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Abstract—The greatest challenge of the high-energy density
lithium-ion (Li-ion) batteries is the safety issues related to
elevated temperature that leads to fire and explosion. Beside the
development of safe chemistries for Li-ion batteries, prognosis
and diagnosis of thermal safety risk (TSR) properly could prevent
catastrophic explosions in Li-ion batteries. Temperature sensors
are a key element for a precise measurement of the temperature
and predict TSR enough in advance. Therefore the goal of this
paper is to provide an overview of temperature sensor tech-
nologies used in Li-ion batteries. Different temperature sensor
types such as electric and optic are surveyed which have been
used in internal and external sensing of the battery cells and
packs. Moreover, power electronics peculiarities for protection
and monitoring are addressed. The outcome of this paper can
be used as a guideline for selecting suitable temperature sensors
for safe Li-ion batteries.

Index Terms—Li-ion batteries, Safety, Thermal runaway, Tem-
perature sensors, Optical sensors.

I. INTRODUCTION

Li-ion batteries are one of the main technologies for sta-
tionary energy storage applications and the main technology
for electromobility due to their high round trip efficiency and
energy density [1]. Despite many advantages and opportunities
to transform the energy sector, they suffer from safety issues.
In particular, for high-energy density Li-ion batteries the risk
of thermal runaway (TR) is relatively higher. Recent incidents
in Li-ion battery-based energy storage has underlined the need
for safety levels to prevent catastrophic TSR [2].

There is a visible trend towards adopting large cell format
Li-ion cells because of increased energy density and simplicity
at system level [3]. Figure 1 provides a qualitative comparison
between large and small cell formats. As it can be seen, one
of the main challenges can be the increased TSR for large cell
formats. Therefore, it requires more sensing and monitoring.

The paper was supported by Interreg Deutschland- Danmark with funds
from the European Regional Development Fund via the Smart Power Con-
version project (ref.16-2,1-221).

Fig. 1. Large cell formats offer system-level advantages over small cell
formats.

Precise information of internal cell temperature and external
surface temperature are crucial to exploit full potential of large
cell formats.

According to [4], internal temperature monitoring can be
carried out in three different ways. First, direct measurement
is performed when a separate sensor detects the temperature.
Second, in a signal processing-based solution, all outside mea-
surable quantities are utilized to estimate the internal tempera-
ture with an electro-thermal or electro-chemical model. Third,
nondestructive testing is the collection of all test methods
that can be performed from the outside, like electrochemical
impedance spectroscopy (EIS) or remote query measurement
[4]. Besides that, thermographic and infrared thermal imaging
are popular in empirical research. They also give detailed
information about the surface temperature distribution [5].

Sensing systems for various physical quantities are estab-
lished by not introducing the sensor into the battery, but
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Fig. 2. Safety enhancement and different levels of batteries: (a) electrochemical components with increased safety characteristics, (b) Battery cell protection
inside the cell and with different sensors and fully power electronics based BMS, (c) Battery module protection with external surface temperature sensors.

by measuring outside of the cell with traditional discrete
sensors or thermal imaging [4] and using models to estimate
the cells inside constitution [6]. But such measurements lack
in accuracy because model approaches generally do not fit
perfectly to the battery’s actual behavior since many factors
change its physical behavior and manufacturing deviations are
inevitable [6] [4]. Especially for temperature measurement,
there is a time delay until internal heat is transferred to the
outside. In case of TR, this time delay is a fatal limitation for
cell surveillance. A built-in sensor can offer more reliability
because direct information is collected from the cell core [6].
A battery management system can run the battery to minimize
aging and prevent thermal runaways when high power is drawn
from the battery.

Several review papers deal with internal temperature sensors
[7], thermal state monitoring [8] as well as safety in Li-ion
batteries [9], [10]. Although these papers provide insightful
information, the aspect related to the protection of the Li-ion
batteries at different scales are missed.

The motivation of this paper is to provide an overview of
temperature sensor technologies which can be used both for
internal and external temperature sensing as well as protection
mechanism. The major TSRs are discussed and different kind
of sensor technologies including discrete electrical sensors, op-

tical fibers, as well as protection mechanisms at cell, module,
and system level are discussed. The role of power electronics
for protection and condition monitoring is highlighted. This
paper can be used as user guide for both academia and industry
to construct not only safe battery cells but also large-scale safe
battery systems.

II. SAFETY AND PROTECTION OF LI-ION BATTERIES

The negative impacts of Joule heating or exothermic chem-
ical reactions that generate heat and elevate temperature in
Li-ion batteries can be found in [11]. While the mechanisms
beneath the TSRs were outlined in [10]. The choice for safety
strategies depend also on the battery technology and materials
used. Specific combinations of cathodic and anodic chemistry
determine not only the performances of the battery but also
its thermal stability. Technologies such as LFP and LTO,
are much more thermally stable and then safe than LCO,
NCM and NCA. Depend on the fault nature, internal and
external, different TSR scenarios might occur that require
special sensing and protection mechanism.

Figure 2 shows the safety and protection method used at
different scales in Li-ion batteries. At the cell electrochem-
istry level, the safety can be improved by surface coating
for cathode particles and artificial SEI layer, for instance



Fig. 3. Protection and safety measures inside a typical 2 MW 5MWh Li-ion
battery container.

[17]. Conventional polyethylene polymer separators can be
reinforced against high temperature by an additional layer
of polypropylene. Moreover, nonflammable solvents can be
used to realize safe electrolytes [17]. At this scale sensing and
protection are usually integrated and alternatively are refereed
as self-sensing and self-healing strategies [18].

At the cell level, discrete sensor with the capability to
measure hot spot or a heat flux can be used to monitor the
internal and external cell temperature evolution. Mechanical
protections can be integrated into the cell to release the gen-
erated gas at a threshold pressure. Finally, power electronics
(PE)-based switches can be used to fully bypass the cell in
the case of failure. At the battery pack level it is common to
use a few external temperature sensors to monitor many cell
to reduce the system costs. The proper method to determine
exactly how many sensors are required and where to locate
them should be decided during the module characterization
tests and CFD analysis, that identify the locations of the hot
spots in the module design [19]. Fuses, surge arresters, and
breakers can effectively extinguish external short-circuits. PE-
based bidirectional switches can be adopted to minimize the
delay between the detection of the fault from sensor to isolate
the fault [20], [21]. Moreover, PE converters can be used to
monitor the internal state of the battery indirectly based on the
impedance spectroscopy as discussed in [22].

Finally, Fig. 3 shows the system level protection of a
large battery container with a typical power of 2 MW and
capacity of 5 MWh. Here smoke and fire detectors as well as
surveillance cameras are typically used. However, these means

of protection could only prevent the extension of the fire to
nearby containers. Therefore, high resolution and distributed
sensors that can detect anomalies at cell levels can be consid-
ered as a future direction to enhance the safety. Moreover using
reconfigurable power electronics can isolate modules and even
cells preventing the spread of the TR while maintaining the
system operative under any TSR circumstances.

III. DISCRETE ELECTRICAL SENSORS

There are three main groups of electric temperature sen-
sors: thermocouples, thermistors, and piezo/pyroelectric sen-
sors [23]. Thermocouples are based on the Seebeck effect
[24]. Therefore a voltage is generated when two metals with
different coefficients are connected at a point where a different
temperature exists, than at the point where the voltage gets
measured [23]. For battery temperature measurement, it is
frequently used for surface temperature detection [5]. Resistive
temperature detectors (RTD’s) instead, which belong to the
thermistors, are metals that have a resistivity that rises with
the temperature due to more electron vibration. Therefore, it
has a positive temperature coefficient (PTC); also, the relation
is almost linear, and their response is quite fast [23]. Many
thermistors have a negative temperature coefficient (NTC)
material and possess a nonlinear relation between temperature
and resistance [23]. For NTCs often semiconductors are used,
where the electrons in the conduction band get more with
rising temperature due to a smoother Fermi contribution [12],
and their temperature coefficient is relatively high in their
working range, which makes them very sensitive [23]. Due
to their high sensitivity, small size, and fast response time,
thermistors are often used for in situ battery temperature
measurement. Still, it must be mentioned that they can only
measure the temperature at one point, and hotspots might be
unrecognized [5]. To get an average temperature of the cell,
its structure must be unfolded to cover a large surface, or a
mesh of sensors could be applied for temperature distribution
detection.

A less considered technology is the pyroelectric sensor,
which can generate a voltage proportional to temperature
changes using piezoelectric materials [16]. During a tempera-
ture increase, the orientation of the electric dipoles gets more
diverse, and the total polarisation decreases, which is called the
primary pyroelectric effect [16]. Furthermore, there are also

TABLE I
DIFFERENT TYPES OF DISCRETE ELECTRIC TEMPERATURE SENSORS [12] [4] [13].

Group Type Common materials Benefits

Thermocouples voltage AuFe-NiCr, Cu-constantan, Fe-constantan, robust, low cost, self powered, linearity,
NiCr-constantan, Pt-PtRh, W-WMo wide range [13] [12]

Thermistors resistive PTC platinum, nickel accuracy, linearity, quick response, low thickness,
(RTD) gold, copper wide range [13]

resistive NTC silicon, ceramics low cost, high sensitivity, small [13]

Piezo/Pyroelectric sensors voltage PVDF [14], PZT-PZNM [13] linearity, sensitivity, self powered [13] [15]
SBN, TGS, PZT, BaTiO3 [16]



secondary and tertiary effects with lower impact. A negative
pyroelectric coefficient is expected because, in the primary
effect, the polarisation decreases during a temperature rise.
Sensors with this technology are used in several different
investigations, like in [13] or [25] and there are also poly-
mers like polyvinylidene fluoride (PVDF) and polyvinylidene
fluoride-trifluorethylene (PVDF-TrFE) which show this prop-
erty [14]. Their unpopularity might come from the fact that
only a temperature change can generate a voltage. This re-
quires an accurate calibration if a slowly changing temperature
has to be detected since the detection circuitry might consume
a small leakage current. In [26], the piezo/pyroelectric sensors
are applied to collect thermal and mechanical data inside a
lithium battery cell to estimate the SOH.

Producing a temperature sensor requires attention to the
choice of materials since the sensor should not corrode, which
often depends on the environment. Humidity, the presence of
acids, temperature range, and many other parameters impact
corrosion. The sensor’s dependence on other parameters than
temperature, like mechanical stress, radiation, or electrical
influences, should be respected. Table I summarizes discrete
sensor types, materials used and benefits.

IV. OPTICAL SENSORS

Fiber optic sensors are another option for temperature
monitoring of battery cells. A wide overview on different
optical sensing methods for this application was presented
in [5]. The most promising types are semi-distributed fiber
Bragg Grating (FBG) based sensing and distributed backscatter
based sensing. In case of the first one, one fiber with several
distinct sensor locations is used, ranging from one FBG per
fiber to more than 100 [27]. The second uses one of the three
main backscattering effects in optical fibers, namely Rayleigh,
Brillouin and Raman backscattering. Since in this case the
fiber (or small inhomogeneities) acts as sensor, a continuous
measurement along a whole fiber optical cable is possible.

Fiber optic sensors are small in size, offer high sensitivity,
the option to measure in a multiplexed manner, i.e. at several
points with only one fiber, and are immune to electromagnetic
interference and tolerant towards harsh environmental condi-
tions. All of them use (at least) one laser which emits pulses
or pulse trains into a fiber under test and detect the reflected
signals with an interrogator circuit, which is comprised of
photo diodes, optical couplers and filters. If frequency domain
analysis is performed, the laser frequency is swept. The
receiver circuit could be as simple as a single photo diode or
even as complex as a total coherent receiver using the transmit
laser as local oscillator. Signal processing and comparison of
scattering patterns or scatter frequency shifts lead to time and
spacial resolved temperature profiles.

FBG sensing has been adopted for various battery types
[4] and measurement of multiple parameters such as pressure,
temperature, SOC and SOH [28]. While one research direction
is the modeling and measuring of the temperature distribution
within one cell, surveillance of systems with battery packs
or even containers [29] is another focus. In [30], FBGs were

attached to 96 cells in a battery pack and the technology of
draw tower gratings with thousands of gratings in one fiber
would allow even higher numbers of sensors to be evaluated
simultaneously [31]. However, methods of distributed sensing,
where fiber sections of up to several tens of km can be
evaluated simultaneously, are even more attractive for these
large systems. In case of the battery container Fig. 3, one
single fiber of up to several tens of km length could be used
to monitor temperature of each individual cell, by spooling the
fiber around or on the surface of the cells. By monitoring time
and space resolved backscatter changes, relating each fiber
section to a single cell can enable a simultaneous surveillance
of all batteries, as shown in Fig. 4. If we consider distributed
or semi-distributed sensing where one fiber is used to monitor
the temperature of many batteries, the fabrication process to
embed bare fiber and thus tight all batteries to each other
might be challenging. Moreover, it will be difficult to replace
individual cells. This application clearly asks for attached
fibers, not embedded ones.

Fig. 4. Optical fiber configuration for distributed sensing in a battery
container.

Fiber optics are sensitive to swelling and structural changes
in the surrounding environment. This will alter their charac-
teristics, e.g. backscatter-based semi-distributed methods with
fibers as well as semi-distributed methods with FBGs will
detect the swell and might need recalibration. Concerning
aging and gas or chemicals leaking the fiber as well as the
FBGs are expected to be tolerant. Concerning swelling and
detection of swell, If two FBGs are used for measurement, one
encapsulated and one “floating”, the strain can be separated
from the temperature and swelling can be easily detected [32].

The benefits of fiber optic cables are discussed in [28]
including small size, light weight, passive nature, immunity
to electromagnetic and radio-frequency interference, high sen-
sitivity, long-term reliability, resistivity against chemical sub-
stances, e.g. electrolyte, and finally it could be also integrated
into cells. Fiber optics face some challenges for integration.
Fibers made of silicon, which are chemically inert, enables
optical FBG/fiber sensors to maintain a good safety and
stability in highly corrosive environments. However, sensing
fibers must be exposed to temperature; therefore, tubed fibers
cannot be used and bare fibers are necessary. It is sensitive to
bending and vibration, can easily break, and must be carefully
attached to battery modules. In conclusion, despite all the
advantages that fiber optics offer, technological improvements
are still required to reduce costs and minimize sensitivity to
structural changes in the fibers.



Fig. 5. Experimental studies on the battery thermal sensing: (a) slow NTC thermistor, (b) fast NTC thermistor, (c) FBG, and (d) thermal camera.

TABLE II
COMPARISON OF DIFFERENT SENSOR TECHNOLOGIES FOR BMS INTEGRATION FOLLOWING THE EXPERIMENTAL DEMONSTRATIONS.

Index FBG fast NTC thermistor Thermal camera

Signal type light Voltage/current Infrared

Temperature range (◦C) -190 to 385 -100 to 325 10 to 1500 (-10 to 800)

Accuracy (◦C) ±0.2 to ±0.4 ±0.05 to ±1.5 ±1 % of the range

Response time (s) ≈0.25 0.12 to 10 ≈0.005

BMS integration Requires FPGA, laser, and an interrogator voltage or current excitation Image processing

Monitoring scale large-scale small-scale large-scale

Computation high low high

Cost high low high

V. DEMONSTRATORS

Several experiments with different sensor technologies have
been performed to provide a basis for a comparative study
and understand their differences. These sensors include fiber
optics, NTC thermistors with fast and slow dynamics, and a
thermal camera. When selecting NTC sensors, consider the
heat capacity of the sensing element as an indicator of response
time. Figure 5 shows the obtained results. With fiber optics, the
mechanical sensitivity of the sensing element may be more of
an issue. The thermal camera offers distributed sensing, but it
is expensive, and the area beneath the camera should be free
of obstacles. Additionally, high computation time and slow
dynamics are drawbacks of the thermal camera.

Table II compares different sensor technologies for BMS
integration regarding cost, resolution/accuracy, associated elec-
tronics circuits, battery scale, and required computation. The
information for NTC 10 kΩ thermistors in this table, used
also in the experiments, are from OMEGA. Thermal camera
model ImageIR® 8300 hp from InfraTec is adopted. Although

the experiments are performed using OpSens fiber optics, the
numbers in table II are taken from [4] for a more general
view. As can be seen from the table, both the FBG and
the thermal camera require expensive FPGAs and are best
used at pack or large scale. They are costly and require
significant computation to extract the correct temperature from
the captured signals. In contrast, NTC thermistors, as electrical
sensors, only require a current or voltage excitation to read the
correct temperature, and the computation required is minimal
and can be managed by almost every microcontroller. This
type of sensor is also extensively used in EVs at the battery
cell or module level. However, for large-scale monitoring,
NTC thermistors or similar technologies might not be the
most suitable or scalable solution. It is therefore suggested
that a combination of these technologies be used to achieve the
highest level of reliability in monitoring systems. In particular,
integrating sensors during cell manufacturing and afterwards
for distributed sensing could be the next step in developing
sensors to ensure battery safety.



VI. CONCLUSION

Battery TSRs should be detected and isolated sufficiently in
advance to minimize the loss of the battery itself and prevent
system service. Therefore, this paper provides an overview
of the temperature sensing technologies used in lithium-ion
batteries, protection mechanisms, and the application of PE
to improve the Li-ion battery systems. Several experimental
demonstrators have been implemented using electrical and
fiber optic sensors mainly for spot temperature measurements.
The paper suggests to intensify the research in the direction of
developing low cost distributed sensors that can identify the
likely TSRs before any incident in the battery cells. Distributed
sensors can be integrated into battery components such as
electrodes and separators. While external distributed sensors
could be long fiber optic cables mounted as coils on the surface
of the battery cells and between battery layers where thermal
infrared cameras fail to capture.

REFERENCES

[1] G. De Carne, S. M. Maroufi, H. Beiranvand, V. De Angelis, S. D’Arco,
V. Gevorgian, S. Waczowicz, B. Mather, M. Liserre, and V. Hagenmeyer,
“The role of energy storage systems for a secure energy supply:
A comprehensive review of system needs and technology solutions,”
Electric Power Systems Research, vol. 236, p. 110963, 2024.

[2] R. Zalosh, P. Gandhi, and A. Barowy, “Lithium-ion energy storage
battery explosion incidents,” Journal of Loss Prevention in the Process
Industries, vol. 72, p. 104560, 2021.

[3] J. Gorsch, J. Schneiders, M. Frieges, N. Kisseler, D. Klohs, H. Heimes,
A. Kampker, M. M. Castro, and E. Siebecke, “Contrasting a byd blade
prismatic cell and tesla 4680 cylindrical cell with a teardown analysis
of design and performance,” Cell Reports Physical Science, 2025.

[4] Z. Wei, J. Zhao, H. He, G. Ding, H. Cui, and L. Liu, “Future smart
battery and management: Advanced sensing from external to embedded
multi-dimensional measurement,” Journal of Power Sources, vol. 489,
p. 229462, 2021.

[5] G. Han, J. Yan, Z. Guo, D. Greenwood, J. Marco, and Y. Yu, “A review
on various optical fibre sensing methods for batteries,” Renewable and
Sustainable Energy Reviews, vol. 150, p. 111514, 2021.

[6] T. Paljk, V. Bracamonte, T. Syrový, S. D. Talian, S. Hočevar, and
R. Dominko, “Integrated sensor printed on the separator enabling the
detection of dissolved manganese ions in battery cell,” Energy Storage
Materials, vol. 55, pp. 55–63, 2022.

[7] A. Jinasena, L. Spitthoff, M. S. Wahl, J. J. Lamb, P. R. Shearing, A. H.
Strømman, and O. S. Burheim, “Online internal temperature sensors
in lithium-ion batteries: State-of-the-art and future trends,” Frontiers in
Chemical Engineering, vol. 4, p. 804704, 2022.

[8] Y. Zheng, Y. Che, X. Hu, X. Sui, D.-I. Stroe, and R. Teodorescu,
“Thermal state monitoring of lithium-ion batteries: Progress, challenges,
and opportunities,” Progress in Energy and Combustion Science, vol.
100, p. 101120, 2024.

[9] J. Zhao, X. Feng, M.-K. Tran, M. Fowler, M. Ouyang, and A. F. Burke,
“Battery safety: Fault diagnosis from laboratory to real world,” J. Power
Sources, vol. 598, no. 234111, pp. 10–1016, 2024.

[10] T. Lai, H. Zhao, Y. Song, L. Wang, Y. Wang, and X. He, “Mechanism
and control strategies of lithium-ion battery safety: a review,” Small
methods, vol. 9, no. 1, p. 2400029, 2025.

[11] L. Mattia, H. Beiranvand, W. Zamboni, and M. Liserre, “Lithium-
ion battery thermal modelling and characterisation: a comprehensive
review,” Journal of Energy Storage, vol. 129, p. 117114, 2025.

[12] E. Hering, R. Martin, and M. Stohrer, Physik für Ingenieure, 12nd ed.,
ser. Lehrbuch. Springer Vieweg, 2016.

[13] M. K. Kim and S. W. Yoon, “Miniature piezoelectric sensor for in-situ
temperature monitoring of silicon and silicon carbide power modules
operating at high temperature,” IEEE Trans. on Ind. Applicat., vol. 54,
no. 2, pp. 1614–1621, 2017.
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