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Abstract. The paper presents the concept and modeling results of a multisensor system designed to prevent ther-
mal runaway in lithium-ion batteries. This is especially true for LCO, NMC and NCO batteries. The system in-
tegrates three types of sensors: a capacitive pressure sensor, a gas sensor based on a metal oxide semiconductor,
and a platinum temperature sensor. Moreover, all sensors are located on a single chip, which ensures increased
reliability and safety, minimizing the risks of fire, explosion, or damage to batteries. Three battery operating modes
are proposed: normal, hazardous, and critical. In the normal mode, the temperature and gas concentration remain
at safe levels, while in the hazardous mode, they begin to increase, indicating the possible onset of destructive
reactions. In the critical mode, the battery reaches hazardous levels, which can lead to damage, fire, or explosion.
The multisensor system was modeled using the COMSOL Multiphysics 6.1 package using the finite element
method. This approach helps to improve the safety of lithium-ion batteries by solving the problems of monito-
ring their condition. The scalability of the system makes it suitable for applications in both portable electronics
and electric vehicles.
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INPOAKTUBHOE MYJIbTUCEHCOPHOE PEHIEHUE
JIJIsI CHUKEHU S PUCKA IEPETPEBA JTUTUM-UOHHBIX AKKYMYJISITOPOB

B. C. ®EJIOCEHKO!, IUHKCHU IOHI?, IEHKCH 102% I. T. TOPOX!

! Benopycckuii 2ocyoapcmeenioiii yHugepcument unpopmamuxi u paouodiekmponuKu
(Munck, Pecnybnuxa Beaapycy)
2Yuusepcumem Xanuncoy Juanszu (Xanusxcoy, Kumaiickas Hapoonas Pecnyénuka)

AHHoTanusl. B cTaTbe mpencTaBlieHbl KOHLCIIMSA U PE3yJIbTaThl MOACIUPOBAHHUS MYJIBTHCEHCOPHON CHCTEMBI,
pa3paboTaHHOM IS MPEIOTBPAIICHHS TSIIIOBOTO Pa3roHa B IUTUH-HMOHHBIX akKKyMysaTopax. OCOOCHHO 3TO aKTy-
anpHO 1y 6atapeit LCO, NMC u NCO. Cuctema HHTETpHPYET TPH THTIA JaTINKOB: €MKOCTHOW TATYHK JABJICHHUSA,
ra30BbIi JATYMK HA OCHOBE METAJIIOOKCHIHOTO MOJYIPOBOAHKMKA U IIIATHHOBBIN JaT4lK TeMreparypbl. [Ipuyem
BC€ HAaTYMKH pacriojararorcsa Ha OJHOM YHIIC, YTO o6ecneqMBaeT TMOBBIIICHHYIO HAACKHOCTH U 6C3OHaCHOCTL,
MHUHUMU3HUPYS PUCKH BO3TOPAHHMs, B3PbIBA HIIH IOBPEXKACHHS aKKYMYIATOPOB. [IpesiokeHbI TpU peskiuMa paboTh
AKKyMYJISITOpa: HOPMAaJIbHBIM, OMACHBII M KPUTHYECKHUIA. B HOpMaNIbHOM peXUMe TeMIeparypa U KOHLICHTpaLHsI
ra3a OCTaloTCcs Ha 0E30IaCHBIX YPOBHSX, B OMTACHOM OHU HAYMHAIOT MOBBIIIATHCS, YTO yKa3bIBaeT HA BO3MOX-
HOE Ha4aJIo pa3pyLIUTENbHBIX peakuuid. B KpUTHYECKOM pexrMe akKKyMYIISTOP JAOCTHIAeT OIACHBIX YPOBHEH —
9TO MOXKET IPUBECTH K ITOBPEXKICHUIO, BO3TOPAHUIO MM B3PHIBY. MyJIBTHCEHCOPHYIO CHCTEMY MOJEIHPOBAIIN
¢ ucnonb3oBanuem nakera COMSOL Multiphysics 6.1 ¢ mpuMeHEHHEM METO[a KOHCUHBIX 3JIEMEHTOB. DTOT
MIOZIXOJL CIIOCOOCTBYET IOBBILIECHHIO O€30MIaCHOCTH JINTHI-HOHHBIX aKKYMYJIATOPOB, pelias IpoOIeMbl KOHTPOJIS
3a X COCTOSIHMEM. MaciTadnupyeMoCTh CUCTEMBI JICNAeT €€ MOAXOSIICH /Il IPUMEHEHHUS KaK B MOPTATHBHOMN
OJICKTPOHUKE, TaK U JJId SJICKTPUUCCKUX TPAHCIOPTHBLIX CPCACTB.
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KiroueBrble ciioBa: MOJACIUPOBAHNE, TEILJIOBOI Ppas3rox, JINTUI-UOHHBIE AKKYMYJIATOPBI, MYJIBTUCCHCOPHAA CUCTC-
Ma, ra3oBbIN CCHCOp, AaTYUK JAaBJICHUA, JaTUUK TEMIICPATYPhI.

Kon@aukT unTepecoB. ABTOPHI 3asBJISAIOT 00 OTCYTCTBHUH KOH(IMKTA HHTEPECOB.

Jis uurupoBanus. [IpoakTHBHOE MYJIBTHCEHCOPHOE PEIIEHHE JUIsS CHUKCHUS PHCKA MEperpeBa JUTHH-HOH-
HBIX akkymyssitopoB / B. C. ®emocenko [u ap.] // Jokmaaer BI'YUP. 2025. T. 23, Ne 2. C. 70-76. http://dx.doi.
org/10.35596/1729-7648-2025-23-2-70-76.

Introduction

Lithium-ion batteries (Li-ion or LIBs) have become a ubiquitous power source in various electronic
devices due to their high energy density and long service life. However, the occurrence of overheating
in these batteries poses a significant safety threat, as it can lead to catastrophic failures such as fires
and explosions. The process in which the temperature of the battery increases rapidly, which leads
to a chain reaction of increased heat generation, is called thermal runaway (TR). Over the past decade,
the issue of TR in LIBs has garnered significant attention from both manufacturers and consumers.
The processes occurring in a lithium-ion battery that lead to TR are conventionally divided into 12 sta-
ges [1]. They include dissolution of metal ions, decomposition of the SEI (Solid Electrolyte Interphase)
film, reaction between lithium and electrolyte, melting of the separator, and combustion of the elect-
rolyte. These stages are accompanied by significant changes in temperature and voltage, illustrating
the complex and dangerous progression of TR.

To protect lithium-ion batteries, a Battery Management System (BMS) is used, but such protection
is not always effective. Periodic fire incidents, in portable devices and electric vehicles, demonstrate
that modern BMS systems sometimes fail to provide long-term protection, highlighting the urgent need
for effective solutions to address this issue. For instance, the authors in [2] demonstrated that the ther-
mocouples employed in BMS for temperature monitoring detect a malfunction only after at least one
cell has already entered a state of TR, which can lead to irreversible processes.

It is well known that an increase in temperature within a battery leads to gas release, which in turn
causes an increase in internal pressure [3]. To prevent TR in a lithium-ion battery by detecting its onset
at early stages, we propose a design of a multi-sensor system consisting of a gas, temperature and pres-
sure sensor. This paper presents the results of modeling such a multi-sensor system, which can become
an effective early warning option for a dangerous terminal runaway.

Design of multisensory microsystem

Gas sensor constructions

At temperatures between 70 and 120 °C in a lithium-ion battery, the electrolyte begins to evaporate,
and the salt inside starts to decompose. This decomposition triggers chemical reactions between the de-
composed salt and either the solvent or the SEI. These reactions result in the accumulation of gases
within the battery, causing the internal pressure to rise. As the pressure increases, the battery undergoes
an initial venting process, which serves as a safety mechanism to release the excess pressure. However,
if the temperature continues to rise after venting, it can lead to TR, where the chemical reactions inside
the battery become uncontrollable. Among all the gases released within a lithium-ion battery cell, hyd-
rogen has been identified by researchers as the most effective early warning sign for ensuring the safe-
ty of LIBs [4]. The concentration of hydrogen gas released during the first venting event can range
from zero to approximately 1000 ppm [5].

LIBs are highly sensitive to temperature variations; therefore, it is imperative for the gas sensor
to function without a heater. For the multisensory system, a metal oxide gas sensor was selected due
to several advantages, including high sensitivity, rapid response time, and cost-effectiveness. Although
hydrogen is the target gas, it is worth noting that metal oxide gas sensors typically lack high selectivity.
However, in this case, this lack of high selectivity is advantageous because the sensor will promptly
react to a range of gases that could arise during a TR event, with hydrogen being the main target.

A multi-sensor system consisting of a gas, temperature and pressure sensor was made on an anodic
alumina (AA) substrate with overall dimensions of 4.00x4.00x0.43 mm? (Fig. 1). Interdigitated elect-
rodes of gas sensor, consisting of three pairs of electrodes 100 um long, 30 um wide and with a gap
of 15 um between them. Gas-sensitive layer of ZnO—GaO with a thickness of 1 pm is located on top
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of the electrodes. The use of AA in modern sensors allows significant reduction in the energy consump-
tion of thin film chemical sensors [5].

D D < Pressure

sensor

i Gas _,—

sensor

M

Temperature
sensor

Fig. 1. Design of multisensory microsystem

Pressure sensor constructions

The pressure inside a LIBs before and during a TR can be vary, depending on the specific con-
ditions and the design of the battery. For cylindrical batteries, the pressure at the first venting begins
to rise to 10-36 bar (1.0-3.6 MPa), while normal operation pressure is approximately 0.97 bar (97 kPa).
Pouch batteries have the thinnest outer shell among the three types of batteries. Therefore, the pressure
during the first venting in pouch-type batteries is usually the lowest, approximately 190 kPa. The most
common MEMS pressure sensors are piezoresistive, capacitive and resonator sensors. Advantages
of a capacitive sensor: high sensitivity to pressure; less temperature sensitivity; less floor power con-
sumption; low costs, easy to manufacture. The proposed capacitive pressure sensor includes an alumi-
num lower plate (625x530 um, 2 pm thick), a dielectric (air and silicon nitride supporting the sides)
between the plates, an upper membrane of polycrystalline silicon (530x530 um, 12 um), and contact
pads on the membrane and bottom plate (75x75 um) made of aluminum. The layer sizes proposed
here are optimal and most effective in terms of modeling results. This design of the pressure sensor
allows to accurately measuring pressure by analyzing changes in the capacity caused by the deflection
of the membrane under the influence of external influences.

Temperature sensor

In the study, a platinum wire was used as a temperature sensor. A contactless temperature sensor
based on platinum resistance thermometers allows avoiding the error in measuring emissivity. The pla-
tinum temperature sensor in the system under consideration is a four-circuit platinum meander struc-
ture with a thickness of 0.3 um. It is located directly under the gas sensor in the system, as shown
in Fig. 1. The total area of the sensor, including its contacts, is 0.55682 mm?. The temperature sensor
based on a platinum meander operates on the principle of measuring the change in electrical resistance
of a platinum element with a change in temperature.

The technological process for creating such a microsystem of three sensors includes four stages:

1) forming a substrate (the formation of a substrate from AA is described in more detail in [6]);

2) forming a platinum temperature sensor and platinum counter-pin electrodes for the gas sensor;

3) applying a gas-sensitive layer to the counter-pin electrodes for the final formation of the gas
sensor;

4) formation of the pressure sensor (includes several operations for the formation of layers of the ca-
pacitive pressure sensor and electrodes).
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The process of modeling a multisensory system took place in COMSOL Multiphysics 6.1 using
the finite element method [7]. The list of modules, used and their description are given in the Tab. 1.
Parameters of materials such as Young’s modulus, thermal conductivity coefficient, relative permittivity,
electrical conductivity and material density during modeling were taken from the libraries of materials.

Table 1. The list of modules used in COMSOL Multiphysics 6.1

Type of sensor COMSOL Module Description
Temperature sensor | Electric Currents Creating electrical boundary conditions of a conductor
with electrodes
Heat Transfer in Solids Simulation of heat transfer in a sensor
Pressure sensor Solid Mechanics Simulation of deformation of the sensor membrane

under external pressure

Electrostatics Changing the sensor capacity during deformation
Gas sensor Laminar Flow Simulation of the gas flow in the system with the laminar
flow regime

Transport of Diluted Species | Modeling the transport of dilute components,
with the diffusion of gases in the system

Reaction Engineering Initiation of chemical reactions on the surface of the gas
sensor

Research results and their discussion

The temperature sensor was simulated by applying a direct current to one of the electrodes. To pre-
vent self-heating of the platinum wire, the low current of 20 pA was utilized. With increasing tempera-
ture, the sensor’s resistance demonstrated a linear progression (Fig. 2, a). Specifically, at the temperature
of 100 °C, the resistance was 35.7 Ohms, while at 200 °C, the resistance increased to 45.35 Ohms.
The OriginLab program’s linear approximation unveiled the relationship between resistance R and tem-
perature 7, delineated by the expression:

R =26.224+0.09454T. €

Thus, using this expression, it is possible to calculate the temperature from the resistance
of the sensor. For gas sensor modeling in the COMSOL, a gas reactor with periodic hydrogen
supply at the concentration of ppm from 10, 50 and 100 was created during the time-dependent
study. The correction coefficients based on experimental data [8] where used due to the fact that
in the COMSOL Multiphysics program, the task of describing all chemical reactions on the surface
of the gas-sensitive layer is complicated. The change in resistance of the ZnO—-GaO gas sensor based
on simulation results and is presented in the Fig. 2, b. The sensitivity of the gas sensor for 100 ppm
is determined by the expression

R, _179.88 kOhm _

air

R 95.68 kOhm

gas

1.88. (2

For hydrogen concentrations of 50 and 10, the sensitivity of the sensor was 1.66 and 1.47, respec-
tively. For pressure sensor the simulations unveiled that with rising pressure, the membrane’s deforma-
tion and corresponding capacitance both escalate (Fig. 2, ¢, d). As previously noted, under normal ope-
rating conditions, the pressure inside the cylindric LIBs is 97 kPa, at this pressure, the sensor capacity
was 0.329 pF, when gases begin to be released inside the battery, the pressure inside the battery can rise
to 3 MPa. At the pressure of 1 MPa, the capacity was 0.360 pF, at the pressure of 2 MPa, the capacity
was 0.415 pF, at the pressure of 3 MPa, the capacity was 0.550 pF.

The polynomial approximation of the OriginLab described the relationship between the sensor ca-
pacity C and the pressure value P as expression

P=0.3216+5.33-10°C—-2.494-10°C? +1.054-10 "' C°. (3)
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Fig. 2. Sensor modeling results: a is dependence of Pt sensor resistance on temperature;
b is correlation between gas sensor resistance and hydrogen concentration;
¢ is dependence of capacity on pressure; d is membrane displacement magnitude in COMSOL Multiphysics 6.1

Concept application and prospects

It is proposed to use the described sensors (to determine three operating modes of the battery: nor-
mal, dangerous and critical (Tab. 2).

Table 2. Possible operation modes for 18650 li-ion battery

Operation modes Temperature, °C Pressure, kPa Gas concentration, ppm
Normal safety 2060 100 0
Dangerous 61-80 200 20
Critical Above 80 600 500

1. Normal safety range. In this range, the battery capacity is within normal operating limit, which
depends on the packaging shape of the lithium ion battery. The temperature according to the sensor
is within 20-60 °C, which avoids overheating or hypothermia. The gas concentration level remains
at zero or a safe level, without reaching critical levels that could lead to fire or explosion.

2. Dangerous range. The battery temperature begins to approach dangerous levels (61-80 °C) where
overheating or hypothermia may occur, posing a threat to the safety and stability of the battery. Gas con-
centration levels may begin to increase, indicating possible problems within the battery, such as over-
heating or problems that could be a precursor to a fire. In this range, battery capacity may be at the edge
of acceptable limits, which may indicate that measures must be taken to prevent deep discharge or over-
charging, which can negatively affect the life cycle of the battery.
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3. Critical range. The battery reaches a critical level of discharge or overcharge that may result
in structural damage or poor performance. The battery temperature (above 80 °C) is outside the safe
range, which may cause fire or explosion. The gas concentration reaches critical levels, indicating se-
rious problems within the battery and increasing the risk of fire or explosion. For instance, the Tab. 2
shows possible modes as an example for 18650 li-ion battery.

Sensor locations

There are two options for the location of the multi-sensory system.

1. Consider the devices with only one or several li-ion elements such as a smartphone, tablet lap-
tops, power tools and shaving trimmers, the most promising design solution is to place the sensor near
the positive electrode at the top of the batteries with cylindric and prismatic shapes (for LCO, NCA
and NCM types of batteries). During the first gas release in a cylindrical lithium-ion battery, the break-
down typically occurs in the upper part of the casing, where the safety valve is located. Prismatic lithi-
um-ion batteries also have a protective gas release mechanism to reduce pressure, similar to cylindrical
batteries. This mechanism is usually implemented using a safety valve or a bursting diaphragm (often
in prismatic batteries there are several in different places of the case), which open or burst when a certain
internal pressure is reached, allowing gases to escape and preventing the battery from bursting. This lo-
cation will provide the ability to continuously and accurately monitor the parameters, which signifi-
cantly reduces the risk of unexpected incidents such as overheating or fire.

2. For electric vehicles with hundreds or even thousands (for example Tesla S) li-ion element placing
a multi-sensor system should be inside a battery module (more important for NMC, NCA, then LFP bat-
tery types). We propose to allocate a specific number of cells within a module that will be monitored
by a single multi-sensor system. For instance, 16 cylindrical cells (arranged in a 4x4 configuration) will
be controlled by one multi-sensor system. Upon detection of any issues, the individual matrix of cells
will be disconnected from the power supply. This arrangement will ensure constant monitoring of tem-
perature, pressure and gas concentrations inside the battery pack. However, with this arrangement,
the efficiency of the pressure sensor is significantly reduced, because the pressure change in the module
is much lower than the pressure change inside a single lithium-ion cell. Therefore, in the case of such an
arrangement, it is proposed to remove the pressure sensor from the system, and control should be car-
ried out using a gas and temperature sensor. Or install pressure sensors on the housings of individual
elements if this makes sense.

Based on the results of the study, the concept, design and simulation of a multi-sensor system
for preventing TR in lithium-ion batteries are proposed. Future developments are planned to integrate
an IC block for collecting, storing and transmitting data, and conduct experimental testing.

Conclusion

1. The results of modeling the complex multisensory system including gas, pressure and tempera-
ture sensors are presented. Additionally, we delved into the operational concepts across three modes
and location options. The design of the developed multi-sensor system promises to bolster the reliability
and safety of various lithium-ion battery types like LCO, NMC, and NCO by mitigating risks associated
with fire, explosions, or battery pack damage. This proposed system has a wide array of potential appli-
cations, spanning from portable gadgets like smartphones, tablets, laptops, and power tools to modules
in electric vehicles.

2. The study was carried out with partial support from the State Research Program of the Republic
of Belarus “Micro- and Nanoelectronics” (task 3.7.1).
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