same two-dimensional axisymmetric thermal model, showed that the 

generalized lumped model required the shortest computational time and the fewest experimental 

parameters. The P2D model provided the highest electrochemical accuracy, whereas the SPM 

produced the highest thermal accuracy under the specific cell geometry and operating conditions 

examined [141]. The corresponding comparative rankings are summarized in Table 4. 
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Table 4. Comparative ranking of electrochemical models coupled with a two-dimensional axisymmetric 
thermal model 

EChM Computational time 
Accuracy 

Generality High fidelity Required experimental parameters 
EC TH 

Lumped 1st 2nd 3rd 1st 3rd 1st 

SPM 2nd 3rd 1st 3rd 2nd 2nd 

P2D 3rd 1st 2nd 2nd 1st 3rd 

Comparative analysis of electrochemical-thermal coupling approaches 

The development of electrochemical-thermal modelling has progressed from low-dimensional frame-

works intended for efficient cell-level prediction to high-fidelity Multiphysics models capable of resolving 

internal electrochemical, thermal, aging, and mechanical heterogeneity. A foundational framework 

coupled a one-dimensional electrochemical model with a two-dimensional thermal model and 

successfully predicted concentration and surface overpotentials, terminal voltage, current distribution, 

and local heat generation [142]. Subsequent three-dimensional thermal modelling demonstrated the 

importance of electrode geometry, with the predicted maximum temperature increasing from 

approximately 306 to 315 K as electrode thickness increased under the investigated conditions [143]. 

Reduced-order and low-dimensional approaches were subsequently developed to decrease 

computational cost while retaining sufficient predictive capability. A reduced degradation-

electrochemical-thermal model coupled a reduced-order electrochemical formulation with a one-

dimensional radial thermal model for large cylindrical cells [139]. One-dimensional electrochemical 

and thermal formulations also reproduced measured voltage and temperature behaviour over 

different discharge rates [144,145]. These approaches are suitable for rapid simulation and control-

oriented applications but cannot fully resolve tab-induced hot spots, asymmetric cooling, or in-plane 

current and temperature distributions. 

Coupled models have also been extended to incorporate degradation and mechanical behaviour. 

Spatially dependent solid-electrolyte-interphase growth has been integrated into thermal-

electrochemical models [146], while simplified heat-generation approaches have been applied to 

cyclic thermal analysis [147]. Electric-double-layer behaviour has been introduced to improve the 

representation of charge accumulation, transfer processes, and state-of-health estimation [148]. 

More comprehensive thermo-electrochemical-mechanical formulations account for chemical, 

thermal and mechanical strains, thereby supporting analysis of capacity loss and structural degra-

dation, although at substantially greater computational cost [149]. Pack-level heat propagation [150], 

real-time temperature prediction [151], and electrochemical-thermal-mechanical stress evolution 

further demonstrate the expanding scope of coupled modelling. 

Three-dimensional frameworks provide greater capability for resolving internal heterogeneity. 

P2D-based three-dimensional electrochemical-thermal modelling of pouch cells has shown that 

active-material particle size and electrode thickness strongly affect irreversible heat generation, 

current distribution, and temperature uniformity [153]. Simplified layered three-dimensional models 

have similarly demonstrated that increasing cell and electrode thickness can intensify internal 

temperature gradients in prismatic cells [154]. Three-dimensional layered pouch-cell models have also 

compared different representative-domain configurations to balance spatial accuracy and 

computational demand [155]. For cylindrical cells, coupling detailed electrochemical formulations 

with axisymmetric thermal models can reproduce radial heat transfer and self-heating-driven aging 

while retaining lower computational cost than a complete three-dimensional thermal domain [156]. 

Other reduced and hybrid formulations have been designed for specific applications. 

Experimentally determined thermal and electrochemical parameter datasets support P2D-lumped 

http://doi.org/10.5599/jese.3573


J. Electrochem. Sci. Eng. 16 (2026) 3573 Electrochemical-thermal coupled modelling of lithium-ion batteries 

16  

thermal modelling [157]. Multilayer one-dimensional models have been applied to two-stage fast-

charging analysis [158], while enhanced single-particle models coupled with thermal-resistance 

networks enable real-time estimation of internal and surface temperatures [159]. Pseudo-three-

dimensional formulations provide an intermediate approach for pack-level thermal-management 

analysis [160]. Representative coupling configurations, principal findings, and remaining limitations 

are compared in Table 5. 

Table 5. Representative electrochemical-thermal coupled modelling approaches for lithium-ion batteries 

Battery type EChM-THM Results and findings Key limitation / remaining gap Ref. 

Prismatic 
cell 

1D EChM coupled with 
2D THM and LHG 

Incorporates the 
temperature-dependent 

parameters to characterize 
the thermal behaviour of 

LiPo systems 

The 1D-2D coupling improves thermal 
prediction, but the model still simplifies 

full 3D cell geometry and may not 
accurately resolve local current-density 

variation near tabs and edges 

[142] 

Cylindrical 
1D EChM with solid-state 

diffusion coupled 1D 
THM and LHG 

Estimate the influence and 
rate of the SEI layer on the 

performance of LIB and 
capture the SEI growth 

The model captures SEI growth effects, but 
the 1D structure limits representation of 

spatially nonuniform aging, local heat 
accumulation, and coupled degradation 

under practical operating conditions 

[146] 

Pouch cell 
1D EChM coupled with 

2D THM with SHG 

The dominant heat source 
within the battery is active 

polarization and 
electrochemical heating 

The use of simplified heat generation 
reduces computational cost, but it may 

neglect detailed local reaction heat, 
reversible heat, and spatial heat-

generation heterogeneity at high C-rates 

[147] 

Cylindrical 
cell 

(18650) 

P2D model with the 
charge transfer reaction 
process detailed by the 
electrical double layer 

model (see Table 2) 
coupled with SHG 

Accurate estimation of the 
SOH of LIB under cyclic 
loadings with a detailed 

description of the charge 
accumulation and transfer 

Although electrochemical behaviour and 
SOH estimation are well represented, the 
simplified heat-generation treatment may 
limit accurate prediction of local thermal 

gradients and tab-related hot spots 

[148] 

Cylindrical 
cell (3S2P) 

(18650) 

3D EChM coupled with 
3D THM minus 

convective heat flux 
from the environment 

The developed model can 
accurately estimate the LIB 

pack heat generation during 
cyclic loadings 

The absence of convective heat flux from 
the environment limits the model’s 

applicability to realistic battery cooling 
conditions and practical BTMS design 

[150] 

Prismatic 
cell 

2D Reduced order EChM 
coupled with LHG and 

0D lumped capacitance 
model 

Forecasts battery 
temperature distribution 

and heat generation under 
different operation 

situations, and reduces 
computation complexity 

The reduced-order and 0D lumped thermal 
treatment improves computational 

efficiency, but it cannot fully capture 
internal temperature distribution and 

localized thermal nonuniformity 

[151] 

Pouch cell 
3D EChM based on the 

P2D theory and a 3D 
battery THM 

The particle size in 
negative electrodes has a 
substantial impact on the 
pace of irreversible heat 

generation 

The 3D P2D-based electrochemical-
thermal model provides detailed insight, 
but high computational cost and complex 

parameter identification limit real-time 
application and large-scale pack simulation 

[153] 

Prismatic 
cell 

Simplified 3D layered 
EChM coupled with 3D 

THM 

The internal temperature 
gradient is very significant 
at larger battery thickness 

The simplified 3D layered model captures 
thickness-related temperature gradients, 

but further validation is needed under fast-
charging, high C-rate, and aged-cell 

conditions 

[154] 

Cylindrical 
cell 

(18650) 

3D EChM coupled with 
2D axisymmetric THM 

The model can reproduce 
LIB aging data by utilizing 

contribution from capacity 
fade parameters 

The 3D EChM with 2D axisymmetric thermal 
modelling can reproduce aging trends, but 

axisymmetric assumptions may not fully 
represent asymmetric tab geometry and 

nonuniform cooling effects 

[156] 
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Battery type EChM-THM Results and findings Key limitation / remaining gap Ref. 

Cylindrical 
21700 

P2D EChM coupled with 
0D THM 

Results of this study 
present a dataset of 

experimental electro-
chemical and thermal 

parameters for LIB 

The P2D-0D thermal coupling provides 
useful parameter datasets, but the 0D 
thermal model assumes uniform cell 

temperature and cannot resolve internal 
thermal gradients 

 [157] 

Pouch cell 

1D ECHM coupled with 
lumped THM and 

mechanical stress model 
for a single stress 

particle. 

Induced stress in the 
battery cell can accelerate 
diffusion and reduce the 

cell capacity by 5.4 % 

The inclusion of mechanical stress is 
useful, but the lumped thermal model and 
single-particle stress representation may 
oversimplify spatial stress, temperature, 

and concentration heterogeneity 

 [152] 

Cylindrical 
cell 

(18650) 

1D EChM coupled with 
lumped THM and SHG. 

The simplified model could 
estimate the battery’s 

surface temperature and 
reduce computation time 

significantly 

The simplified 1D EChM-lumped thermal 
model is computationally efficient, but it 
mainly predicts surface temperature and 

cannot capture internal hot spots or 
detailed heat-generation distribution. 

[128] 

Pouch cell 
3D layered EChM 

coupled with 3D THM 

Analysed three different 
models: one unit (OU), 
two-unit (TU) and half 

scale (HS) model 

The 3D layered electrochemical-thermal 
framework improves spatial accuracy, but 

the model remains computationally 
demanding and requires further validation 

for different chemistries, cooling 
strategies, and operating conditions 

[155] 

Cylindrical 
(32650) 

1D multilayer EChM 
coupled with 1D THM 

with 1D LHG 

This model can be 
implemented to 

investigate the influence of 
a two-stage fast charging 

pattern on the battery 

The 1D multilayer electrochemical-thermal 
model is suitable for fast-charging analysis, 

but it cannot fully capture 3D thermal 
gradients, tab effects, and nonuniform 

current distribution 

[158] 

Prismatic 
cell 

SP+ ECHM with a 2D 
thermal resistance 

network model 

The model was developed 
to estimate the internal 

and external temperature 
of LiPo batteries in real-

time simultaneously. 

The SP+ model with a thermal resistance 
network enables real-time temperature 

estimation, but the reduced 
electrochemical representation may lose 

accuracy under high C-rates, low 
temperatures, and strong concentration 

polarization 

[159] 

Cylindrical 
cell 

(26650) 

P2D ECHM with 3D 
lumped THM 

The study presented a 
computationally efficient 
modelling approach that 

can be extended for 
implementation into BTMS 

of LIB packs 

The P2D model with 3D lumped thermal 
treatment is computationally efficient, but 

the lumped thermal assumption may 
underestimate local temperature gradients 

and cell-level hot spots 

[160] 

Pouch 
lithium-ion 

battery 

3D electrochemical-
thermal coupled model 

This study analysed a 
LiFePO₄ battery, showing 
that smaller particle sizes 
boost capacity. Thinner 

cathodes and higher heat 
transfer improve Li and 
temperature uniformity 

The 3D electrochemical-thermal model 
captures particle-size, cathode-thickness, 

and heat-transfer effects, but further work 
is needed to include aging, lithium plating, 

mechanical stress, thermal runaway 
initiation, and pack-level coupling 

[161] 

  

A three-dimensional electrochemical-thermal pouch-cell model was experimentally validated 

using voltage and temperature measurements at discharge rates of 1C, 3C, and 5C, as shown in 

Figure 4 [161]. The maximum average relative voltage error was 2.12% at 5C, while the maximum 

average relative temperature error was 4.81%. The slightly shorter experimental discharge duration 

was attributed to capacity loss in the tested cell. This agreement supports the model’s use for 

examining internal electrochemical and thermal heterogeneity, while the increasing discrepancy at 

high discharge rate highlights the need for reliable temperature-dependent parameters and 

degradation-aware validation. 
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Figure 4. Comparison of experimental and simulated results during discharge: (a) terminal voltage and (b) cell 
temperature at different discharge rates. Reproduced from [161] under the CC BY-NC 4.0 licence. Copyright © 

2024 The Authors. Published by Elsevier Ltd. 

Overall, low-dimensional and reduced-order models provide the computational efficiency 

required for parameter estimation, control, and real-time battery management, whereas three-

dimensional models provide the spatial resolution required to investigate internal heterogeneity, 

tab effects, localized heat generation, and thermal safety. Hybrid and intermediate-dimensional 

approaches offer a practical compromise, but model selection must remain consistent with battery 

geometry, operating conditions, required outputs, and available validation data. 

Case study: parameter effects on internal electrochemical and thermal heterogeneity 

The following case study is based on a validated three-dimensional electrochemical-thermal 

model of a LiFePO₄ pouch cell [161]. As shown previously in Figure 4, the model reproduced the 

measured voltage and temperature responses at discharge rates of 1C, 3C, and 5C with maximum 

average relative errors of 2.12 and 4.81 %, respectively. The model was subsequently used to 

examine how active-material particle size, electrode thickness, discharge rate, and convective heat 

transfer influence voltage loss, lithium-concentration distribution, heat generation, and 

temperature nonuniformity.  

Influence of active-material particle size on voltage loss 

The discharge-voltage loss consists primarily of electrochemical overpotential and ohmic voltage 

drop. According to the current-conservation and Butler-Volmer relationships in Equations (1), (2) 

and (5), increasing active-material particle size reduces the specific interfacial area available for 

charge transfer. The resulting increase in local reaction-current density requires a greater activation 

overpotential to sustain the applied current. 

As shown in Figure 5, increasing the cathode or anode particle size increases the absolute 

overpotential throughout discharge, whereas its effect on the ohmic voltage drop is comparatively 

small [161].  

The overpotential varies nonlinearly with depth of discharge because the exchange current density 

depends on the evolving surface lithium concentration. Changes in particle size do not directly alter the 

principal electronic and ionic conduction pathways; therefore, the corresponding ohmic-voltage curves 

remain relatively close. Their gradual variation during discharge reflects the combined dependence of 

material transport properties and internal resistance on temperature and state of charge. 
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Figure 5. Effects of cathode and anode particle size on (a-1, a-2) overpotential, (b-1, b-2) ohmic voltage drop, 

and (c-1, c-2) total voltage drop during 5C discharge. Reproduced from [161] under CC BY-NC 4.0 licence. 
Copyright © 2024 The Authors. Published by Elsevier Ltd 

Because the terminal voltage reaches the prescribed cut-off value earlier when overpotential 

increases, larger particles shorten the simulated discharge duration and reduce accessible capacity. 

Smaller particles improve interfacial reaction area and capacity utilization but may introduce other 

practical concerns, including greater surface reactivity, side reactions, and manufacturing 

complexity. Particle-size selection must therefore balance electrochemical performance, 

degradation, safety and material-processing requirements. 

Solid-phase lithium-concentration inhomogeneity 

Nonuniform lithium intercalation and deintercalation produce spatial concentration gradients 

within active materials. These gradients can generate localized expansion and contraction, 

mechanical stress, microcracking, and particle fracture, thereby contributing to capacity 

degradation [162,163]. The standard deviation of the cathode surface lithium concentration, σc, was 
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used to quantify spatial concentration inhomogeneity, whereas ΔCs,surf represented the difference 

between its maximum and minimum values [161]. 

As shown in Figure 6(a), the concentration inhomogeneity increased during the initial and 

intermediate stages of discharge, reached a maximum near 60 % depth of discharge, and then 

decreased as the cathode approached a more uniformly lithiated state. Higher discharge rates 

produced larger concentration gradients because the increased reaction-current density intensified 

spatial variations in lithium transport and interfacial reaction rate [161]. 

Figure 6(b) shows the influence of cathode thickness on concentration uniformity. Increasing the 

cathode thickness within the investigated range increased σc and ΔCs,surf because longer through-

plane transport pathways promoted nonuniform reaction distributions. The highest inhomogeneity 

was reported near a cathode thickness of 160 μm. Thicknesses between 60 and 170 μm were 

evaluated because very thin electrodes provided insufficient capacity, whereas excessively thick 

electrodes reduced surface-specific capacity under the investigated conditions [161]. These findings 

demonstrate a trade-off between energy storage capacity and transport uniformity, rather than 

establishing a universally optimal electrode thickness. 

 
Figure 6. Cathode surface lithium-concentration inhomogeneity as a function of (a) depth of discharge and  

C-rate, (b) cathode thickness, and (c) convective heat-transfer coefficient. Reproduced from [161] under  
CC BY-NC 4.0 licence. Copyright © 2024 The Authors. Published by Elsevier Ltd 

As shown in Figure 6(c), increasing the convective heat-transfer coefficient reduced both σc and 

ΔCs,surf by suppressing temperature gradients and the associated spatial variation in temperature-

dependent electrochemical properties. The improvement became limited above approximately 

30 W m⁻² K⁻¹ for the investigated pouch cell and boundary conditions [161]. Therefore, this value 

should be interpreted as model- and configuration-specific rather than as a universal cooling 

threshold. 

Heat generation and temperature nonuniformity 

The model separated total heat generation into irreversible, reversible, and ohmic contributions. 

Figures 7(a)-(c) present the evolution of these heat-generation components during discharge at 1C, 

3C and 5C, respectively [161]. At all three discharge rates, irreversible heat increased with depth of 

discharge and remained the dominant contribution. Reversible heat was initially negative and 

became positive near 70 % depth of discharge because of the state-of-charge dependence of the 

entropy coefficient. Ohmic heat varied less strongly during discharge at a fixed C-rate but became 

increasingly important at higher current. At 1C and 3C, reversible heat exceeded ohmic heat near 

the end of discharge, whereas at 5C, ohmic heat remained greater than reversible heat throughout 

the investigated period. 

As also shown in Figure 7, total heat generation increased rapidly near the end of discharge, 

particularly at high C-rates. Because irreversible reaction heat represented the largest contribution, 



A. Khan and K. Hussain et al. J. Electrochem. Sci. Eng. 16 (2026) 3573 

http://doi.org/10.5599/jese.3573  

particle sizes and electrode structures that reduce local overpotential may also reduce total heat 

generation. These results indicate that thermal-management requirements become more 

demanding at high depths of discharge and high operating currents, although the appropriate 

cooling strategy depends on the operating profile and cell design. 

 

Figure 7. Average irreversible, reversible, ohmic, and total heat-generation rates during discharge at  
(a) 1C, (b) 3C and (c) 5C. Reproduced from [161] under CC BY-NC 4.0 licence. Copyright © 2024 The Authors. 

Published by Elsevier Ltd. 

Temperature nonuniformity was quantified using the spatial standard deviation of temperature, 

σT, and the difference between the maximum and minimum temperatures, ΔT. As shown in 

Figure 8(a), the spatial temperature standard deviation, σT, increased with depth of discharge and 

became more pronounced at higher C-rates due to greater, more spatially heterogeneous heat 

generation. Figure 8(b) shows that increasing the cathode thickness from 60 to 100 μm increased 

both σT and ΔT by extending transport pathways and intensifying spatial nonuniformity in 

electrochemical reactions and heat generation [161]. 

As shown in Figure 8(c), increasing the convective heat-transfer coefficient reduced σT and ΔT by 

improving heat removal from the pouch-cell surfaces. Beyond approximately 30 W m⁻² K⁻¹, further 

improvement became limited for the investigated geometry and boundary conditions [161]. This 

plateau reflects the changing balance between internal conductive resistance and external convective 

resistance. Therefore, the reported value should be interpreted as model- and configuration-specific 

rather than as a universal cooling threshold for all battery formats and cooling configurations. 

 
Figure 8. Temperature inhomogeneity as a function of (a) depth of discharge and C-rate, (b) cathode 

thickness, and (c) convective heat-transfer coefficient.  Reproduced from [161] under CC BY-NC 4.0 licence. 
Copyright © 2024 The Authors. Published by Elsevier Ltd. 

Collectively, the case study demonstrates that electrochemical and thermal heterogeneity are 

strongly interconnected. Particle size and electrode thickness influence interfacial reaction rates and 

lithium-transport pathways, while discharge rate and surface cooling determine heat accumulation 

and temperature gradients. Three-dimensional electrochemical-thermal modelling is therefore 

particularly valuable when local concentration, heat generation, and temperature distributions 

cannot be adequately represented by lumped or low-dimensional formulations.  
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Research gaps and future directions 

Despite substantial progress, electrochemical-thermal models still rely on assumptions such as 

homogeneous material properties, uniform current distribution, constant heat-transfer coefficients, 

and idealized thermal boundaries. These assumptions improve computational efficiency but limit 

representation of internal heterogeneity, particularly in large-format pouch and prismatic cells. 

Accurate parameter identification is an associated challenge because diffusion coefficients, 

reaction-rate constants, entropy coefficients, thermal properties, contact resistance, and convective 

heat-transfer coefficients vary with chemistry, temperature, state of charge, C-rate, and aging. 

Future studies should therefore incorporate parameter sensitivity analysis, uncertainty 

quantification, and standardized experimental characterization to establish reliable model inputs 

and confidence in predictions. 

A persistent challenge is balancing spatial fidelity with computational efficiency. Lumped and 

low-dimensional models support rapid prediction and battery-management applications but cannot 

resolve tab-region hot spots, nonuniform current density, local heat generation, and concentration 

gradients. High-fidelity three-dimensional models capture these effects but remain computationally 

demanding. Reduced-order, adaptive-resolution, and surrogate approaches are therefore needed 

to preserve the dominant electrochemical and thermal physics while enabling repeated simulation, 

optimization, and real-time implementation. 

Physics-informed and machine-learning-assisted surrogate models offer promising routes toward 

this objective. A P2D surrogate achieved an approximately 2250-fold computational acceleration 

relative to conventional numerical integration while supporting parameter inference and internal-

state estimation [164]. Physics-informed composite networks have also reproduced spatial electro-

chemical states from two-dimensional physics-based models using limited training data [165], while 

physics-guided neural thermal frameworks have shown potential for real-time electrochemical-

thermal prediction and optimization during ultra-fast charging [166]. Their broader implementation 

nevertheless requires representative datasets, preservation of physical constraints, uncertainty 

assessment, improved interpretability, and validation beyond the training domain. 

Coupling among electrochemical, thermal, aging, and mechanical processes also remains 

incomplete. Degradation mechanisms such as solid-electrolyte interphase growth, lithium plating, 

gas generation, loss of active material, electrode cracking, and thermal runaway initiation are 

frequently neglected or simplified. More comprehensive multiphysics models should integrate 

these mechanisms without introducing prohibitive parameter and computational requirements. 

Their validation should extend beyond terminal voltage and surface temperature to include internal 

temperature, local heat generation, lithium concentration gradients, current density distribution, 

and tab-region hot spots. Calorimetry, infrared thermography, embedded sensors, electrochemical-

impedance measurements, X-ray and neutron imaging, and distributed sensing can provide 

complementary data for this purpose. 

Future developments should also connect cell-level models with module- and pack-level 

behaviour. Cell-to-cell variability, nonuniform coolant distribution, electrical imbalance, contact 

resistance, and heterogeneous aging can substantially affect pack-level performance and safety. 

Multiscale digital twins that integrate physics-based electrochemical-thermal models, real-time 

sensing, parameter updates, and data-driven corrections could support online state estimation, fast-

charging control, fault detection, and safety monitoring. Achieving this objective will require 

experimentally validated frameworks that connect particle-scale reactions, cell-level heterogeneity, 

and pack-level thermal management. 
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Conclusion 

This review critically assessed electrochemical-thermal coupled modelling approaches for lithium-

ion batteries, emphasizing model dimensionality, heat-generation mechanisms, coupling strategies, 

computational efficiency, and internal electrochemical and thermal heterogeneity. Lumped and low-

dimensional models provide computational efficiency and are well suited to control and real-time 

estimation, whereas P2D-based and three-dimensional frameworks offer greater capability for 

resolving concentration gradients, nonuniform current distribution, localized heat generation, and 

temperature variation. Model selection should therefore be guided by battery geometry, operating 

conditions, required outputs, available parameters, and computational constraints. 

The reviewed three-dimensional pouch-cell case study illustrates the close interaction among 

particle size, electrode thickness, discharge rate, surface cooling, and internal nonuniformity. 

Smaller active-material particles reduced overpotential and improved accessible capacity under the 

investigated conditions, while increasing electrode thickness intensified concentration and 

temperature gradients. Higher C-rates increased irreversible and total heat generation, whereas 

stronger convective cooling improved concentration and temperature uniformity until its benefit 

became limited by the balance between internal and external thermal resistances. These findings 

are configuration-specific but demonstrate why spatially resolved models are valuable for battery 

design and thermal-management analysis. 

Further progress requires computationally efficient high-fidelity models, reliable parameter 

identification, uncertainty quantification, internal-variable validation, and stronger integration of 

degradation and mechanical processes. Reduced-order methods, physics-informed surrogates, 

digital twins, and multiscale cell-to-pack frameworks are expected to improve the practical 

application of electrochemical-thermal modelling. Their value will ultimately depend on rigorous 

experimental validation and their ability to provide accurate, interpretable, and transferable 

predictions across battery chemistries, formats, aging states, and operating conditions. 
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