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Abstract: This study presents a reduced-order electro-chemo-thermo-mechanical 
(ECTM) model for an 18650-format LiFePO4 (LFP)/graphite cell under normal 
charging. A one-dimensional Doyle–Fuller–Newman electrochemical model is 
coupled to a two-dimensional axisymmetric equivalent-continuum thermal–
mechanical model. Three controlled cases are compared over the first 100 s of a 1C 
charge: (1) the COMSOL material-default positive-electrode equilibrium potential, 
(2) a literature-derived LFP equilibrium-potential function that represents the
plateau thermodynamics without explicitly resolving a phase field, and (3) Case 2
with a phenomenological stress-feedback term. At 100 s, the terminal voltage is
approximately 3.360 V in Case 1 and 3.368 V in Cases 2 and 3. The corresponding
average volumetric heat-generation rates are approximately 2.83 × 103 and 3.05 ×
103 W m−3, and the average temperature rises are approximately 0.133 and 0.145
K. The maximum equivalent-continuum von Mises stresses are only about 0.21 and
0.23 kPa, respectively; these values are not interpreted as electrode- or particle-
scale stress. Cases 2 and 3 are practically indistinguishable at the plotted resolution,
so the feedback coefficient is treated only as an uncalibrated sensitivity parameter.
The model is therefore a short-time operational framework demonstration, not a
thermal-runaway or experimentally validated safety model.

Keywords: battery energy storage system; LiFePO4 battery; electro-chemo-
thermo-mechanical coupling; reduced-order model; phase-separation-informed 
equilibrium potential; cylindrical cell; operational charging 

1. Introduction

Lithium-ion batteries (LIBs) support portable electronics, electric and hybrid electric vehicles (EVs and 
HEVs), and stationary battery energy storage systems (BESSs). At the system level, equivalent-circuit models 
(ECMs) are widely used in battery management systems (BMSs), whereas physics-based electrochemical and 
thermal models provide spatially resolved quantities that can inform battery thermal-management-system (BTMS) 
design and operating-envelope studies [1–4]. 

Operational multiphysics models and thermal-runaway models serve different but complementary purposes. 
The former predict voltage, heat generation, temperature, deformation, and stress during intended operation; the 
latter additionally require abuse triggers, internal short circuits, separator failure, SEI and electrolyte 
decomposition, gas generation, venting, and strongly exothermic reaction kinetics [5–16]. None of those abuse 
mechanisms is included here. Consequently, the present results cannot predict thermal-runaway onset, 
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propagation, or a safety margin; at most, a validated operational model could later provide initial conditions to a 
separate abuse model. 

Reduced-order electrochemical–thermal and electro-chemo-mechanical formulations are attractive when 
repeated simulations are needed for design-space screening, control-oriented studies, or parameter sensitivity 
analysis [4,17–23]. Their benefit depends on transparent constitutive choices and on recognizing the information 
lost during homogenization. In particular, a cell-scale equivalent continuum cannot be interpreted as a resolved 
electrode coating, separator, binder, or particle microstructure. 

LFP electrodes exhibit a flat voltage plateau and two-phase LiFePO4/FePO4 behavior over much of their 
stoichiometric range. Explicit phase-field models can resolve phase boundaries, coherency strain, and metastable 
dynamics [24–29]. A much cheaper alternative is to retain the DFN transport equations while replacing the 
positive-electrode equilibrium potential by a literature-derived LFP stoichiometry function. That substitution is 
“phase-separation-informed” only in the reduced thermodynamic sense: it reproduces plateau-shaped equilibrium 
behavior but does not solve a phase-field equation or track a moving phase boundary. 

This work therefore asks a narrow, objective question: how sensitive are short-time coupled cell-scale outputs 
to the positive-electrode equilibrium-potential closure and to a reduced stress-feedback term? A 1.1 Ah, 18650-format 
LFP/graphite model is charged at 1C, meaning a current numerically equal to the nominal ampere-hour capacity (1.1 
A here), for 100 s. The three cases use (1) the COMSOL material-default LFP equilibrium potential, (2) a published 
LFP equilibrium-potential function, and (3) the Case 2 function plus an uncalibrated phenomenological stress 
correction. The contribution is the controlled comparison and reproducible hybrid-dimensional implementation, not 
a claim of new phase-field theory, cell-specific validation, or thermal-runaway prediction. 

2. Materials and Methods 

2.1. Model Geometry, Cell Specification, and Assumptions 

The computational domain represents an 18650-format LFP/graphite cell with an 18 mm outer diameter, 65 mm 
height, 3.3 V nominal voltage, and 1.1 Ah nominal capacity [30]. The electrochemical domain resolves the 
negative electrode (40 μm), separator (25 μm), and positive electrode (70 μm) in one through-thickness dimension. 
The thermal and mechanical domains use a two-dimensional axisymmetric cylinder with anisotropic effective 
properties. The wound layers, steel can, mandrel, current-collector foils, tabs, binder, and separator are not 
mechanically resolved. The electrolyte is represented by the COMSOL Li-ion liquid-electrolyte property functions 
with an initial salt concentration of 1.2 mol L−1; a specific solvent blend was not calibrated to a target cell. Table 
1 shows the cell specification and representation used in the simulations. 

Table 1. Cell specification and representation used in the simulations. 

Item Model Specification Status/Source 
Cell format 18650 cylinder; 18 mm diameter × 65 mm height Nominal format; [30] 
Nominal electrical 
rating 3.3 V; 1.1 Ah; 1C = 1.1 A Datasheet-level reference; [30] 

Positive electrode LiFePO4; 70 μm porous coating Model input 
Negative electrode Graphite; 40 μm porous coating Model input 
Separator 25 μm porous separator Model input 

Electrolyte LiPF6-based liquid-electrolyte property functions; 
cₑ,0 = 1200 mol m−3 

COMSOL material functions; 
composition not target-cell 
calibrated 

Tabs and current 
collectors 

Electrical boundaries only; tab temperature not 
resolved Declared limitation 

2.2. Electrochemical Model 

The electrochemical submodel was implemented with the Lithium-Ion Battery interface in COMSOL 
Multiphysics 6.3.0.290 and follows the Doyle–Fuller–Newman porous-electrode framework [4,17,31–33]. The 
one-dimensional cell domain includes solid-state diffusion in representative spherical particles, electrolyte species 
transport, electronic and ionic charge conservation, and Butler–Volmer interfacial kinetics. The negative-electrode 
equilibrium-potential and kinetic functions use the COMSOL graphite material description in all three cases. 

Lithium transport in each representative spherical active-material particle was governed by Fick’s second 
law [33]: 
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where cs is the lithium concentration in the solid phase, Ds is the solid-state diffusion coefficient, and rp is the 
radial coordinate inside the particle. Symmetry was imposed at the particle center, and the lithium flux at the 
particle surface was coupled to the interfacial reaction current density. 

Lithium-ion transport in the electrolyte was described by the species conservation equation: 

εe
∂ce

∂t
 = ∇⋅(De

eff∇ce) + 1 − t+0

F
asj (2) 

where εₑ is the electrolyte volume fraction, cₑ is the electrolyte lithium-ion concentration, De
eff is the effective 

electrolyte diffusion coefficient, t+0  is the transference number, aₛ is the specific interfacial area, and j is the 
interfacial reaction-current density [33]. 

Charge conservation in the electronically conductive solid matrix of the electrodes was expressed as: ∇⋅(σs
eff∇ϕs) = − asj (3) 

where σs
eff is the effective electronic conductivity of the solid phase and ϕs is the solid-phase potential. Similarly, 

charge conservation in the electrolyte phase was written as: ∇⋅(κe
eff∇ϕe + κD

eff∇ ln ce ) = asj (4) 

where κe
eff is the effective ionic conductivity, κD

eff is the diffusional-conductivity term, and ϕₑ is the electrolyte 
potential [33]. 

The interfacial charge transfer reaction at both electrodes was described using Butler–Volmer kinetics: 

j = i0 𝑗 = i0 ൤exp ൬αaFη
RT ൰ − exp ൬− αcFη

RT ൰ ൨ (5) 

where i0 is the exchange current density, αa and αc are the anodic and cathodic charge transfer coefficients, R is 
the universal gas constant, T is temperature, and η is the reaction overpotential. The reaction overpotential was 
defined as: 

η = ϕs  −  ϕe  −  U (6) 

where U is the equilibrium potential of the electrode material, defined as a function of stoichiometry and, where 
applicable, temperature. In the present model, the exchange current density was also treated as concentration-
dependent to capture the variation in reaction kinetics with local lithium content. 

All three cases use the same concentration-dependent kinetic functions, initial state, geometry, transport, 
thermal, mechanical, and solver settings; only the positive-electrode equilibrium-potential closure and, in Case 3, 
the stated phenomenological stress-feedback term change. 

2.3. Reduced Phase-Separation-Informed LFP Thermodynamics 

Case 2 does not explicitly simulate phase separation. It retains the single-particle DFN transport description 
and uses a stoichiometry-dependent positive-electrode equilibrium potential fitted in prior LFP/graphite modeling 
studies [34–37]. Thus, no order parameter, gradient-energy term, phase-boundary motion, nucleation, hysteresis, 
or metastable relaxation is solved. The term phase-separation-informed denotes only the use of a plateau-shaped 
equilibrium-potential closure motivated by LFP two-phase thermodynamics. 

Let θₚ = cₛ,ₚˢᵘʳᶠ/cₛ,ₚᵐᵃˣ. The literature fit was used over the published LFP stoichiometric window 0.0229 ≤ θₚ 
≤ 0.9421, with numerical clamping at the endpoints. No refitting to measured OCV data from the target 1.1 Ah 
cell was performed. At the reference temperature, the implemented function is: 

Up,eq(θp) = 3.4323 −  0.8428expൣ−80.2493(1 −  θp)1.3198൧ − 3.2474 × 10-6expൣ20.2645(1 −  
θp)3.8003൧ + 3.2482 × 10-6expൣ20.2646(1 −  θp)3.7995൧ V  

(7) 

Temperature dependence was added as: 
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Up(θp,T) = Up,eq(θp) + (T −  Tref)ቆ∂Up

∂T
ቇ (8) 

where the published LFP entropy-coefficient fit [37,38] was: 
∂Up

∂T
 = − 0.35376θp

8 + 1.3902θp
7  −  2.2585θp

6 + 1.9635θp
5  −  0.98716θp

4 + 0.28857θp
3 −0.046272θp

2 + 0.0032158θp  −  1.9186 × 10ି5 V Kି1  
(9) 

Case 1 uses the COMSOL material-default LFP equilibrium-potential function. Because the proprietary 
material function and the literature fit have different reference curves, their cell voltages need not coincide. The 
approximately 8 mV difference at 100 s is therefore reported as model-form sensitivity, not as experimental 
evidence of phase separation. 

2.4. Thermal Model 

The thermal submodel solves transient heat conduction in the two-dimensional axisymmetric equivalent cell 
domain [39–42]. The effective radial and axial conductivities are 0.20 and 5.1 W m−1 K−1, respectively, and the 
effective density and heat capacity are 2358 kg m−3 and 805 J kg−1 K−1. No fluid-flow equations are present, so 
velocity vectors and streamlines are undefined. 

(ρCp)eff
∂T
∂t

 = ∇⋅(keff∇T) + Qtot (10) 

where T is temperature, (ρCp)eff is the effective volumetric heat capacity, keff is the effective thermal conductivity 
tensor, and Qtot is the total volumetric heat-generation rate. For the present axisymmetric model, the conductivity 
tensor was written as: 

keff = ൤kr 0
0 kz

൨ (11) 

where kr  and kz  are the effective radial and axial thermal conductivities, respectively. This anisotropic 
formulation reflects the strong directional difference in heat transport caused by the spiral-wound layered 
architecture of cylindrical cells [41,43]. 

The total electrochemical heat source follows the standard battery energy balance [40,42] and includes irreversible 
reaction, ohmic, and reversible entropic contributions as evaluated by the COMSOL electrochemical interface. 

Qtot = Qohm + Qrxn + Qrev (12) 

The irreversible reaction heat was written as: 

Qrxn = asjη (13) 

and the reversible entropic heat was expressed as: 

Qrev = asjT
∂U
∂T

 (14) 

where as  is the specific interfacial area, j is the local interfacial reaction current density, η is the reaction 
overpotential, U is the equilibrium potential, and ∂U/∂T is the entropic coefficient [40,44–46]. In the present 
hybrid-dimensional implementation, however, these terms were not transferred separately to the two-dimensional 
thermal domain. Instead, the thermal model received an equivalent time-dependent volumetric heat source, 
Qec,avg, obtained from the total heat generation predicted by the one-dimensional electrochemical model and 
transferred to the axisymmetric thermal domain in reduced form. This treatment preserves the dominant cell-scale 
heating effect while remaining computationally efficient for the coupled ECTM simulations. 

Heat dissipation at the external cell boundaries was represented using a convective heat-flux condition: −n⋅(keff∇T) = h(T −  T∞) (15) 

where n is the outward unit normal vector, h is the convective heat-transfer coefficient, and T∞ is the ambient 
temperature. Along the symmetry axis of the axisymmetric domain, zero normal heat flux was imposed. 

The thermal model is restricted to operational heat generation. It excludes SEI and electrolyte decomposition, 
gas generation, separator melting, internal short circuits, venting, combustion, and all other abuse-reaction kinetics. 
It therefore cannot be used to infer thermal-runaway onset or propagation. 



Xu et al.    Therm. Sci. Appl. 2026, 1(4), 358–371  

https://doi.org/10.53941/tsa.2026.100022   362 

2.5. Equivalent-Continuum Mechanical Model 

The same axisymmetric domain was assigned a small-strain, quasi-static, isotropic linear-elastic constitutive 
law with an effective Young’s modulus of 0.75 GPa and Poisson ratio of 0.30 [47]. These values originate from a 
graphite composite-electrode measurement and were transferred as cell-domain effective properties; they were not 
derived by homogenizing the cathode, separator, foils, can, and electrolyte, and were not calibrated to the target 
cell. Accordingly, the resulting stress is an equivalent-continuum sensitivity output rather than a resolved cell-can, 
coating, binder, separator, or particle stress. 

Under quasi-static conditions, the local mechanical equilibrium of the cell was governed by: ∇⋅σ + b = 0 (16) 

where σ is the Cauchy stress tensor and b is the body-force vector. Since gravitational and inertial effects are 
negligible compared with the stress generated by thermal and electrochemical expansion, b was neglected in the 
present model [18]. 

The total infinitesimal strain tensor was obtained from the displacement field u = (ur ,uz ). In the 2D 
axisymmetric representation, the nonzero strain components were written as: 

εrr = ∂ur

∂r
, εzz = ∂uz

∂z
, εθθ = ur

r
, γrz = ∂ur

∂z
+
∂uz

∂r
 (17) 

where ur and uz are the radial and axial displacements, respectively. This formulation allows the model to capture 
radial expansion or contraction, axial deformation, and the resulting stress nonuniformity within the equivalent 
cylindrical cell domain [18]. 

The total strain was decomposed into elastic, thermal, and electrochemical-induced contributions: 

ε = εe + εth + εch (18) 

where εe is the recoverable elastic strain, εth is the thermal strain, and εch is the chemical or lithiation-induced 
eigenstrain. The corresponding constitutive relation was written as: 

σ = C:(ε −  εth  −  εch) (19) 

The stiffness tensor was defined by the effective Young’s modulus and Poisson ratio. This assignment is a 
major modeling uncertainty because constituent-level properties and contacts are not resolved [18,21,47]. 

The thermal strain and electrochemical-induced strain were defined as: 

εth = αeff(T −  Tref)I (20) 

where αeff is the effective coefficient of thermal expansion, Tref is the reference temperature, I is the identity tensor. 
Following the standard eigenstrain based treatment of lithiation-induced deformation in lithium-ion battery 
mechanics [48,49], the local concentration-dependent chemical strain was recast here in reduced cell-scale form using 
averaged electrode stoichiometric descriptors. Specifically, effective electrode-level chemical strains were defined as: 

εn = βn(θሜ n  −  θሜ n,ref), εp = βp(θሜ p  −  θሜ p,ref) (21) 

where βn  and βp  are effective chemical expansion coefficients, and θሜ n  and θሜ p  are the averaged normalized 
lithiation states of the negative and positive electrodes, respectively. These two electrode contributions were then 
combined into a cell-scale equivalent chemical eigenstrain: 

εch = wnεn + wpεp (22) 

where wn and wp are weighting factors associated with the effective negative- and positive electrode thickness 
contributions. In the solid-mechanics implementation, this equivalent εch was applied as an isotropic external 
eigenstrain in the axisymmetric cell domain. For post-processing and for the subsequent coupling analysis, the 
hydrostatic-stress was monitored as the mechanically relevant scalar stress measure, since it provides a reduced 
descriptor for stress-dependent electrochemical feedback at the cell scale [49,50]. 

The mechanical formulation includes reversible thermal strain and a thickness-weighted chemical 
eigenstrain. It omits plasticity, fracture, binder damage, particle cracking, layer sliding, delamination, can contact, 
preload, irreversible swelling, and gas pressure. No measured swelling or strain data were used for calibration. 
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2.6. Electrochemical–Thermal–Mechanical Coupling and Case Definitions 

The one-dimensional electrochemical model provides volume-averaged heat generation and electrode 
lithiation states to the axisymmetric thermal and mechanical domains. Temperature feeds back to the 
electrochemical material properties. The mechanical field receives the temperature and the equivalent chemical 
eigenstrain. This hybrid-dimensional exchange reduces computational cost but removes layer-resolved gradients. 

Case 3 adds a reduced mechanics-to-electrochemistry term to Case 2. The positive-electrode potential 
becomes Up

3 = Uₚeq(θₚ) + (T − Tref)(∂Uₚ/∂T) + kσ σfb, with kσ = 1 × 10−5 V Pa−1. Here σfb is the transferred reduced 
stress descriptor, not the local von Mises stress. The coefficient is an assumed phenomenological sensitivity 
parameter and is not derived from partial molar volume or fitted to experiment. Therefore, Case 3 tests numerical 
coupling sensitivity only; it is not a validated mechanics-modified thermodynamic model. 

Up,mech
eq  = Up(θp) + (T −  Tref)

dU
dT

(θp) + kE,pσfb (23) 

The model inputs are geometry, material and transport properties, initial stoichiometries and temperature, 
applied current, convection coefficient, and mechanical coefficients. Primary outputs are terminal voltage, 
electrochemical heat generation, average and spatial temperature, displacement, and equivalent-continuum stress. 
The controlled case definitions are summarized in Table 2. 

Table 2. Controlled simulation cases. 

Case Positive-Electrode Equilibrium 
Potential Mechanical Feedback Interpretive Purpose 

1: Baseline COMSOL material-default LFP 
function None Reference implementation 

2: Phase-informed Literature LFP plateau function None OCP model-form 
sensitivity 

3: Feedback Same as Case 2 Phenomenological kσ σfb 
term 

Numerical sensitivity of 
reduced feedback 

2.7. Boundary and Initial Conditions 

All cases use a 1.1 A galvanostatic charge for 0–100 s. The negative current collector is the electrical 
reference and the positive current collector receives the applied current. Electrolyte current and species flux are 
zero at the external current-collector boundaries. Particle-center symmetry and interfacial flux conditions close the 
particle problems. The cell starts at 298.15 K with cₑ,0 = 1200 mol m−3, negative- and positive-electrode 
stoichiometries of 0.55042 and 0.44791, respectively, and zero displacement/stress. 

At the electronically conductive boundaries, the electrical boundary conditions were written as: 

ϕs = 0  on the negative current collector (24) −n⋅is = iapp  on the positive current collector (25) 

where ϕs is the solid-phase potential, is is the solid-phase current density vector, n is the outward unit normal 
vector, and iapp is the prescribed applied current density corresponding to 1C rate. At electrolyte boundaries 
adjacent to the current collectors, zero ionic current and zero salt flux were imposed: 

n⋅ie = 0,  n⋅Ne = 0 (26) 

where ie is the electrolyte current density vector and Ne is the electrolyte species flux. At the particle scale, 
symmetry was imposed at the particle center, whereas the lithium flux at the particle surface was determined by 
the local interfacial reaction rate defined in the porous electrode model. 

The entire exposed axisymmetric outer boundary uses convection to T∞ = 298.15 K with h = 10 W m−2 K−1; 
the symmetry axis has zero normal heat flux. Because tabs are not explicit geometric domains, tab-specific heat 
generation and tab temperature are not predicted. −n⋅(keff∇T) = h(T −  T∞) (27) 
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Axisymmetry imposes zero radial displacement on the centerline. One axial reference constraint removes 
rigid-body motion, while remaining exterior boundaries are traction free. No external clamping pressure or can 
contact is applied. 

The initial conditions were prescribed from the reference operating state of the cell prior to the start of the 
simulated galvanostatic charging process. The temperature field was initialized uniformly as： 

T(x,0) = T0 (28) 

where T0 is the initial cell temperature, usually taken equal to the ambient temperature unless preheating or 
precooling is considered. The initial electrolyte concentration was also spatially uniform: 

ce(x,0) = ce,0 (29) 

and the initial solid-phase lithium concentration in each electrode was assigned from the prescribed initial stoichiometry: 

cs,i(rp,x,0) = θi,0cs,i
max   (i = n,p) (30) 

where ce,0 is the initial electrolyte concentration, θI,0 is the initial stoichiometric fraction of electrode i, and 
cs,i

max  is the maximum solid-phase lithium concentration. The initial stoichiometries of the positive and negative 
electrodes were selected to be consistent with the prescribed initial state of charge of the full cell, which is the 
standard initialization approach in COMSOL lithium-ion battery models. 

For the mechanical field, the initial displacement was taken as zero and the stress-free configuration was used 
as the reference state at t = 0, such that thermal strain and the reduced electrochemically induced eigenstrain 
developed only after the onset of current loading. This initialization is appropriate for the present operational model 
because the objective is to track the evolution of temperature rise, lithiation-induced deformation, and stress 
accumulation relative to the initial undeformed state. Other specific values and the initial electrode stoichiometries 
used in each simulation case are referred in Table A1. 

2.8. Numerical Implementation, Unit Audit, and Assessment Scope 

COMSOL Multiphysics 6.3.0.290 was used for physics setup, meshing, and solution. The electrochemical 
through-thickness domain uses one-dimensional edge elements with local maximum element sizes down to 4.99 μm 
in the electrode/separator region, and each spherical particle extra dimension uses 10 radial elements. The thermal–
mechanical cell domain uses a free-triangular mesh with nominal element sizes from 19.5 μm to 4.36 mm. 
Electrochemical potentials and concentrations, temperature, and displacement use quadratic interpolation 
(serendipity quadratic for displacement). The transient system contains approximately 1399 degrees of freedom. 

Time integration uses an adaptive backward-differentiation formula with maximum order 2 and relative 
tolerance 10−3; results are stored every 0.2 s from 0 to 100 s. Nonlinear fields are solved in a fully coupled sequence 
with a maximum of four iterations per step and damping 0.9, with a PARDISO direct linear solver where selected. 
The reported 100 s interval is only 2.78% of an ideal 3600 s 1C charge. No full-cycle, mesh-independence, time-step 
convergence, or stability study was performed; this is stated explicitly rather than inferred from solver completion. 

A dimensional audit confirmed that the transferred heat source is in W m−3 and that the thermal storage term 
uses ρCp with SI units. The small temperature rise is consistent with the short simulated duration and the imposed 
convection, but it has not been validated against calorimetry or thermocouple data. Likewise, the voltage was 
checked for smooth numerical behavior but not compared with a target-cell charge curve, and the mechanical 
output was not compared with swelling or strain measurements. The results below are therefore comparative model 
outputs, not quantitative experimental validation. 

3. Results and Discussion 

3.1. Terminal-Voltage Response 

Figure 1 presents the three separately exported terminal-voltage histories. All results cover the same 1C, 100 s 
interval and are shown without constructing unsupplied difference curves. 

Case 1 increases from approximately 3.343 to 3.360 V. Cases 2 and 3 begin near 3.351 V and end near 3.368 V; 
their curves are visually coincident. The approximately 8 mV offset relative to Case 1 is best interpreted as a 
difference between two positive-electrode equilibrium-potential reference curves. It is not proof that a phase 
boundary has been resolved, and without a measured target-cell OCV curve the more accurate closure cannot be 
identified. The negligible Case 2–Case 3 difference also shows that the chosen feedback term has no practical 
effect over this operating window. 
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(a) Case 1: baseline (b) Case 2: phase-informed (c) Case 3: feedback 

Figure 1. Terminal voltage during the first 100 s of 1C charging: (a) Case 1, COMSOL material-default positive-
electrode equilibrium potential; (b) Case 2, literature LFP equilibrium potential; and (c) Case 3, Case 2 plus 
phenomenological stress feedback. 

3.2. Heat Generation and Average Temperature Rise 

The average electrochemical heat-generation histories are compared in Figure 2. Values are reported in W m−3, 
consistent with the thermal-source interface and the SI-unit audit described in Section 2.8. 

(a) Case 1: baseline (b) Case 2: phase-informed (c) Case 3: feedback 

Figure 2. Volume-averaged electrochemical heat-generation rate for the three cases during the first 100 s of 1C charging. 

After the initial transient, Case 1 rises from about 2.2 × 103 to 2.83 × 103 W m−3, whereas Cases 2 and 3 end 
near 3.05 × 103 W m−3. The roughly 0.22 × 103 W m−3 end-point difference is consistent with the changed 
equilibrium potential and associated overpotential/entropic terms. Because all transport and boundary parameters 
are fixed, this difference is a constitutive-model sensitivity, not an independently validated increase in physical 
heat release. 

The average temperature rise is approximately 0.133 K in Case 1 and 0.145 K in Cases 2 and 3 at 100 s, a difference 
of only about 0.012 K (Figure 3). This small response follows from the short 100 s window, the modest volumetric 
source, the effective thermal mass, and convection on the cell surface. It is unrelated to thermal runaway: no accelerating 
temperature rate, decomposition heat, venting, or internal short circuit is modeled. A full 3600 s charge and target-cell 
temperature data are needed before drawing conclusions about mature gradients or BTMS performance. 

   
(a) Case 1: baseline (b) Case 2: phase-informed (c) Case 3: feedback 

Figure 3. Volume-averaged temperature rise for the three cases during the first 100 s of 1C charging. 
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3.3. Equivalent-Continuum Mechanical Response 

The plotted maxima are approximately 0.21 kPa for Case 1 and 0.23 kPa for Cases 2 and 3. These values are 
orders of magnitude below MPa-scale coating, particle, can, or constrained-cell stresses commonly reported in 
experiments and detailed models. The discrepancy is not presented as a physically validated stress prediction. It 
follows from assigning a single compliant modulus to a traction-free equivalent continuum, applying a reduced 
average eigenstrain, omitting contacts and layer mismatch, and considering only 100 s of charging. Figure 4 can 
therefore support only the narrow observation that the implemented equivalent-continuum output changes slightly 
when the upstream OCP closure changes. 

   
(a) Case 1: baseline (b) Case 2: phase-informed (c) Case 3: feedback 

Figure 4. Equivalent-continuum von Mises stress at t = 100 s. The supplied Case 3 export is pixel-identical to the 
Case 2 panel at the available resolution. 

3.4. Coupled Interpretation and Limitations 

Across the supplied outputs, the main model-form effect is introduced by the literature LFP equilibrium 
potential: relative to Case 1, it shifts voltage by about 8 mV at 100 s, heat generation by about 0.22 × 103 W m−3, 
average temperature by about 0.012 K, and the equivalent-continuum stress by about 0.02 kPa. The direction is 
consistent along the coupling chain—electrode thermodynamics modifies overpotential and heat generation, which 
slightly modifies temperature and the reduced eigenstrain response. However, the magnitudes are too small and 
the evidence too limited to establish predictive superiority. 

Case 3 adds no visually resolvable improvement relative to Case 2. Its present practical value is therefore 
limited to demonstrating that a feedback channel can be implemented numerically. A physically meaningful 
feedback model would require a thermodynamically derived stress–chemical-potential relation, resolved or well-
homogenized stresses, and calibration against voltage and deformation data over a wider SOC range. 

The principal limitations are: no explicit phase-field physics or hysteresis; no target-cell OCV, voltage, 
temperature, swelling, or strain validation; no mesh or time-step independence study; no full-charge or multi-rate 
analysis; no resolved tabs, can, layers, contacts, or constituent mechanics; and no aging, plating, SEI, gas, internal-
short, or abuse chemistry. These omissions are compatible with a preliminary operational framework study but 
preclude thermal-runaway, BESS-safety, or mechanical-integrity claims. 

4. Conclusions 

A hybrid 1D electrochemical–2D axisymmetric thermal–mechanical model was used to compare three 
constitutive closures during the first 100 s of a 1C charge. Replacing the COMSOL material-default LFP 
equilibrium potential with a literature plateau function changed the 100 s terminal voltage from approximately 
3.360 to 3.368 V, the average heat-generation rate from 2.83 × 103 to 3.05 × 103 W m−3, and the average 
temperature rise from 0.133 to 0.145 K. 

The predicted equivalent-continuum stress changed from approximately 0.21 to 0.23 kPa, but this magnitude 
is not physically representative of resolved cell or electrode stress. Adding the phenomenological mechanical 
feedback term produced no visible difference from the phase-informed case at the plotted resolution. 

Accordingly, the study demonstrates model-form sensitivity and a computational coupling workflow under 
normal operation; it does not validate an explicit phase-separation model or predict thermal runaway. Experimental 
calibration, mesh/time-step studies, wider SOC and C-rate ranges, full-cycle simulations, and constituent-resolved 
mechanics are required before predictive or safety use. 
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Nomenclature 
Abbreviations used in this work 
Abbreviation Definition 
BESS battery energy storage system 
BMS battery management system 
BTMS battery thermal-management system 
DFN Doyle–Fuller–Newman 
ECM equivalent-circuit model 
ECTM electro-chemo-thermo-mechanical 
EV electric vehicle 
HEV hybrid electric vehicle 
LFP lithium iron phosphate 
LIB lithium-ion battery 
OCP/OCV open-circuit potential/open-circuit voltage 
SEI solid–electrolyte interphase 
SOC state of charge 
TR thermal runaway 
Principal Roman symbols 
Symbol Meaning Unit 
cₑ electrolyte lithium-ion concentration mol m−3 
cₛ solid-phase lithium concentration mol m−3 
Dₑ, Dₛ electrolyte and solid diffusion coefficients m2 s−1 
E effective Young’s modulus Pa 
F Faraday constant C mol−1 
h convective heat-transfer coefficient W m−2 K−1 
i₀ exchange-current density A m−2 
j interfacial reaction current density A m−2 
kᵣ, kz radial and axial thermal conductivities W m−1 K−1 
Q̇ volumetric heat-generation rate W m−3 
R universal gas constant J mol−1 K−1 
T temperature K 
U equilibrium potential V 
u displacement m 
Greek symbols 
Symbol Meaning Unit 
α thermal-expansion coefficient K−1 
ε strain or phase volume fraction, as identified by context — 
η reaction overpotential V 
κ effective ionic conductivity S m−1 
ν Poisson ratio — 
ρ effective density kg m−3 
σ Cauchy stress tensor Pa 
σₛ effective electronic conductivity S m−1 
ϕₑ, ϕₛ electrolyte and solid electric potentials V 
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θ electrode stoichiometry — 
Subscripts and superscripts 
Notation Meaning 
0 initial or reference value 
avg volume average 
eff effective property 
e electrolyte phase 
fb feedback descriptor 
max maximum value 
n negative electrode 
p positive electrode 
ref reference state 
s solid phase 
surf particle-surface value 
th, ch thermal and chemical contributions 

Appendix A. Model Parameters and Provenance 

Table A1. Principal parameters used in the COMSOL model. “Model input” denotes a value read from the supplied 
.mph file; it does not imply calibration to the target cell. 

Symbol Description Value Unit Provenance 
Rcell Cell outer radius 9 mm model input; [30] 
Hcell Cell height 65 mm model input; [30] 
Qnom Nominal capacity 1.1 Ah model input; [30] 
I1C Applied 1C current 1.1 A From Qnom 
Ljr Equivalent jelly-roll length 1.2 m Model input 

Ln/Lsep/Lp Negative/separator/positive 
thickness 40/25/70 μm Model input; 

literature-informed 
εs,n/εs,p Active-material volume fractions 0.56/0.43 — Model input 
εe,n/εe,p/εe,sep Electrolyte volume fractions 0.40/0.40/0.54 — Model input 
Rp,n/Rp,p Particle radii 3.5/1.0 μm Model input 
Ds,n/Ds,p Solid diffusion coefficients 2 × 10−14/1 × 10−15 m2 s−1 Model input; [4,17] 
cs,max,n/cs,max,p Maximum solid concentrations 31/23 kmol m−3 Model input 
i0,n/i0,p Exchange-current densities 6.5/1.8 A m−2 Model input 
ce,0 Initial electrolyte concentration 1200 mol m−3 Model input 
t+ Li-ion transference number 0.46 — Model input 
σs,n/σs,p Solid-phase conductivities 100/10 S m−1 Model input 
θn,0/θp,0 Initial electrode stoichiometries 0.55042/0.44791 — Model input 

T0/Tref/T∞ Initial/reference/ambient 
temperature 298.15 K Model input 

h External convection coefficient 10 W m−2 K−1 Model input; 
assumed 

kr/kz Effective radial/axial 
conductivity 0.20/5.1 W m−1 K−1 Model input; [41,51] 

ρeff Effective density 2358 kg m−3 Model input 
Cp,eff Effective heat capacity 805 J kg−1 K−1 Model input; [51] 

Eeff Equivalent-continuum Young’s 
modulus 0.75 GPa 

Transferred graphite-
composite value; 
[47] 

νeff Equivalent-continuum Poisson 
ratio 0.30 — 

Transferred graphite-
composite value; 
[47] 

αeff Effective thermal-expansion 
coefficient 2.0 × 10−5 K−1 

Model input; 
literature-assigned 
[52] 

V̄n/V̄p Partial molar volumes 4.17 × 10−6/ 
3.0 × 10−6 m3 mol−1 Model input; [47,53] 

kDs,n/kDs,p Stress sensitivities of solid 
diffusivity 5 × 10−3/5 × 10−3 Pa−1 Model input; 

uncalibrated 

kσ Stress-feedback coefficient 1 × 10−5 V Pa−1 Assumed sensitivity; 
uncalibrated 

Output interval Stored solution interval 0.2 s Model input 
Relative tolerance Transient solver tolerance 1 × 10−3 — Model input 
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