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Abstract: Lithium-ion batteries have become a mainstream energy storage technology owing to their
high energy density and long cycle life. however, their thermal safety and aging issues remain critical
challenges to reliable operation. In this study, an electrochemical-thermal-SEI film growth multi-physics
coupled model is developed to simulate and analyze the thermal and aging behaviors of a single lithium-
ion cell under different charge/discharge C-rates and ambient temperature conditions. The spatial
nonuniformity of the coupled thermal-aging response within the cell is further analyzed. The results show
that, as the discharge rate increases, the terminal voltage decreases more rapidly, the discharge duration
is shortened, the discharge curves after cycling shift leftward, and the available capacity declines. Under
the high-rate 4C condition, the temperature rise rate is 2.26 times that under the low-rate condition, and
the increase in SEI film thickness is 2.23 times that under the low-rate condition, indicating that high-
rate operation substantially intensifies electrochemical polarization, internal heat generation, and SEI-
related side reactions. Ambient temperature also has a pronounced influence on battery aging: high-
temperature operation leads to severe SOH degradation and a marked increase in the temperature
nonuniformity coefficient. These findings reveal the coupled effects of rate, temperature, and spatial
distribution on battery aging, providing a theoretical basis for thermal management optimization and

lifetime prediction of traction batteries in new-energy locomotives.
Keywords: lithium-ion battery; multi-physics coupling; thermal behavior; aging behavior; SEI film
growth model
1 Introduction

Among various energy storage technologies, including pumped hydro storage, compressed-air
energy storage, and flywheel energy storage, electrochemical energy storage is regarded as one of the
most promising routes because of its fast response, high efficiency, flexible deployment, and broad
applicability [1]. Lithium-ion batteries, in particular, have been widely used in consumer electronics,
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new-energy vehicles, and grid peak regulation due to their high energy density, high power density, long
cycle life, and low self-discharge rate [2][3][4]. They have become an essential foundation for energy
transition and transport electrification, and their reliability and safety have therefore attracted increasing
attention. In the rail transit sector, the growing demand for green, low-carbon, and intelligent railway
transportation has accelerated the development of new-energy locomotives as an important alternative to
conventional diesel locomotives and as an upgrade solution for traction equipment on non-electrified
lines. In recent years, accidents caused by thermal runaway of lithium-ion batteries have occurred
frequently, especially in energy storage stations and new-energy vehicles [5],[6]. Under high-rate charge-
discharge, elevated temperature, overcharge or overdischarge, poor heat dissipation, or long-term aging,
internal side reactions and heat generation are significantly intensified. If the generated heat cannot be
dissipated in time, interfacial instability, lithium plating, separator shrinkage, and even thermal runaway
may occur [7],[8]. Aged batteries, characterized by higher internal resistance, more pronounced
polarization, and more intricate temperature distributions, exhibit greater unpredictability in their
lifespan prediction [9],[10]. These issues are particularly important for traction batteries in new-energy
locomotives. On the one hand, locomotive operation involves typical high-power scenarios such as
starting acceleration, uphill traction, heavy-load operation, frequent start-stop cycles, and regenerative
braking, requiring the battery to withstand large power fluctuations and high instantaneous rates. On the
other hand, locomotives may operate across a wide range of environments, including high and low
temperatures, long-duration continuous service, and constrained heat-dissipation conditions. Compared
with ordinary vehicle batteries, traction batteries for new-energy locomotives differ markedly in power
demand, service duration, load fluctuation, and safety redundancy; therefore, conclusions developed for
general automotive batteries cannot be directly applied to their thermal management and lifetime
assessment.

Thermal behavior and aging behavior are not independent but are strongly coupled [11].
Temperature directly regulates the rates of electrochemical reactions and side reactions by affecting key
parameters such as reaction rate constants, diffusion coefficients, and ionic/electronic conductivity.
Conversely, aging modifies impedance characteristics, the inventory of active lithium, and heat-
generation distribution [12],[13], thereby feeding back into the thermal response of the battery. This

coupled thermal-aging relationship governs not only the lifetime evolution of a single cell but also the



development of inconsistency within battery packs and the safety behavior of the overall system.

Considerable progress has been made in the study of electrochemical, thermal, and aging behavior
of lithium-ion batteries. Zeyang Geng et al. [14] introduced a novel implementation of a widely used
pseudo-two-dimensional (P2D) lithium-ion battery model based on a transmission-line circuit structure.
They simulated the discharge process of NMC/graphite lithium-ion batteries under different currents and
showed that the circuit-model results, including terminal voltage and concentration distribution, agreed
closely with those obtained from COMSOL Multiphysics simulations, demonstrating the interaction
between physics-based and equivalent circuit models. Y. Li et al. [15] developed an electrochemical-
thermal-aging coupled model incorporating lithium plating and solid electrolyte interphase (SEI) growth,
investigated the coupled effects of state of health (SOH), charging C-rate, and ambient temperature on
the lithium-plating boundary, and further constructed three-dimensional safety boundaries for lithium
plating under different operating conditions. Luo et al. [16] proposed a physics-based electrochemical-
thermal-mechanical-side reaction (ETMS) coupled aging model to describe multi-physics coupling
during battery cycling. Their ETMS model demonstrated that high-current charging accelerates
nonuniform side reactions, improves the understanding of battery aging behavior, enhances model
applicability under dynamic conditions, and provides abundant physical information for battery health
evaluation and remaining useful life prediction.

Under complex operating conditions, high-rate discharge intensifies polarization and heat
generation, elevated ambient temperature accelerates SEI film growth and active lithium loss, and long-
term cycling further increases internal resistance and aggravates heat accumulation. These processes
form a mutually reinforcing coupled degradation pathway among rate, temperature, and aging. Therefore,
for new-energy locomotive applications, a systematic investigation of the thermal response and aging
behavior of lithium-ion batteries under complex operating conditions is essential not only for revealing
the performance degradation mechanisms of traction batteries, but also for providing a theoretical basis
for battery thermal management design, operating-condition optimization, and lifetime safety assessment
in locomotive systems. Focusing on the coupling between thermal behavior and aging behavior in
lithium-ion batteries, this study aims to develop a coupled model integrating electrochemical behavior,
thermal behavior, and SEI film growth. The main contributions of this work can be summarized as

follows:



(1) An analytical framework for the thermal response and aging behavior of lithium-ion batteries is
developed for the complex service characteristics of new-energy locomotive traction batteries, including
high C-rates, wide temperature ranges, and long-term cycling. This framework addresses the limitation
that conclusions derived from conventional automotive battery studies cannot be directly applied to
locomotive traction batteries.

(2) An electrochemical-thermal-SEI film growth multi-physics coupled model is established by
integrating a P2D electrochemical model, a three-dimensional heat conduction model, and an SEI film
growth aging model, enabling the simultaneous analysis of key variables such as terminal voltage,
temperature field, SEI film thickness, and capacity fade.

(3) The effects of different discharge rates and ambient temperatures on polarization heat generation,
heat accumulation, SOH degradation, and SEI film growth are quantitatively revealed, and the coupled
degradation mechanism among rate, temperature, and aging is clarified.

(4) The spatial nonuniformity of the coupled thermal-aging response within a single cell is analyzed
from the perspective of spatial distribution. The enhancement of local temperature gradients under high-
rate cycling and its potential influence on accelerated local aging are revealed, providing a theoretical
basis for thermal management optimization and lifetime prediction of traction batteries for new-energy
locomotives.

The remainder of this paper is organized as follows. Section 2 introduces the construction of the
electrochemical-thermal-SEI film growth coupled model, with emphasis on the electrochemical reaction
mechanism based on the P2D model, the thermal model based on energy conservation, and the SEI film
growth aging model. Section 3 presents the model parameter settings and conducts simulation analyses
of the thermal response and aging behavior of lithium-ion batteries from three aspects: different discharge
rates, different ambient temperatures, and the internal spatial distribution within a single cell. Section 4
summarizes the main conclusions of this study, discusses the effects of rate, temperature, and spatial
factors on the coupled thermal-aging behavior of the battery, and highlights their implications for thermal
management design and lifetime assessment of traction batteries for new-energy locomotives.

2 Model construction
To construct an electrochemical-thermal-aging coupled model, the electrochemical, thermal, and

aging processes must be integrated. The electrochemical part is based on the P2D model, which describes



lithium-ion transport in the solid and electrolyte phases, charge conservation, and interfacial reaction
behavior. The thermal part adopts a three-dimensional heat conduction model to describe heat generation,
diffusion, and heat exchange with the surrounding environment [17]. The aging part introduces a
negative-electrode SEI growth submodel to characterize active lithium loss and interfacial impedance

growth. Fig. 1 presents the overall framework of the proposed model.
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Fig. 1 Overall framework of the electrochemical-thermal-aging coupled model

With ambient temperature and charge-discharge rate as inputs, the model establishes a coupled
system consisting of electrochemical, thermal, and SEI-aging modules. The electrochemical model
serves as the core foundation by simulating internal electrochemical reactions and ion transport, and it
provides the heat generation rate and SEI side-reaction current density. These outputs drive the thermal
model for temperature-field calculation and the SEI aging model for film growth and active lithium loss.
The thermal model feeds back temperature information, while the SEI aging model feeds back film
thickness and lithium-loss information. Through the parameter-updating module, these feedbacks
dynamically update the electrochemical model parameters, thereby realizing synchronous
electrochemical-thermal-aging coupling and enabling the output of key indicators such as terminal
voltage, temperature distribution, SEI film thickness, and capacity fade [18].

2.1 Electrochemical reaction mechanism based on the P2D model
The P2D model proposed by Doyle, Fuller, and Newman is adopted as the core electrochemical

model. This model can simultaneously describe lithium-ion diffusion in solid particles, transport in the



electrolyte, electronic conduction, and electrochemical reactions at the electrode/electrolyte interface
[19],[20], and it is one of the most widely used mechanistic models for lithium-ion batteries.

Fig. 2 illustrates the P2D model of a lithium-ion battery. Along the cell thickness direction, the
battery can be divided into five regions: negative current collector, negative porous electrode, separator,
positive porous electrode, and positive current collector [21],[22]. Both the negative and positive porous
electrodes contain a large number of spherical active particles. Therefore, the model must solve
concentration and potential distributions in the macroscopic thickness direction and solid-phase lithium-

ion diffusion in the particle radial direction [23],[24], which gives rise to the term pseudo-two-

dimensional.
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Fig. 2 Schematic diagram of the lithium-ion battery P2D model
Where Ln, Ls, and Lp denote the thicknesses of the negative electrode, separator, and positive
electrode, respectively; Ce(x) denotes the electrolyte-phase lithium-ion concentration distributed along
the cell thickness direction; Cs,n(r) and Cs,p(r) denote the radial solid-phase lithium concentrations in

the negative and positive active particles, respectively; and LixC6 and LiyMO?2 represent lithiated
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graphite in the negative electrode and lithiated metal oxide in the positive electrode.

The mass conservation of lithium ions in the electrolyte is described by the modified Fick's second
law, considering both diffusion and migration. The electrochemical reaction rate at the
electrode/electrolyte interface is described by the Butler-Volmer equation [25][26][27]. The internal
lithium-ion concentration, potential distribution, and interfacial current density can thereby be obtained,
providing the basis for heat-generation calculation and aging modeling.

2.2 Three-dimensional Thermal Model

The internal thermal process of the battery is governed by the energy conservation equation [28]. A
three-dimensional thermal model is adopted to more realistically capture local hotspots and temperature
gradients. Based on Fourier's law and energy conservation [29], the transient temperature field 7(x, y, z,

t) inside the battery is described by Eq.(1):

pcpz—: =V - (AVT) + dgen (1)
where p is the average density of the battery material, Cp is the constant-pressure specific heat capacity,
and X is the thermal conductivity tensor. For anisotropic cell structures, the thermal conductivity may
differ between the in-plane directions (y, z) and the thickness direction (x). The volumetric heat
generation rate (gen is the key coupling term in the model.

The volumetric heat generation rate §ge, consists of reversible and irreversible heat effects
produced during electrochemical processes. A locally resolved heat-generation model is used to directly
relate the heat source to the local variables calculated by the P2D model [30],[31]. The total heat

generation includes three components:

(1) Reaction heat (reversible heat) ¢,yp-

OUres

aT @

Gran = T
This term represents the thermal effect associated with the entropy change of the electrochemical
reaction.

(2) Polarization heat (activation heat) §poiqr:

(Ipolar =ajn (3)

This term is jointly determined by the local reaction current and overpotential and constitutes an
important part of irreversible heat generation.

(3) Joule heat (ohmic heat) §jouie-
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where the parameter f, denotes the mean molar activity coefficient of the electrolyte. This term
includes ohmic losses in both the electrolyte and the solid phase.

Accordingly, the total local heat generation rate is expressed as:
qgen = qrxn + qpolar + Qjoule (5)

The heat generation rate is determined from the local variables calculated by the P2D model and is
used as the heat-source input for the three-dimensional thermal model.
The boundary condition of the thermal model is mainly described by Newton's law of cooling for

convective heat dissipation [32],[33]:

oT
_/1% = h(Tsurface —Ty) (6)

where n is the outward unit normal vector of the surface, /4 is the convective heat transfer coefficient
determined by the cooling mode, and T,, isthe ambient temperature. Because radiative heat transfer has
a relatively small influence under conventional operating conditions, only convective heat transfer is
considered in the present model.

2.3 SEI growth aging model

To describe one of the dominant mechanisms of capacity fade in lithium-ion batteries, namely loss
of lithium inventory (LLI) [34],[35], an SEI growth kinetic model is integrated on the negative-electrode
side. The model is based on the following physical picture.

When the negative-electrode potential decreases to a sufficiently low level, solvent molecules in the
electrolyte undergo reduction reactions on the negative-electrode surface, generating insoluble products
that deposit on the electrode surface and form the SEI layer. Although the initially formed SEI layer can
partly suppress further electrolyte decomposition, local mechanical stresses induced by lithiation and de-
lithiation of negative-electrode particles during subsequent cycles may cause repeated SEI cracking,
repair, and regeneration [36]Error! Reference source not found.[37][38], thereby continuously
consuming active lithium and electrolyte.

The SEI growth model is an electrochemical-kinetics-based side-reaction model whose core is the
definition of a side reaction occurring in parallel with the main intercalation reaction [39],[40]. The

overpotential of this side reaction is defined as ngg;:



Nsgr = s — P — Usgy (7N

where Usg is the thermodynamic equilibrium potential of the SEI formation reaction.

The local current density of the SEI side reaction, jsz, is described by a Tafel-type equation [41],
assuming that the reaction is controlled by charge transfer and that the reverse reaction is negligible at
high overpotential:

AcserF 77551) ®)

jsgr = —ai exp|—
JsEI 0,SEI €XP < RT
where iy gg/is the exchange current density of the SEI reaction. Similar to the main reaction, it can be

assumed to be dependent on the electrolyte concentration:
. a
io,se1 = Fksgce ©)

where kgg;is the rate constant of the SEI reaction, and a, gg,is the cathodic transfer coefficient of the
SEI reaction. The negative sign indicates that this side reaction is a reduction reaction.
2.3.1 Evolution of SEI film thickness

The growth rate of the SEI film is proportional to the side-reaction current density [42]. Assuming
that the generated SEI product uniformly covers the surface of spherical particles, the evolution equation

for SEI film thickness 8gg; is given by Eq. (10):

doser _ _ Mseijser
dt pserFa

(10)

where Mgg; is the average molar mass of the SEI film product, and pgg; is the density of the SEI film.
It can be inferred from this equation that a higher SEI side-reaction current leads to faster film growth
[43],[44]. As cycling proceeds, &gz continuously accumulates, thereby serving as an important state
variable for characterizing the aging degree of the battery.
2.3.2 Aging feedback mechanism

Continuous SEI growth is not only an outcome of aging but also feeds back into the electrochemical
and thermal behavior of the battery Error! Reference source not found.[45],[46], mainly in the
following two aspects.

(1) Active lithium consumption: the SEI side reaction continuously consumes lithium ions and
reduces the inventory of active lithium [47]. This process is represented by modifying the flux boundary

condition at the negative-particle surface. In the original formulation, the surface lithium-ion flux is used



only for the main reaction. After introducing the SEI side reaction, the surface lithium flux must supply

both the main reaction and the side reaction, giving:

dc j +
_Dsa_rslr=R5=] ;SEI (11)

The side-reaction term reduces the amount of lithium ions available for the main
intercalation/deintercalation reaction, which macroscopically manifests as a decrease in reversible
capacity, namely battery capacity fade.

(2) Interfacial impedance increase: as the SEI film thickens, the resistance encountered by lithium
ions when passing from the electrolyte through the film layer to the electrode surface gradually increases.
If the ionic conductivity of the SEI film kgg; is assumed to be constant, the interfacial impedance is
approximately proportional to the film thickness [48]. To reduce model complexity, this effect is
equivalently described in this study by modifying the exchange current density iy of the main negative-

electrode reaction:

o
fomet = T3 Ber/00) (12

Under the same external current, a larger overpotential is required, leading to stronger polarization
and increased heat generation.
3 Simulation and analysis
3.1 Parameter settings

An 8 Ah prismatic lithium-iron phosphate battery is selected as the research object, and the single-

cell model is established as shown in Fig. 3.
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Fig. 3 Single-cell geometry model

The main geometric dimensions, including length, width, and height, are listed in Tab. 1.

Tab. 1 Battery model dimensions

Parameter Length Width Height

160 5 227

Value (mm)

The main parameters of the P2D electrochemical model and the key parameters of the SEI growth

aging model are listed in Tab. 2 and 3, respectively.

Tab. 2 Simulation parameters of the lithium-ion battery

. Negative Separato Positive
Parameter Unit
electrode r electrode
Electrode thickness um 59 20 92
Active particle radius um 10 -- 1.15
Porosity -- 0.3 0.4 0.28
Volume fraction of active material -- 0.675 -- 0.544
Maximum solid-phase lithium mol/m
. 28688 -- 20950
concentration 3
Solid-phase electronic conductivity S/m 100 -- 91
Bruggeman coefficient -- 1.5 2 1.5
Anodic/cathodic transfer coefficient -- 0.5 -- 0.5
Lithium-ion transference number -- 0.363 0.363 0.363
Density kg/m? 2660 492 1500
. . Jikg
Constant-pressure specific heat capacity K) 1437 1978 1260
Faraday constant C/mol 96485 96485 96485
Reference temperature K 298.15 298.15 298.15
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Tab. 3 Key parameters of the SEI growth aging model

Parameter Symbol Unit Value
SEI reaction equilibrium potential Usgr V vs. Li/Li* 0.4
SEI reaction rate constant ksgrrer ms’! 1.0e712
SEI reaction activation energy Eqser J mol! 50000
SEI reaction transfer coefficient QA sEl -- 0.5
SEI film density PsEl kg m3 1700
Average molar mass of SEI film Mg, kg mol! 0.1
Reference thickness parameter b0 m le-9

3.2 Thermal-aging evolution under different discharge rates

The discharge rate is an important operating parameter affecting the thermal behavior and aging
process of lithium-ion batteries. In this simulation, the ambient temperature is set to 25 °C, the same
charging protocol is applied to the battery, and cycling simulations are conducted under different
discharge-rate conditions (1C, 2C, and 4C). The results and analysis are presented below.

(1) Comparison of discharge voltage curves at the 1st and 1000th cycles under different discharge

rates as shown in Fig. 4.
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Fig. 4 Comparison of discharge voltage curves at the 1st and 1000th cycles under different discharge rates

In Fig. 4, the terminal voltage decreases gradually during discharge under all rate conditions. A
higher discharge rate leads to a faster voltage drop and a shorter discharge duration. The voltage plateau
is relatively long and the curve declines gently under 1C, whereas the voltage drop becomes more
pronounced under 2C. Under 4C, the voltage plateau is substantially shortened, indicating that high-rate

discharge intensifies internal polarization and causes the terminal voltage to reach the cut-off voltage
12



more rapidly.

Comparing the curves before and after cycling, all discharge curves shift leftward to varying degrees
after 1000 cycles, indicating a decrease in releasable capacity. Under 1C, the effective discharge time
decreases from 3166 s to 2984 s, corresponding to a capacity retention of 94.3%. Under 2C, it decreases
from 1582 s to 1232 s, corresponding to a capacity retention of 77.9%, indicating more pronounced
degradation. Under 4C, the discharge duration is shorter, and the aged voltage plateau declines further,
demonstrating that high-rate discharge aggravates polarization and internal-resistance losses and reduces
output stability.

(2) SOH evolution with cycle number under different discharge-rate conditions as shown in Fig. 5.
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Fig. 5 SOH degradation curves under different discharge rates

In Fig. 5, the SOH decreases gradually with cycle number under all discharge rates. After 1000
cycles, the SOH values under 1C, 2C, and 4C are 0.902, 0.899, and 0.896, respectively, corresponding
to capacity losses of 9.8%, 10.1%, and 10.4%. The largest SOH degradation occurs under 4C, whereas
the smallest occurs under 1C, indicating that increasing the discharge rate accelerates battery health
degradation to some extent. Over 1000 cycles, the average SOH loss per 100 cycles is 0.98%, 1.01%,
and 1.04% for 1C, 2C, and 4C, respectively, and the overall degradation under 4C is approximately 1.06
times that under 1C. The three curves show a monotonic downward trend, confirming continuous health
degradation during cycling. Although the difference among the curves is relatively small within the

present operating range, the SOH values follow the order 4C < 2C < 1C at the same cycle number. High-
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rate charge-discharge enhances internal polarization, increases reaction heat and ohmic heat generation,
and accelerates SEI growth on the negative-electrode surface, thereby increasing active lithium
consumption. Overall, the figure shows that high-rate operation aggravates capacity fade, although the
SOH difference among the investigated rates remains limited.

(3) Average battery temperature under different discharge rates as shown in Fig. 6.
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Fig. 6 Average battery temperature variation under different discharge rates

In Fig. 6, the average battery temperature increases with cycle number under all discharge rates, and
the temperature rise becomes more evident at higher rates. The 4C curve remains the highest, indicating
the most severe heat generation under high-rate operation, while the 1C curve increases most slowly and
exhibits better thermal control. The initial average temperature is 25 °C for all three cases. After 1000
cycles, the average temperatures under 1C, 2C, and 4C increase to 35.8 °C, 43.5 °C, and 49.4 °C,
corresponding to temperature rises of 10.8 °C, 18.5 °C, and 24.4 °C, respectively. The average
temperature-rise rates per 100 cycles are 1.08 °C, 1.85 °C, and 2.44 °C for 1C, 2C, and 4C, respectively.
The temperature-rise rate under 2C is approximately 1.71 times that under 1C, while that under 4C is
approximately 2.26 times that under 1C. These results show that high-rate operation significantly
enhances internal heat generation and heat accumulation.

(4) SEI thickness evolution with cumulative time under different discharge rates as shown in Fig. 7.

SEI film thickness is an important internal variable for characterizing the aging state of lithium-ion

batteries, and its growth reflects the accumulation of side reactions at the negative-electrode interface.
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Fig. 7 SEI thickness variation with cumulative time under different discharge rates

In Fig. 7, the SEI thickness increases continuously with time under all discharge rates, and the
growth becomes more pronounced as the rate increases. The curves are not perfectly smooth but exhibit
a step-like growth pattern, suggesting that SEI thickening is associated with charge-discharge cycling:
the SEI film grows during each cycle or during specific electrochemical stages and then enters a relatively
slower growth stage. In terms of the growth trend, the SEI film grows rapidly at the early stage and then
the growth rate gradually decreases. Initially, strong side reactions occur between the negative-electrode
surface and the electrolyte, leading to rapid SEI formation. As the SEI film thickens, the diffusion
resistance for lithium ions and solvent molecules increases, suppressing the side reaction to some extent
and slowing down the growth rate.

At 10 x 10*s, the SEI thickness increments under 0.5C, 1C, 2C, and 4C are 1.97 x 107 m (197 nm),
2.47 x 107 m (247 nm), 3.35 x 107 m (335 nm), and 4.39 x 107 m (439 nm), respectively. The SEI
increment under 4C is approximately 2.23 times that under 0.5C, indicating that high-rate operation
significantly accelerates SEI growth. Taking 10 x 10* s as the calculation time, the average SEI growth
rates under 0.5C, 1C, 2C, and 4C are estimated as 1.97 x 1073 nm/s, 2.47 x 103 nm/s, 3.35 x 1073 nm/s,
and 4.39 x 103 nm/s, respectively. These results indicate that high-rate charge-discharge enhances
polarization and heat generation, promotes side reactions at the negative-electrode interface, and

accelerates battery aging.
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3.3 Thermal-aging evolution under different ambient temperatures

Temperature variation affects not only the transient thermal response of the battery but also the long-
term degradation trajectory by regulating reaction kinetics, ion-transport properties, and side-reaction
rates.

(1) SOH evolution under different ambient temperatures as shown in Fig. 8.
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Fig. 8 SOH degradation curves under different ambient temperatures

As the ambient temperature increases, SOH degradation becomes significantly faster. After 1000
cycles, the SOH under 40 °C is only 0.824, which is approximately 11.3 percentage points lower than
that under -20 °C, demonstrating that high temperature substantially accelerates battery health
degradation. Taking the -20 °C case as the reference, the SOH loss under 40 °C within 1000 cycles is
approximately 2.8 times larger. Compared with the 20 °C case, the SOH loss under 40 °C is
approximately 1.44 times larger. High temperature not only increases internal reaction rates but also
promotes continuous SEI growth, strengthens side reactions, and increases active lithium loss, thereby
accelerating the decrease in capacity retention. From the curves, the SOH at 200 cycles under 40 °C has
already decreased to 0.921, whereas those under -20 °C and 0 °C remain around 0.967, indicating that
early-stage degradation is more pronounced at high temperature. Taking SOH = 0.9 as a representative
degradation threshold, the 40 °C case reaches this threshold at 316 cycles, while the 20 °C case reaches
it at approximately 712 cycles. The low-temperature cases do not decrease below 0.9 within 1000 cycles.
Overall, all four curves decrease gradually with increasing cycle number, indicating continuous capacity

fade. The degradation severity follows the order 40 °C > 20 °C > 0 °C > -20 °C; in other words, a higher
16



temperature results in faster SOH degradation.
(2) SEI thickness evolution during a single cycle under different initial temperatures as shown in

Fig. 9.
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Fig. 9 SEI thickness growth curves under different ambient temperatures

As shown in Fig. 9, the SEI thickness variation increases with discharge time under all ambient
temperatures and exhibits a clear staged growth pattern. During 0-1500 s, the SEI thickness changes only
slightly. During 1500-2800 s, the SEI begins to grow appreciably, and the growth rate increases with
temperature. After 2800 s, the SEI thickness increases rapidly, and the final thickness variation under all
four temperatures approaches 1.0 x 107-7 m. In the figure, a value of 1 on the vertical axis corresponds
to 1 x 10"-8 m, namely 10 nm. During the early-to-middle discharge stage, the temperature effect on SEI
growth is relatively evident, following the order 40 °C > 20 °C > 0 °C > -20 °C. At the end of discharge,
the thickness variation under -20 °C, 0 °C, 20 °C, and 40 °C is approximately 9.8-9.9 x 10"-8 m,
corresponding to 98-99 nm. These results indicate that high temperature accelerates SEI growth during
the middle stage of discharge, although the final SEI thickness variation after this single discharge
process differs only slightly among the investigated temperatures.

3.4 Thermal-aging inconsistency within a single cell: spatial effects of thermal-aging coupling

Both high discharge rate and high ambient temperature enhance heat generation and accelerate SEI
side reactions, thereby strengthening the coupled thermal-aging effect. However, this coupling not only
affects the overall capacity fade and temperature rise of the cell but may also induce spatial differentiation
in thermal state and aging tendency among different internal regions.

Fig. 10 compares the internal temperature distributions at the end of discharge for the 1st and 1000th
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cycles under the 4C condition.
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Fig. 10 Internal temperature distributions of the battery under 4C at the 1st and 1000th cycles

The temperature distribution contours under 4C at the 1st and 1000th cycles show that both the

overall temperature level and temperature nonuniformity increase markedly with cycling. The cell body
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exhibits a higher temperature, whereas the regions near the tabs and the upper edge remain relatively
cooler, indicating that heat generation and diffusion are jointly affected by local heat-generation intensity,
structural position, and heat-dissipation conditions. At the 1st cycle, the battery temperature ranges from
30.8 °C to 31.7 °C, with a maximum temperature difference of 0.9 °C, and the temperature distribution
in the body region is relatively uniform. At the 1000th cycle, the temperature range increases to
58.5~62.2 °C, and the maximum temperature difference increases to 3.7 °C. The average temperature of
the cell body rises from 31.2 °C to 60.3 °C, corresponding to an average temperature rise of 29.1 °C. The

temperature nonuniformity coefficient /r is defined as:

T, — T,
IT _ Imax min (13)
Tavg

where Tax, Tmin, and Tay denote the maximum temperature, minimum temperature, and average
temperature of the cell body, respectively.

Further calculation shows that the temperature nonuniformity coefficient increases from 2.9% at the
Ist cycle to 6.1% at the 1000th cycle, approximately 2.1 times the initial value. This result indicates that
4C high-rate cycling not only causes pronounced heat accumulation but also enhances the spatial
nonuniformity of the internal temperature distribution, which may further accelerate SEI growth, active
lithium loss, and local aging.

4 Conclusions

Based on the constructed electrochemical-thermal-SEI growth coupled single-cell model,
simulations are conducted under different discharge rates and ambient temperatures. The potential spatial
nonuniformity of coupled thermal-aging behavior within the cell is further analyzed. The main
conclusions are as follows:

(1) As the discharge rate increases from 1C to 4C, the terminal voltage drops more rapidly, the
discharge duration is shortened, and the discharge curves shift leftward after cycling, indicating a
decrease in releasable capacity. The capacity losses under 1C, 2C, and 4C are 9.8%, 10.1%, and 10.4%,
respectively, showing faster degradation at higher rates. The average temperatures under 1C, 2C, and 4C
all exceed 35 °C, and the temperature-rise rate under 4C is approximately 2.26 times that under 1C,
indicating that high-rate operation significantly enhances heat accumulation. In terms of SEI growth, the
SEI thickness increment under 4C is 2.23 times that under 0.5C. As cycling proceeds, the growth of

interfacial impedance further feeds back into heat generation, forming a positive feedback loop between
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heat accumulation and aging reactions. Overall, high-rate operation not only intensifies electrochemical
polarization but also substantially enhances internal heat generation and heat accumulation, thereby
accelerating SEI side reactions.

(2) The simulation results show that the SOH under 40 °C degrades faster in the early stage, leading
to a significantly shortened cycle life and the most severe aging behavior. After cycling, the SOH under
40 °C is approximately 11.3 percentage points lower than that under -20 °C, and the SOH loss is about
2.8 times that under -20 °C and 1.44 times that under 20 °C. When SOH = 0.9 is used as the degradation
threshold, the 40 °C condition reaches this threshold earliest. The SEI thickness increases with discharge
time under all temperatures, and the influence of temperature is most pronounced during the middle stage
of discharge; in comparison, the fastest SEI growth occurs under 40 °C. These findings indicate that high
temperature increases the rate of internal side reactions, accelerates SEI growth, increases active lithium
loss, and significantly shortens cycle life.

(3) The temperature distribution results show that 4C high-rate cycling simultaneously increases the
temperature level and temperature nonuniformity of the battery. During the first cycle, the maximum
temperature difference is small, the temperature nonuniformity coefficient is 2.9%, and the distribution
is relatively uniform. After cycling, the temperature difference increases, the average temperature of the
cell body rises sharply to 60.3 °C, and the temperature nonuniformity coefficient becomes 2.1 times its
initial value. The cell body exhibits a higher temperature, whereas the tab and upper-edge regions remain
relatively cooler, indicating that the temperature distribution is jointly controlled by local heat generation,
structural position, and heat-dissipation conditions. Overall, long-term 4C cycling not only produces
pronounced heat accumulation but also amplifies internal temperature gradients and promotes the
formation of local high-temperature regions, thereby accelerating SEI growth, active lithium loss, and
local aging.

This study provides a theoretical basis for suppressing the positive feedback between heat
accumulation and aging reactions, delaying capacity fade, and extending the cycle life of traction

batteries for new-energy locomotives.
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