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Operando monitoring and modeling of complex thermal events inside batteries during operation is critical to
understand its thermal runaway mechanism and establish early warning strategies. In this work, a compact
sensing system is introduced to sodium-ion batteries based on fiber Bragg gratings. It is capable of monitoring the
internal and surface temperatures during batteries operation by arranging optical fibers inside and on the surface
of a commercial 18,650 battery, respectively. By applying 2 Hz square-wave current pulse on the battery, the
heat transfer coefficients and the heat capacity are obtained. We observe a reproducible and stable correlation
between the internal temperature and the surface temperature. Further analysis reveals a simplified thermal
transfer model for predicting the internal temperature from the monitor of the surface temperature. The accuracy
of the temperature estimation is within 0.5 °C and 2.9 °C when the charging/discharging conditions are varied
from 1 C to 3 C. This operando monitoring and prediction approach of temperature in batteries provides in situ

observation and early warning of thermal runaways of different batteries with high accuracy and low cost.

1. Introduction

Rechargeable batteries play a key role for sustainable energy storage
and conversions in electric vehicles, aircraft propulsion, power plants,
and other scenarios widely [1-3]. At present, the most commonly used
batteries are lithium-ion batteries and sodium-ion batteries [4,5], while
their security reliability and thermal management have gained
increasing attentions for massive and centralized applications.

Sodium-ion batteries have emerged as important alternative to
lithium-ion batteries due to its high safety and large sodium resource,
even though the cycle life and energy density of sodium-ion batteries are
inferior to those of lithium-ion batteries [6-9]. Due to the approximately
25-30 % smaller desolvation capacity of sodium ions compared to
lithium ions [10], the activation barrier for sodium ion insertion and
extraction is lower, which leads to superior low-temperature perfor-
mance (even lower than —50 °C [11]). Also, under high-temperature
conditions, carbon dioxide is a major component of released gases in
sodium-ion batteries with relatively less flammable hydrocarbons
resulting in a higher fire safety than that in lithium-ion batteries [12].
Therefore, sodium-ion batteries are well suited for power industrial

applications. At present, polyanionic compounds are mostly used as
cathode materials of sodium-ion batteries for their low preparation cost
and light weight [13-15]. However, challenges such as low energy
density and poor conductivity hinder its applications in high C-rate
charging/discharging process. Therefore, a novel sodium-ion battery
with layered oxides as cathode material is designed and developed
rapidly because of its similarity to the ternary material fabrication
process and its high energy density [16,17]. Complex phase transitions
take place due to electrochemical reactions in such batteries and causes
the poor structural stability of the layered cathode material. Therefore,
it is necessary to pay special attentions to the in-situ monitoring and
quantifications of key characteristics of the novel sodium-ion battery.
Temperature is an important characteristic parameter that reflects
the operating status [18,19] of sodium-ion batteries. It is necessary to
monitor the temperature during the charging and discharging process to
reveal the chemical reactions inside the battery and achieve the early
warning of thermal runaway. C. Forgez et al. [20] inserted a thermo-
couple into a LiFePO4/graphite lithium-ion 26650 battery and success-
fully monitored the internal temperature. However, thermocouples are
extremely susceptible to electromagnetic interference in batteries and
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Fig. 1. Principle of fiber Bragg grating temperature sensing.

are not suitable for battery temperature quantifications with a high
temporal-spatial resolution. Meanwhile, the inserted thermocouple is
very likely to affect battery performance due to its geometry size.
Therefore, new operando techniques for temperature monitoring need
to be developed.

Compared with traditional electronic temperature sensors, optical
fiber sensors have the advantages of excellent electrical insulation, anti-
electromagnetic interference, compact structure, fast response time, and
high sensitivity [21-25]. J. Pinto et al. firstly integrated optical fiber
sensor in lithium batteries for real-time temperature monitor [26]. M.
Nascimento et al. pasted fiber Bragg grating (FBG) sensors on a battery
surface and achieved the simultaneous measurements of temperature
and stress [27]. Recently, Huang group and Guo and Mei group
[13,14,18,28] inserted FBG sensors into lithium-ion 18,650 batteries to
monitor the internal temperature changes during the charging/dis-
charging cycles, respectively. These studies have demonstrated the
feasibility of using optical fiber sensors for lithium-ion battery internal
temperature monitoring, providing a sensing solution for monitoring the
operational characteristics of the sodium-ion battery. However, in the
aforementioned research, most studies were conducted within temper-
ature chambers, which cannot accurately reflect the temperature vari-
ations under actual operating conditions. Also, in practical thermal
managements of batteries, it is challenging to insert optical fiber sensors
to each battery for temperature monitoring with high cost and
complexity. There is a lack of real-time, effective, and low-cost tech-
niques to monitor and predict the internal temperatures of sodium-ion
batteries through certain external characteristic parameters. One
promising solution is to develop a non-destructive internal temperature
predictive model based on the measured internal and surface
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temperatures of the same type of battery.

In order to understand the thermal processes during the charging/
discharging cycles of the novel sodium-ion battery and build the non-
destructive temperature prediction model, we implant the FBG tem-
perature sensors inside and on surface of 18,650 cylindrical batteries.
The internal temperature rise during charging/discharging cycles at
different C-rates of different types of sodium-ion batteries are quantified
and analyzed. Simultaneously, the surface temperature of the battery
and the ambient temperature are also monitored. Furthermore, a
simplified thermal model between surface and internal temperatures of
batteries is proposed to predict thermal events of batteries with high
accuracy.

2. Experimental setup and method
2.1. Principle of fiber Bragg grating temperature sensing

A fiber Bragg grating (FBG) is an optical component in which a Bragg
reflector is inscribed in an optical fiber with a uniform diameter of 125
pm. For a broadband source, only the light with a specific wavelength
(the Bragg wavelength, Ag) is reflected by FBG, and all others are
transmitted. Fig. 1 shows the schematic and the principle of the FBG
sensor. The basic measurement is based on monitoring the shifts in re-
flected wavelength as local temperature (AT) and strain changes (Ae)
around the FBG sensor. The relative shift in the Bragg wavelength Alg /
Ap can be approximately given as [29]

AT’:*: (ar + &)AT+ (1 —p.)Ae €h)
where ¢ is the thermo-optic coefficient, oy is the thermal expansion
coefficient of the optical fiber, p, is the effective photo-elastic constant.

If the applied strain remains constant, the shifts in reflected wave-
length are only determined by the temperature variation. Thus, the FBGs
can be selected as an operando sensing probe for temperature
measurements.

To identify the FBG’s temperature response, a FBG was placed into a
water bath cauldron, and the temperature was varied from 25 °C to 80
°C. The shifts in reflected wavelength of the FBG is shown in Fig. 2(a).
The results show that there is a good linear relationship between tem-
perature change and reflected wavelength shift. The temperature
sensitivity is about 10.6 pm/°C (R = 0.998). Moreover, there will be
pressure fluctuation during the charge/discharge in the battery. To
verify the reliability of the FBG sensor, the pressure response within 0.2
MPa was tested. It can be seen from Fig. 2(b), pressure fluctuations have
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Fig. 2. The wavelength responses to temperature and pressure of the FBG sensor. (a) Wavelength responses to temperature over the range of 25 to 80 °C. (b)

Wavelength responses to pressure over the range of 0 to 0.2 MPa.
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Fig. 3. (a) SEM image of the Ni-Fe-Mn-based cathode material, (b) XPS image of the cathode material disassembled from a fresh battery.
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Fig. 4. The performance of battery is unaffected by FBG sensors. (a) Comparison of battery voltage before and after FBG implantation when cycled at 1 C, 2 C and 3
C. (b) Battery performance remaining unaffected after FBG implantation by cycling at different C-rates for 90 cycles.

little effect on the response of the FBG sensor, which represents that the
influence of pressure change in batteries can be ignored.

2.2. Integration of FBG sensor into the sodium-ion 18650 battery

In this paper, a novel sodium-ion 18650 battery ([Xuexiong,
NaFR18/065CY-1.3]) using layered oxides as cathode materials is
focused on. In addressing the phase transition issue during the dein-
tercalation process of layered oxides, the battery employs a Ni-Fe-Mn-
based cathode material. Simultaneously, Mg®* is doped to improve
the chemical stability, and enhance the conductivity. In addition, cobalt
phosphate (Co3(PO4)2) is also introduced to stabilize the material
structure and reduce cathode material corrosion, improving safety. The
battery is based on sodium-ion Na,(NiyFeyMn;.xy)2..02/hard carbon
chemistry, and the rated capacity is 1300 mAh. Using this type of
layered oxide as a cathode material can help improve the energy density
and safety of batteries, which contributes to improving the performance
and expanding the application range of sodium-ion batteries. The
scanning electron microscope (SEM) image and the X-ray photoelectron
spectroscopy (XPS) of the cathode material disassembled from a fresh

sodium-ion battery are shown in Fig. 3.

In order to implant the FBG sensor into the battery, a 1 mm hole was
drilled at the central position of the negative pole of the battery in a
glove box. For reducing the risk during drilling, the fresh battery was
first discharged to 0 % SOC. The FBG sensor was inserted into the battery
through the central hole and was parallel to the axis of the battery. In
this way, the FBG sensor is almost not affected by any undesirable stress.
Therefore, the shifts in reflected wavelength are considered to be only
caused by the changes in environmental temperature. After placement,
the insertion point was sealed with epoxy resin (chemically stable and
thermally resistant) to prevent air or moisture ingress. The seal was
cured at room temperature for 48 h.

To verify the impact of implanted FBG sensor on battery perfor-
mance, the sodium-ion 18650 batteries with/without FBG sensor were
operated charge and discharge cycles at different C-rates of 1 C, 2 C and
3 C. The batteries were cycled through 30 charging/discharging cycles
at each C-rates. During the verification, a 10 min rest was set between
charge and discharge to allow the battery temperature to decrease.
Furthermore, to simulate the normal operating conditions of the batte-
ries, the batteries were placed in the atmospheric Environment without
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Fig. 5. (a) Simplified thermal model of sodium-ion 18650 battery. (b) Schematic diagram of FBG sensors arrangement.

temperature control. Fig. 4(a) and (b) show that the cycle curves before
and after the FBG sensor implantation have good consistency, and the
capacity of the battery with FBG sensor implantation only decays by
1.75 % after 90 cycles at different C-rates. The results demonstrated that
the introduction of FBG did not have a negative impact on battery
performance.
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3. Determination of thermal model
3.1. Establish of the thermal model

For 18650 batteries, the heat generated during the charging/dis-
charging cycle spreads to the battery surface and then to the external
environment. When the battery internal temperature (Tc..), battery
surface temperature (Ts,y) and ambient temperature (Tqmp) are obtained
simultaneously, a simplified zero-dimensional thermal-circuit model
can be established, as shown in Fig. 5 (a). In this simplified model,
capacitance represents heat capacity and resistances represent the
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Fig. 6. (a) The square-wave current pulse of 2 Hz applied in the battery. (b) The battery voltage changes upon applying symmetric and periodic square-wave current
pulse. (c) Temperature changes at different locations during the test. (d) Infrared image of the battery temperature under the steady state (+ 5 A).
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Fig. 7. (a) The relationship among voltage, current and internal temperature monitored by FBG sensor at 1 C cycling, (1) CC, (2) CV, (3) and (5) resting, (4) CCD. (b)
The maximum temperature during different charging/discharging cycles and different C-rates.

reciprocal of heat transfer coefficients.
The heat generation rate of the battery (Q) can be expressed as
[13,20]

A aTcore
Q= CTJr 2)

where C represents heat capacity, t stands for time, and q is the heat flow
rate from the battery to the ambient environment. g is given as

_ T core

- Tsulf _ Tswf - Tamb (3)
Rin Rout

In Eq. (3), Ry and R,y respectively represent the equivalent thermal
resistance between the inside of the battery and the battery surface and
the equivalent thermal resistance between the battery surface and the
ambient environment.

According to the expression derived by K.E. Thomas and partial
simplification, Q can also be written into [20,30]
Q.:I(Vf U)+1TcoreaaT7U )

core

with I being the current, V being the battery voltage, U being the battery
thermodynamic equilibrium potential.

3.2. Determination of parameters

According to the Eq. (2) to Eq. (4), in order to grasp the thermal
process of the battery, it is necessary to obtain the parameters (C, Ry,
Rou) under the known heat generation rate (Q) and temperatures (T¢ore,
Tsurf, Tamp)- If @ symmetric and periodic square-wave current pulse is
applied to the battery, the SOC remains constant because the net charge
transfer over each full cycle is zero. This results from equal and opposite
charging and discharging currents in both magnitude and duration.
Since SOC is defined as the ratio of remaining charge to total capacity, it
stays unchanged under this condition, provided there are no significant
side reactions (e.g., self-discharge or leakage) and the battery operates
within its reversible range. According to the Nernst equation [21], the
thermodynamic equilibrium potential U can be regarded as a certain
value. That is, within a single current pulse period, T,y can be seen as
constant. Thus, the second term in Eq. (4) can be ignored, and the heat
generation rate (Q) can be calculated. When heat production and heat
dissipation reach a steady state, Q equals to g. Ri; and Ryye can be ob-
tained based on Eq. (3), and then C can be calculated by Eq. (2). Finally,
the parameters for the thermal model of sodium-ion 18650 battery are

grasped.

Three FBG sensors was placed inside the battery, on the battery
surface and in the ambient environment to monitor temperature changes
during charging/discharging, as shown in Fig. 5 (b). In order to raise the
temperature while remaining the SOC constant, a square-wave current
pulse with 2 Hz frequency and +5 A amplitude (as shown in Fig. 6 (a))
was applied in the battery to generate a known heat using a bipolar
power supply (BP4620, NF, Japan). By choosing a 2 Hz frequency, each
half-cycle lasts only 0.25 s, which is much shorter than the battery’s
thermal time constant [20]. Therefore, heat accumulates over multiple
cycles without allowing significant thermal relaxation between pulses,
leading to a gradual and measurable temperature increase representa-
tive of the battery’s heating characteristics.

The voltage between the positive and negative electrodes of the
battery is shown in Fig. 6 (b). During this process, the battery temper-
ature gradually increased and finally entered a stable state after 1600 s,
as shown in Fig. 6 (c¢). The maximum temperature rise was about 16.5 K
for the battery internal temperature. The infrared imaging of battery
temperature under the steady state is shown in Fig. 6 (d).

According to the Eq. (2) to Eq. (4), for the sodium-ion 18650 battery
using layered oxides as cathode materials, the heat generation rate Q is
about 1.22 W at the stable state, and the calculated results of Ri;, Royt,
and C are 2.99 K/W, 10.80 K/W, and 21.58 J/K, respectively. These
parameters are representative of other identical batteries of the same
type and specification, assuming basic consistent manufacturing quality
and operating conditions.

4. Results and discussion
4.1. Internal temperature changes at different C-rates

In order to evaluate the temperature changes during the charging/
discharging cycles of the novel sodium-ion battery, the battery got
charged and discharged at different C-rates (1 C, 2 C, and 3 C) in this
paper. To display the changes in battery temperature under normal
operating conditions, the environmental temperature was not
controlled. Meanwhile, the FBG sensors were used to monitor the in-
ternal temperature, surface temperature and ambient temperature. The
whole cycle consisted of steps as constant current (CC) charging, con-
stant voltage (CV) charging, resting, constant current discharging (CCD)
and resting. Taking 1 C as an example, the variations in voltage, current,
and internal temperature are shown in Fig. 7.

It can be seen from Fig. 7 and the traditional lithium-ion battery
charging/discharging curve that, during CC charging and CCD, the
voltage changes sharper than that of lithium-ion batteries, so the
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Table 1
Performance comparison of different types of rechargeable batteries.
Type of Cathode material C- Capacity Maximum Ref.
battery rate temperature rise
Li-ion, LiFePO4 6C - 16.0 K [20]
26650
Li-ion, LiFePO,4 1C 1.653 52K [28]
18650 Ah
Na-ion, NazVy(POy4)oF3 1C 0.800 6.0 K [12]
18650 Ah
Na-ion, Nay(NiFeyMn; 1C 1.300 82K This
18650 y)2-a02 Ah paper

temperature rise is also more obvious. In addition, during a charging/
discharging cycle, the highest peak of temperature rise occurs at the end
of discharging, which indicates that special attention needs to be paid to
the temperature rise during discharge. And the maximum temperature
rises at different C-rates are about 8.2 K for 1 C, 19.1 K for 2 C, and 29.5
K for 3 C. Moreover, as the C-rate increased, the internal temperature of
the battery increased significantly.

A mini performance comparison of different types of rechargeable
batteries is shown in Table 1. Compared with the NagVy(PO4)2F3/hard
carbon battery, the novel sodium-ion battery used in this paper has a
higher capacity and a relatively weak temperature rise, which shows
good application prospects. Compared with lithium-ion batteries, the
novel sodium-ion battery used in this paper has a lower capacity, but
generates more heat during the charging/discharging cycles, resulting in
a more dramatic temperature rise.

4.2. Prediction under different current

By the simplified zero-dimensional thermal-circuit model, the in-
ternal temperature of the battery can be predicted by the surface tem-
perature and ambient temperature, as

Rout + Rin Rin

Teore = ——— T

— T, 5)
Rue ™ R ™

In this section, the battery was cycled at different C-rates for 90

International Journal of Electrical Power and Energy Systems 170 (2025) 110893

cycles (1 C, 2 C and 3 C, and cycled 30 times at each C-rates), using FBG
sensors to monitor the surface temperature and ambient temperature.
Combined with the model parameters mentioned in Section 3.2, the in-
ternal temperature was predicted and compared with the actual mea-
surement results. The results are shown in Fig. 8.

It can be seen that the predicted temperature was in good agreement
with the measured temperature. And the maximum errors were about
0.5 °C for 1 C, 1.0 °C for 2 C, and 2.9 °C for 3 C. Therefore, with the
measured battery surface temperature and Eq. (5), the internal tem-
perature can be obtained. It provides a real-time, effective, accurate, and
low-cost technique for monitoring and predicting battery internal tem-
peratures. At the same time, the FBG temperature sensor has a compact
structure with capability of strong anti-electromagnetic interference and
excellent reliability in harsh environments. It is very suitable for
monitoring batteries in electric vehicles, energy storage power stations,
and other fields.

5. Conclusion

This paper employed a promising FBG temperature sensor to predict
the internal temperature by simultaneously monitoring the surface
temperature and ambient temperature during the charging/discharging
cycles of a novel sodium-ion battery using layered oxides as cathode
material. An FBG sensor was implanted into the battery to operando
monitoring the internal temperature, and it was verified that the im-
plantation of FBG sensor had almost no impact on battery performance.
The study found that the maximum temperature rise occurs at the end of
discharging stage during a complete charging/discharging cycle.
Therefore, the battery management system should particularly focus on
monitoring temperature changes during discharging stage. And the
maximum internal temperature rise increases significantly with the in-
crease of C-rate, which is about 8.2 K for 1C, 24.1 K for 2C, and 33.9 K
for 3C. Moreover, a stable correlation between the internal temperature
and both the surface temperature and ambient temperature is found. By
applying square-wave current pulse on the battery, the thermal pa-
rameters of the battery were figured out, and a simplified zero-
dimensional thermal-circuit model for the battery was proposed in
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turn. By using the proposed model along with the surface temperature
obtained from the FBG sensor attached to the battery and the ambient
temperature obtained from the FBG sensor placed near the battery, the
internal temperature could be accurately predicted with uncertainties of
0.5°C for 1 C, 1.0 °C for 2 C, and 2.9 °C for 3 C. Therefore, the internal
temperature of the sodium-ion battery (pack) can be grasped by moni-
toring the surface temperature and ambient temperature. This will help
to understand the thermal and chemical processes during charge and
discharge of the sodium-ion batteries, and provide practical and low-
cost solutions for high-precision and real-time monitoring of battery
temperature in real applications such as electrical vehicles and energy
storage devices.
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