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This study conducted nail penetration tests on 20 Ah prismatic LiFePO4 batteries 
and simulated the slow release of Joule heat and side reaction heat by combining 
a new thermal model with a parameter optimization method. The results indicate 
that the 50% and 80% SOC LiFePO4 batteries only release Joule heat under pen-
etration, while the side reaction heat is acquired under 100% SOC besides Joule 
heat. Moreover, approximately 56.4% of the stored electrical energy is converted 
into Joule heat, which accounts for the majority of the total heat production of 
100% SOC LiFePO4 battery under penetration, while side reaction heat accounts 
for only 6.4%. Furthermore, the exothermic side reactions of 100% SOC LiFePO4 
battery under penetration can be effectively suppressed when the electrical energy 
release ratio is less than 0.52, or the convection coefficient between the battery and 
its surroundings exceeds 12 W/m2K. This numerical study expands the analysis of 
the heat generation characteristics of LiFePO4 batteries during penetration and 
provides practical guidance for system safety design.
Key words: LiFePO4 battery, penetration, simulation, Joule heat,  

side reaction heat

Introduction

Lithium-ion batteries (LIB) are excellent carriers of electrical energy, providing reli-
able power for electric vehicles and energy storage systems [1, 2]. However, LIB are prone to 
thermal runaway (TR) during extreme operating conditions such as overcharging, overheating, 
and mechanical collisions [3-5]. Reducing the TR risk has now become one of the major chal-
lenges due to the increasing size and capacity of single batteries. Among multitudinous types 
of LIB, LiFePO4 (LFP) batteries are considered to have the best resistance to thermal safety is-
sues [6-9]. Nevertheless, several energy storage systems carrying LFP battery packs have been 
involved in fire accidents under charging, crash and even resting conditions, which has caused 
researchers to revisit the thermal safety of LFP batteries.

Overheating [10-15], overcharging [16-19], and internal short circuit (ISC) [20, 21] 
are the three most common abuse issues encountered by LIB. Overheating and overcharging 
both trigger TR by inputting energy into the battery from the outside, while ISC triggers TR by 
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the release of their own energy. Many of the thermal safety incidents in LFP batteries are caused 
by ISC. Battery ISC has two primary causes: lithium dendrite piercing the separator during pro-
longed cycling [22], and metal parts piercing inside the battery after impact, crushing or pene-
tration [23]. The latter can cause a rapid release of electrical energy, leading to exothermic side 
reactions and eventually resulting in battery TR. The nail penetration is often used to identify 
battery ISC and is an effective method for studying the short circuit safety of LIB.

The heat generation characteristics are a critical research focus of the penetration 
test for LFP batteries. Huang et al. [21] concluded that the two primary heat sources for 18650 
type LFP batteries under penetration are Joule heat (resulting from ISC) and side reaction heat 
(caused by the chemical reaction of battery materials). However, the authors did not provide a 
quantitative analysis of these heat sources. Building simulation models is an effective tool for 
conducting quantitative analysis [24-29], while most models are tailored to ternary LIB and 
may not be universally applicable to LFP batteries. Furthermore, previous studies have typical-
ly assumed that the release rate of Joule heat caused by battery ISC is either constant [30, 31] or 
calculated using the Arrhenius formula [32, 33]. However, these methods are only suitable for 
the rapid release of electrical energy and may not accurately reflect the slow release of electri-
cal energy that is often observed with high security LFP batteries under penetration. Therefore, 
it is essential to undertake a quantitative study into the heat generation characteristics of LFP 
batteries under penetration, especially when it involves the slow release of electrical energy, for 
which currently there is no existing simulation model.

Therefore, penetration tests were conducted to investigate the TR characteristics of  
20 Ah prismatic LFP batteries at different SOC (state of charges), including temperature, volt-
age and TR behavior. What’s more, we proposed a new method of modelling the slow release 
of electrical energy from LFP batteries under penetration and integrated parameter optimization 
enable precise quantitative calculations of Joule heat and side reaction heat.

Experimental

Lithium-ion battery samples

The tested sample battery is a commercial 20 Ah prismatic LFP-graphite battery, and 
it is a new one with a flattened cell structure and an aluminum shell that is 0.6 mm thick. Details 
of the battery are presented in tab. 1. The battery SOC levels used in the experiment were 50%, 
80%, and 100%, respectively. Before the penetration tests, each battery underwent four charge/
discharge cycles at a constant current-constant voltage mode with a current magnitude of 0.5 C. 
In the last discharge step, the batteries were discharged to the specified SOC.

Table 1. Some specific information of the tested LFP batteries
Parameters Specification

Cathode Lithium iron phosphate
Anode Graphite
Nominal capacity [Ah] 20
Maximum cut off voltage [V] 3.65
Minimum cut off voltage [V] 2.5
Nominal voltage [V] 3.2
Geometry [mm] 24.5 × 70.9 × 121.8
Mass [g] 447.9
Specific heat capacity [Jkg–1K–1] 1100
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Penetration tests

The penetration bench used for this test 
is shown in fig. 1(a), which was provided by 
the accelerating rate calorimetry (ARC) device 
manufactured by THT. The battery was placed 
flat on the steady rest, and a 4 mm diameter 
stainless steel nail was driven through the cen-
tre of the battery at a speed of 10 mm/s until 
it penetrated the battery and then stopped, and 
the working temperature of the battery was 30 
℃. Eight K-type thermocouples (T1-T8) were 
arranged on the battery surface, as shown in fig. 1(b), to collect temperature data. These ther-
mocouples divided the large surface of the battery into four regions: the area near the safety 
valve (T1, T2), the area near the stainless steel nail (T3, T6), the area away from both the safety 
valve and stainless steel nail (T7, T8), and the area at a moderate distance from the safety valve 
and stainless steel nail (T4, T5). Throughout the test, the Neware battery cycler was utilized to 
collect voltage data, while the TR behavior was captured through a digital camera. 

Accelerating rate calorimetry test

The ARC test was conducted to measure 
the onset temperature of self-heating in the LFP 
battery at 100% SOC. The test result obtained 
through a typical heat-wait-search testing pro-
gram [34] is shown in fig. 2. It can be seen that 
the onset temperature of self-heating, TSH, in the 
battery is 90.3 ℃, which indicates that the solid 
electrolyte interface (SEI) begins to decompose 
at around 90 ℃. It is worth noting that 90.3 ℃ 
is the temperature detectable by the ARC equip-
ment, and the actual decomposition temperature 
of the SEI may be much lower than this. For in-
stance, Wang et al. [35] obtained a decomposi-
tion temperature of 61 ℃ for the SEI through C80 experiments. However, at this temperature, 
the heat generation rate from the decomposition of the SEI is very low, resulting in a tempera-
ture rise rate of less than 0.02 ℃ per minute, which can be ignored. Therefore, the authors set 
the decomposition temperature of the SEI as 90 ℃ in this paper.

Numerical model

Heat generation

The total heat production rate, Qtot, of the LFP battery under penetration is composed 
of QJou and Qsid as shown in eq. (1), where QJou and Qsid are the Joule heat rate and side reaction 
heat rate, respectively. The calculation methods of QJou and Qsid are described in detail in section 
Simulation of Joule heat rate and side reaction heat rate:

tot Jou sid= +Q Q Q (1)

Figure 1. (a) Setting of penetration test and
(b) arrangement of thermocouples

Figure 2. The temperature curves of ARC test
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Heat transfer

The LFP battery geometry model, depicted in fig. 3, consists of two homogeneous 
solid components: the battery core and the 0.8 mm thick battery shell, which were built in 
COMSOL MULTIPHYSICS 5.6 and contained a total of 104452 grid elements. The thermal 
property parameters of these components are presented in tab. 2. Three heat transfer paths are 
considered: heat transfer within the solid component, governed by eq. (2) [23]. Heat transfer 
between the shell and the core, which follows eq. (3) (the thin structure and gap between the 
shell and the core are simplified as an equivalent thermal resistance layer) [31]. Heat transfer 
at the boundary, including thermal convection and radiation, calculated by eq. (4) [25]. The 
nomenclature table provides definitions for the variables and parameters in eqs. (2)-(4), and the 
heat transfer parameters are shown in tab. 3. The value of ε (radiation heat transfer coefficient) 
in this paper is set as 0.3 according to the [36]. Additionally, Jia et al. [37] calibrate the model 
parameters of the TR model and suggest that the h (heat convective coefficient) should be set to 
10 W/m2K when ε is 0.3. Therefore, the value of h in this paper is set as 10 W/m2K.

Figure 3. The heat transfer and grid schematic of the model

Table 2. Parameter values of the model components
Components ρ [kgm–3] Cp [JkgK–1] λ [Wm–1K–1]

Shell 2700 900 160 

Core 2070 1100 λx = λz = 15.3 [26]
λy = 0.84 [26] 
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Table 3. Setting of heat transfer parameters
Color Description δ [mm] λ [Wm–1K–1]* h [Wm–2K–1] ε

Equivalent thermal resistant 
between core side and shell 1 0.28 – –

Equivalent thermal resistant 
between core top and shell 4 0.025 – –

Equivalent thermal resistant  
between core bottom and shell 2 0.025 –

h Heat convection coefficient  
surrounding the battery module – – 10 [37] –

ε The radiation heat  
transfer coefficient – – – 0.3 [36]

* The heat conductivity of the equivalent thermal resistant layer.

Results and discussion

Thermal runaway behavior

Figures 4(a) and 4(b) show the TR behavior of 50% and 80% SOC LFP batteries 
under penetration, respectively, where no visible fire or smoke appears, and the battery shell 
remains intact with no visible deformation. However, as shown in fig. 4(c), a large amount 
of smoke was observed during the testing of the 100% SOC LFP battery (marked by the red 
circle). Besides, the peeling off of the insulation tape on the battery shell, marked by the blue 
circle, indicates that the shell underwent severe deformation. The aforementioned phenomenon 

Figure 4. Images of TR behavior of (a) 50%, (b) 80%, and  
(c) 100% SOC LFP batteries under penetration 
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suggests that the LFP battery at 100% SOC exhibits the most severe TR behavior under penetra-
tion when compared to those at 50% and 80% SOC. This is attributed to the fact that the 100% 
SOC LFP battery releases a greater amount of electrical energy during penetration, resulting in 
a higher battery temperature. As a consequence, more exothermic side reactions are triggered, 
generating more gas and leading to severe deformation of the battery.

Temperature and voltage characteristics

Figures 5(a)-5(c) show the temperature and voltage curves of LFP batteries with dif-
ferent SOCs under penetration. The temperature curve fluctuations are caused by the deforma-
tion of the battery shell when the nail penetrates the battery interior, which influences the tight-
ness between the thermocouple and the battery surface. However, this does not significantly 
impact the test results. In the case of the 100% SOC LFP battery, the sharp temperature drops 
observed in the T3 and T5 curves suggest poor contact between these thermocouples and the 
battery surface. Therefore, their data was excluded from subsequent calculations of maximum 
temperature difference and average temperature. The LFP batteries with different SOC exhibit 
a consistent temperature trend. When the nail punctures the separator, battery ISC occurs, lead-
ing to the release of electrical energy and a nearly linear increase in battery temperature at the 
beginning of the test. Subsequently, the temperature rise rate gradually decreases as the Joule 
heat release rate reduces. Once the heat generation rate becomes lower than the heat dissipa-
tion rate, the battery temperature begins to decrease. The maximum temperature recorded for 
the 100% SOC LFP battery is 120.6 ℃, whereas for the 80% and 50% SOC LFP batteries it is 
89.4 ℃ and 64.9 ℃, respectively, which are lower than the initial decomposition temperature 
(~ 90 ℃) of the SEI detectable by accelerating rate calorimeter [5]. This indicates that the 50% 
and 80% SOC LFP batteries experience almost no side reaction under penetration, which also 
accounts for the absence of observable smoke in figs. 4(a) and 4(b). Different from the rapid 
voltage drop observed in most previous penetration studies, the voltage of the LFP batteries in 
this study decreased at a very slow rate, taking more than 4000 seconds to drop from above 
3-1 V. For commercial LIB, some functional ceramic materials with higher melting points are 
coated on the surface of PE or PP substrates to enhance the thermal stability of separators [38, 
39]. In the nail penetration test, the colloidal functional materials expand following the direc-
tion of the instant impact force and fill the space around the wound with the help of a viscous 
force. Meanwhile, very little change in the structure at the wound can be observed because of 
a stronger interface adhesion between the separator and electrodes, as well as the degree of 
short circuit is greatly reduced [40-43]. Besides, on account of the good ductility of the positive 
material, it wraps around the aluminum foil after being pierced by the nail, preventing direct 
contact between the nail and the foil. Additionally, the high resistance formed by its poor elec-
tronic conductivity hinders the propagation of electrons to the aluminum foil [44]. Therefore, 
only a small portion of the positive material surrounding the nail is involved in the internal 
short circuit after nail penetration, resulting in a gradual decrease in voltage rather than a rap-
id drop caused by a widespread short circuit. This slow voltage drop indicates a slow release 
of electrical energy, as demonstrated by the fact that the battery’s temperature does not reach 
its maximum value until long after penetration. Furthermore, the temperature curve near the 
maximum value is relatively flat, rather than showing the peak shape frequently reported by 
researchers in the field [20-22].

Figure 5(d) shows the maximum temperature difference (MTD) of the LFP batteries 
under penetration. The MTD of the LFP battery with 100% SOC is significantly higher than both 
the 80% and 50% SOC batteries, indicating that the 100% SOC LFP battery exhibits the most 
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drastic TR behavior. The battery temperature distribution is shown in fg. 6. There are two main 
factors that cause uneven temperature distribution on the battery surface. The first factor is that the 
high temperature gas generated by side reactions takes away a large amount of heat through the 
ruptured safety valve, resulting in a lower temperature at the top of the battery. The second factor 
is that heat conduction between the battery and the nail causes a lower temperature in the middle 
of the battery. Therefore, the highest temperature appears in the lower part of the battery far away 
from the safety valve and the nail, while the location of the lowest temperature is related to the 
SOC. When the battery SOC is 50% and 80%, 
according to the analysis in section Thermal run-
away behavior, no gas is generated in the battery 
and the influence of the first factor can be ignored, 
while the second factor causes the lowest tempera-
ture to appear in the middle of the battery close  
to the nail as shown in fig. 6(a). When the battery 
SOC is 100%, fig. 4(c) shows that a large amount 
of gas is generated in the battery. The two fac-
tors jointly play a role, and the test results in fig. 
5(c) show that the effect of the first factor is more 
pronounced, leading to the lowest temperature 
appearing at the top of the battery near the safety 
valve as shown in fig. 6(b). 

Figure 5. Temperature distribution and voltage curve of (a) 50%, (b) 80%,  
(c) 100% SOC LFP batteries under penetration, and (d) maximum temperature 
difference of LFP batteries under penetration 

Figure 6. Temperature distribution diagram 
of (a) 50%, 80% and (b) 100% SOC LFP 
batteries under penetration
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Simulation of joule heat rate and side reaction heat rate 

The piercing of stainless steel nail in LFP battery will lead to battery ISC and trigger 
the release of Joule heat, which increases the temperature and even triggers exothermic side re-
actions. Therefore, conducting accurate quantitative analysis of these two heat sources provides 
a better understanding of the thermal behavior of LFP batteries during penetration.

The analysis in section Temperature and voltage characteristics shows that 50% SOC 
LFP battery releases only Joule heat without side reaction heat under penetration, so this case 
is used to show how to simulate the Joule heat rate. The voltage curve in fig. 5(a) is normalized 
and then fitted as an exponential function, denoted as E(t), as shown in fig. 7(a). Here, the QJou 
is described by eq. (5), where RJou is defined as the release rate function of Joule heat, and η is 
the proportion of stored electrical energy converted to Joule heat. The meanings of other param-
eters and variables in eq. (5) are shown in nomenclature table:

( )

Jou Jou
c

Jou

3600

d
d

η=

= −

VCQ SOC R
V

E t
R

t

(5)

The total heat production rate of the 50% SOC LFP battery under penetration is sim-
ulated by taking eq. (5) into eq. (1), where the Qsid is 0. In order to accurately calculate the 
released electrical energy, the model parameter η in eq. (5) is determined by the SNOPT op-
timization method supplied by COMSOL MULTIPHYSICS 5.6. The optimization equation is 
shown in eq. (6), where θ is the set of optimization parameters, Texp is the average temperature 
measured by thermocouples T1-T8, and Tsim is the simulated temperature. The optimization goal 
is to minimize the value of function S(θ) within the given parameter rage. The initial value, 
optimization range and optimization result of parameter η are shown in tab. 4. It can be seen 
that about 56.4% of the stored electrical energy is released as Joule heat. Figure 8(a) shows the 
comparison of the average temperature obtained from the penetration test (blue curve) and that 
obtained from the simulation model (orange curve). The high degree of concurrence between 
the two curves indicates that the established heat generation model is highly accurate. The 
simulated temperature curve of 80% SOC LFP battery under penetration can also be obtained 
using the aforementioned method. In this case, η takes 0.564 directly without parameter optimi-
zation. Figure 7(b) shows the fitting result of the voltage curve of 80% SOC LFP battery under 
penetration, and fig. 8(b) indicates that the difference between the simulated and experimental 
temperature curves is small:

( ) ( )2

exp simθ = −∑S T T (6)

Table 4. Initial values, optimization range and optimization results of parameters
Parameters Initial values Ranges [4] Results

η 0.6 0~1 0.564
Asid [per second] 9.6 ⋅ 1014 2.5 ⋅ 1013~1.667 ⋅ 1015 6 ⋅ 1014

Esid [Jkg–1] 0.98 ⋅ 105 2.57 ⋅ 105 ~1.714 ⋅ 106 0.96 ⋅ 106

The maximum temperature (120 ℃) reached by the 100% SOC LFP battery un-
der penetration is sufficient to trigger the decomposition and regeneration of the SEI film  
[45, 46]. Thus, the 100% SOC LFP battery generates both Joule heat and side reaction heat un-
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Figure 7. Normalization and 
exponential function fitting of 
voltage curve of (a) 50%,  
(b) 80%, and (c) 100% SOC LFP 
batteries under penetration

Figure 8. Comparison of 
experimental and simulated 
average temperature curves; 
 (a) 50%, (b) 80%, and  
(c) 100% SOC
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der penetration. The Joule heat is simulated similarly to the 50% SOC LFP battery, and fig. 7(c) 
shows the fitting result of the voltage curve of 100% SOC LFP battery under penetration. In this 
case, η takes 0.564 directly without parameter optimization. The side reaction heat is calculat-
ed by the Arrhenius formula as shown in eq. (7) [32], where W = 263.1 kg/m3 is the mass and  
Ea = 1.35E5 J/mol–1 [47]. The meanings of parameters and variables in eq. (7) are shown in 
nomenclature table:

sid sid

sid

sid sid sid

exp
R

d
d

 = − 
 

= −

=

aE
R A c

T
c R
t

Q E WR

(7)

The unknown parameters Asid and Esid are obtained using the aforementioned SNOPT 
optimization method, with their initial values, optimization range and optimization results 
shown in tab. 4. As shown in fig. 8(c), the temperature profile acquired from the test closely 
resembles the simulation results, indicating the high precision of the developed heat generation 
model. The reason why the experimental and simulation curves do not fully overlap is that the 
simulation model did not consider the heat conduction between the battery and the nail, as well 
as some of the heat being carried away by the high temperature gas ejected from the safety 
valve. Additionally, the uneven distribution of temperature on the battery surface can also have 
an impact on the accuracy of the model. By using the SNOPT optimization method to adjust 
the model parameters, the impact of the aforementioned uncertainty factors on the model’s ac-
curacy can be minimized as much as possible. The HJou and Hsid of the 100% SOC LFP battery 
under penetration are calculated by eqs. (8) and (9), respectively, with t = 10000 seconds. The 
calculation gives HJou = 140413 J and HSid = 9678 J. It can be seen that the Joule heat is the main 
heat source, while the side reaction heat only accounts for 6.4% of the total heat production:

Jou Jou cd d= ∫ ∫
cV t

H Q V t (8)

sid sid cd d= ∫ ∫
cV t

H Q V t (9)

Parameter analysis of the simulation model

The previous results indicate that reducing the amount of electrical energy released 
can effectively reduce the heat production of LFP battery under penetration. This is because 
the release of electrical energy not only directly raises the battery temperature, but also in-
duces exothermic side reactions that further increase the battery temperature. In addition, the 
heat convection has been confirmed to have an significant effect on the temperature of the 
battery under extreme operating conditions [2, 31, 47]. Therefore, the effect of the percentage 
of electrical energy released, η, and the convective coefficient, h, on the temperature of 100% 
SOC LFP battery under penetration is investigated by the simulation model. Figure 9 shows 
that the battery temperature decreases as η drops or h rises. In particular, when η is less than 
0.52 or h is greater than 12 W/m2K, the maximum battery temperature remains below 90 ℃, 
which is the temperature threshold for exothermic side reactions. Under such conditions, the 
side reactions are effectively suppressed, thus preventing further heat generation and subse-
quent temperature rise.
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Figure 9. The effect of (a) η and (b) h on the temperature of  
100% SOC LFP battery under penetration

Conclusion

In this paper, penetration tests are carried out on the 20 Ah prismatic LFP batteries 
with different SOC. It is found that the 50% and 80% SOC LFP batteries only release Joule 
heat under penetration, while the side reaction heat is acquired under 100% SOC besides Joule 
heat, resulting in further temperature rise, gas release and battery deformation. Furthermore, 
we present an innovative method for simulating the heat generation characteristics of the LFP 
battery under penetration. The simulation results reveal that approximately 56.4% of the stored 
electrical energy in the battery is converted to Joule heat, which accounts for 93.6% of the total 
heat production of 100% SOC LFP battery under penetration. Only 6.4% of the heat generated 
is attributed to side reactions. Moreover, the battery exhibits high resistance to thermal run-
away, as the maximum temperature that the battery can reach under penetration is lower than 90 
℃ (the temperature threshold for exothermic side reactions) when the electrical energy release 
ratio, η, is less than 0.52 or the convective coefficient, h, is greater than 12 W/m2K.
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Nomenclature

Asid  – pre-exponential factor, [per second]
C  – capacity of battery, [Ah]
Cp  – specific heat capacity, [Jkg–1K–1]
c  – normalized concentration of reactants, [–]
Ea  – activation energy, [Jmol–1]
Esid  – side reaction unit weight heat  

generation rate, [Jkg–1]
HJou  – total Joule heat generated  

by LFP battery, [J]
Hsid  – total side reaction heat generated  

by LFP battery, [J]
h  – equivalent thermal contact resistance, or 

the heat convection coefficient, [Wm–2K–1]
R  – gas constant, [Jmol–1K–1]

Rsid  – reaction rate of side reactions, [per second]
RJou     – defined as the release rate function  

of Joule heat
QJou  – Joule heat rate, [W]
Qsid  – side reaction heat rate, [W]
Qtot  – total heat production rate, [W]
qv  – volumetric heat generation rate, [Wm–3]
T0  – temperature at the surface  

of the solid component, [K, ℃]
T1 – T2  – temperature at the surface of  

adjacent component, [K, ℃]
T∞  – ambient temperature, [K, ℃]
∂T/∂x, ∂T/∂y, ∂T/∂z, ∂T/∂n – temperature  

                                gradient, [Km–1]
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