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Ensuring the safety of lithium-ion power batteries is the primary prerequisite for developing electric
vehicles and energy storage systems. The conventional method relies on temperature parameters and
only qualitatively assesses the state of safety (SOS), which reduces the warning time of the battery
management system (BMS). Here we present a thermal runaway warning method based on SOS.
Specifically, we analyze the strain evolution trend of thermal runaway under different abuse conditions
and propose the strain trigger point for thermal runaway. Furthermore, multidimensional parameters
such as temperature rise, median voltage, capacity, power, and strain are used to quantify the SOS.
The SOS is a battery state parameter, with its value ranging from 0% to 100%. Experimental results
demonstrate that the presented approach can warn of thermal runaway around 5 h in advance.

The development of new energy vehicles is an important step towards
carbon neutrality'”. Lithium-ion batteries have become the dominant
energy storage solution for electric vehicles owing to their superior energy
density and long cycle life’”. However, the fires, explosions, and other safety
incidents of batteries are frequent””. The investigation report shows that
thermal runaway is the main cause of battery safety accidents™’. Obviously,
the issue of thermal runaway has seriously hindered the further promotion
and large-scale application of electric vehicles. Therefore, solutions to this
problem are urgently required to pass the last mile for early warning of
thermal runaway.

Mechanical, electrical, or thermal abuse can induce thermal runaway, a
phenomenon involving an exothermic chain reaction within a cell. This
reaction causes a temperature increase of thousands of degrees, ultimately
leading to spontaneous combustion'". In the early stage of thermal runaway,
the electric and thermal behavior of the battery remains unchanged, which
has strong concealment'>"”. In the final stage, the battery may experience an
exothermic chain reaction, leading to a rapid temperature rise and eventual
explosion. Clearly, the thermal runaway has a strong suddenness'“. Con-
sequently, it is a challenging issue for early warning of battery thermal
runaway.

Currently, the study of the thermal runaway evolution mechanism
under different induced conditions has attracted the attention of a wide
range of scholars”. Mechanical external forces can cause destructive
deformation and generate flammable electrolytes, which lead to sponta-
neous combustion of the battery. Thermal runaway triggered by nail
penetration occurs faster than indentation loads. This causes a surge in heat
generation and the development of severe internal short circuits'*”. Over-
charging can accelerate the lithium precipitation reaction and solid

electrolyte interface membrane decomposition, which increases the
risk of thermal runaway'®. The heat accumulated within the battery
cannot be dissipated, leading to a rise in temperature and a cascade of
chain reactions'”’. Research has demonstrated that the higher the
heating temperature of the battery, the shorter the time required to
trigger thermal runaway’"”’. However, existing thermal runaway
mechanism analysis methods based on temperature cannot describe
mechanical behaviors such as material deformation, cracking, etc.
Meanwhile, this method cannot capture the local effects and non-
linear behaviors of the battery.

Existing thermal runaway warning techniques are mainly based on gas,
sound, electrical, and thermal signals™ . Gas sensors can detect gas leakage
from the battery and issue an early warning signal. Gas chromatography and
Fourier-transform infrared spectroscopy enable the detection of organic
vapor composition and concentration during the initial stages of battery
thermal runaway. It was reported that the concentration of CO, CO,, and
CH, can warn of the overheating and over-charge thermal runaway of
18650 type battery”* . Further, H, was captured to detect the growth of
lithium dendrites and warn of thermal runaway”. It is derived from the
redox reactions of the electrolyte or solid electrolyte interface (SEI) under
high temperature conditions. Unfortunately, no volatilized gas is present to
serve as an early warning signal for thermal runaway under normal oper-
ating conditions. Meanwhile, as the gas accumulates inside the battery, the
opening of the safety valve or the rupture pouch can emit a shrill acoustic
signal. It is evident that artificial intelligence algorithms based on acoustic
signals provide early warning of thermal runaway™”*'. However, acoustic
signals are susceptible to interference from ambient noise, posing a chal-
lenge for the accurate warning of thermal runaway.
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The electrical and thermal parameters of the battery are important
indicators for early warning of thermal runaway’>”. The BMS can issue an
alarm signal if the predicted external temperature or voltage deviates from
the threshold based on models or intelligent algorithms™*. However, the
heat generated by internal reactions cannot be rapidly transferred to the
surface, making it difficult for external parameters to accurately reflect
internal structural damage. Consequently, thermal runaway warning sys-
tems based on external parameters experience delays. Fortunately, fiber
optic sensors can measure battery internal parameters such as stress and
core temperature, which are considered an ideal solution for thermal run-
away warning *~’. However, the implantation of fiber optic sensors has the
following issues: (1) this raises the cost of the battery, which is unacceptable
to users. (2) It deteriorates the battery structure, posing a risk to its safety. (3)
It is difficult to precisely parse the coupled multi-signal.

European Council for Automotive Research and Development has
established an eight-stage battery safety evaluation scheme, where higher
stages denote greater risk’. A multi-level safety assessment model for bat-
teries was proposed to achieve the thermal runaway risk evolution
hierarchical***’. In conclusion, the existing methods can only qualitatively
assess the SOS, which leads to a short warning time for thermal runaway.
Here, we analyze the strain evolution law during thermal runaway and
propose the thermal runaway trigger strain point. Further, a battery eva-
luation indicator-SOS is quantified to warn of thermal runaway. More
importantly, the effectiveness of the presented approach is verified under
three operating conditions. The experimental results indicated that this
method can accurately warn the thermal runaway.

Results

Evolution trend analysis of thermal runaway under overheating
conditions

Figure 1a shows the parameter variation curves of an 80% state of charge
(SOC) battery during thermal runaway, which is divided into five stages.
Stage I (¥ >0.01p-57!) is characterized by a temperature range of
30-90 °C, during which the stain emerges in conjunction with temperature
variations. The strain and temperature have a high linear correlation,
indicating that the change in strain is probably caused by the thermal
expansion of the electrode material. This phenomenon is broken during
stage 1T (4L >0.0025°C - s~!,% <0.01y - s7!), which indicates a sharp
drop in strain. The relaxation of the surface structure probably explains this
abnormal behavior due to the initial expansion of the cell. The cell bulge is
attributed to gas generation, which originates from the evaporation of the
electrolyte solvent and the decomposition of the solid electrolyte interface
(SEI) membrane. The reaction equation is as follows.

Li,CO, — Li,0+ CO, 1
ROCO, Li — Li,CO; + R 1 (1)
ROLi — Li,O+ R}

where R denotes alkyl or aryl.

The slight jitter of the strain is detected during stage I. The repeated
experiments proved the commonness of this phenomenon. Additional gas-
producing or exothermic reactions could be a contributing factor. Specifi-
cally, the reaction between Li metal in the anode and the electrolyte solvent
causes a minimal release of hydrocarbon gases. The reaction equation is as
follows.

2Li + 2CH,0CH; — CH,CH, 1 +H, 1 +2LiOCH,

2Li+ 2CH,CO, — CH, = CH, 1 +2CO, 1 +2LiOH @

The curve of stage ITT (& > 0.054 - s~!) is zoomed in Fig. 1b. While the
temperature remains constant, the strain shows a continuous upward trend.
This indicates that the increase in strain is attributed to battery bulging
caused by gas generated from internal reactions, rather than thermal
expansion. From a temperature perspective, the system is still in the initial
phase of thermal runaway. The separator decomposing and absorbing heat

restrained the further increase of the temperature, whose reaction equation
was displayed as follows.

CH, — CH, — CH, = CH, 1 + H, 1
CH, — CH, — CH, — CH, 1 + H, 1

CH, — CH(CH,) — CH, — CH, — CH = CH, + CH,

CH, — CH(CH,) — CH, — CH, = CH — CH, + CH,

3)

The phenomenon of stage IV (% >0.2°C - s7!) is the exact opposite of
stage III, which is zoomed in Fig. 1c. The temperature increased sharply
while the strain remained constant. The temperature rise is primarily
induced by a violent exothermic reaction. This reaction included the
decomposition of the anode active material, partial oxygen release from the
cathode, and micro internal short circuits. However, there is no established
mechanism to explain the observed strain pattern. Fortunately, we present a
hypothesis that the incomplete oxidation of hydrocarbons reduces the
volume of gas, whose reaction equations are shown as follows.

CnH,n+2+ (n+1)/20, - nCO + (n + 1)H,0
C,H, + 0, — 2CO + 3H,0

C,H, + 3.50, — 2C0, + 3H,0

C,H, + 2.50, — 2CO + 1C0, + 3H,0

4)

In stage V (‘;—T >1°C - s71), the thermal runaway trigger stress point S,
is defined as the knee point in the stress rise process. Thermal runaway
occurred abruptly, accompanied by a sharp rise in both temperature and
strain. A large amount of gas and heat is generated by internal reaction,
which leads to the peak of temperature and strain. A variety of reactions
occur at this stage, whose reaction equations are shown as follows.

LiPFy — LiF + PF,
EC— CO, 1 + H, 1
DEC — CO, 1 + 2H, 1 (5)
LiCoO, + EC — LiPF, + Co,0, + CO, 1
LiMn,0, + EC — LiPFs + MnO, + CO, 1

Figure S1 demonstrates the strain and temperature trend for over-
heating thermal runaway of 100% SOC, and 50% SOC batteries, respec-
tively. It is noteworthy that the trends of temperature and strain changes
during thermal runaway are nearly identical under different SOC. This
indicates that the proposed mechanism of heating-triggered thermal run-
away is scientifically sound. In summary, we conclude that the trend of
characteristic parameters changes during thermal abuse-triggered thermal
runaway, as shown in Fig. 1.

Table 1 demonstrates the important feature during overheating ther-
mal runaway at different SOC. It is worth noting that the thermal runaway
trigger strain Sy, is proposed. As the SOC increases, S, and maximum strain
Sm demonstrate a reduction. The probable reason is that high SOC batteries
contain a large amount of electrical energy, and the ohmic heating from
short-circuit currents exacerbates the thermal runaway process. This leads
to insufficient decomposition reactions of the SEI and separator, which
reduces the gas production and lowers the strain. A similar trend was
observed for the thermal runaway trigger temperature T},, and maximum
temperature T,,,. The time required for thermal runaway decreases with
increasing SOC of the battery. This is reasonable because a higher SOC
indicates greater lithium intercalation into the graphite anode and increased
electrochemical energy storage. In other words, high SOCbatteries are more
susceptible to thermal runaway. Interestingly, the S, is on average 906 s
earlier than the T, of different SOC. This observation highlights that the
strain signal can predict thermal runaway earlier than temperature.
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Fig. 1| The battery parameter variation curves of 80% SOC during thermal runaway. a Strain and temperature curve. b Zoomed-in figure of the stage III. ¢ Zoom-in figure

of the stage IV.

Table 1 | The important feature during overheating thermal runaway at different SOC

Cells SOC (%) St (10°9) Sm (10°9) s (S) ts.m () T (°C) Tm (°C) tre (S) trm ()
1 50 985 1264 41,997 43,367 168 751 43,193 43,449
2 80 724 1266 40,912 41,651 166 671 41,325 41,691
3 100 630 787 20,457 21,793 179 1139 21,568 21,806

Evolution trend analysis of thermal runaway under over-rate
conditions

The parameter variation curves of the battery with a charging rate of 3 C are
demonstrated in Fig. S2a. As the number of cycles increases, the voltage
curve displays morphological variations. The enhanced slopes of voltage rise
and fall imply a gradual capacity degradation. It can be observed that the

temperature variation pattern remains consistent across multiple charge-
discharge cycles: a rise during charging, a slight increase during discharging,
and a decline during rest periods. In contrast, the strain evolution exhibits a
more complex behavior. At the end of each charging period, the strain peak
emerges due to the thickening of the anode material. With increasing cycle
numbers, the peak rises substantially, highlighting a growing risk of
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Fig. 2 | The battery parameter variation curves with 3C-rate during thermal runaway. a Strain, temperature, and voltage curves. b, ¢ The surface morphology and
elemental composition of the negative electrode of a new and a thermal runaway battery, respectively.

mechanical rupture. Besides, the lowest strain of each cycle also increased,  of the high-rate charging phase, with a shorter duration compared to the
which reflects the gradually aggravated damage degree of the negative period under overheating conditions. The primary cause is that the high
electrode and the non-uniformity of current distribution. current damages the internal structure of the battery. The stage II indicates

The curves of the final cycle (i.e., thermal runaway) are zoomed in  thata slow increase of strain and temperature. Ohmic heating is the primary
Fig. 2a, which is divided into five stages. Stage I is observed at the beginning  source of the increasing thermal load, driven by the combination of
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Table 2 | The important feature during thermal runaway at different over-rate

Cells Rate Sy (10°9) Sm (1079 ts.tr (S) ts.m (s) Te (°C) Tm (°C) tr (S) tr-m (S)
1 3C 845 1411 64,200 64,235 89 438 64,233 64,261
2 4C 203 983 25,961 26,121 71 425 26,132 26,178
3 5C 193 3877 550 574 64 225 560 564

excessive internal resistance and substantial current flow. Notably, this stage
lasted less than 100 s, which is much shorter compared to the overheating
trigger condition. The possible reason is that the over-rate depleted the
lithium ions on the electrodes, which leads to an increase in internal resis-
tance. In stage III, strain shows an accelerating upward trend. This phe-
nomenon is primarily caused by the internal electrochemical reactions that
produce volatile gases. Stage IV demonstrates the phenomenon of con-
tinuous increase of strain and temperature. This is attributed to the increase
in electrode thickness and a large amount of heat generation caused by high-
rate charging. In stage V, the strain and temperature rise rapidly. Compared
to the overheating trigger condition, the strain signal appeared earlier than
the temperature. The probable explanation is that over-rate charging gen-
erates a lot of internal heat, which leads to thermal expansion. Meanwhile,
there is a delay for the internal heat to transfer to the surface of the battery.

Figure 2b, ¢ provides the surface morphology and elemental compo-
sition of the negative electrode for a new battery and a thermal runaway
battery, respectively. Morphological examination of the anode material
confirms a smooth and homogeneous surface, with no indications of
lithium plating in the initial state. In contrast, post-thermal runaway bat-
teries exhibit an amount of dead lithium on the carbon particles. The
increase in the fluorine (F) element serves as a critical indicator of battery
thermal runaway, reflecting the decomposition of electrolyte components
under elevated temperatures. The formation of dead lithium is primarily
caused by high-rate charging, during which lithium ions fail to intercalate
efficiently into the carbon layers. This results in their excessive deposition on
the surface and subsequent reduction to an atomic state.

Dead lithium is a key factor in the degradation of battery performance
and safety, which can cause the risk of short circuits and thermal runaway.

As shown in Fig. S2, the cycle numbers before thermal runaway
decrease as the charging rate increases. This phenomenon can be attributed
to the excessive heat generated during high-rate charging, which exacerbates
battery degradation and increases the risk of thermal runaway. Besides,
more drastic strain fluctuations are detected under the higher changing rate.
The battery strain at a 5 C charging rate remained stable in the early stage
and then suddenly rose. Owing to the limited number of cycles, no para-
meter anomalies are observed prior to the onset of thermal runaway. The
strain curve contains the third and fourth stage phenomena. The battery was
charged at a 5 C rate, not one complete charge/discharge cycle. This phe-
nomenon can be attributed to the heat generated by the high current, which
triggers the reaction between lithium and the electrolyte, thereby initiating
the entire thermal runaway chain reaction.

Table 2 demonstrates the characteristic parameters of thermal runaway
at different over-rates. It can be seen that the thermal runaway trigger strain
Su» gradually decreases with the charging multiplier. However, the thermal
runaway maximum strain S, does not show a similar trend. The thermal
runaway trigger temperature Ty, and the maximum temperature T, exhibit
no clear correlation with the charging rate. Interestingly, the strain trigger
time for thermal runaway is earlier than the temperature. This phenomenon
demonstrates that strain can warn of thermal runaway.

Evolution trend analysis of thermal runaway under over-charge

conditions

The parameter variation curves of the 110% SOC are displayed in Fig. S3.
Similar to the over-rate charging conditions, the change in the voltage
waveform reflects the decrease in the battery state of health (SOH). How-
ever, the temperature variation is more pronounced compared to that
observed under over-rate conditions. Temperature peaks consistently

occurred during the constant current stage of each cycle, reaching
approximately 45 °C in the initial four cycles. The potential difference
between electrodes at high SOC resulted in an excessive emigration of
lithium jons from the cathode to the anode. During the discharging phase,
the loss of lithium ions at the cathode is compensated by the anode, leading
to a reduction in the lithium inventory at the anode. From the fifth cycle, the
shortage of lithium-ion inhibits the movement of the internal charges. The
loss of lithium leads to a decrease in lithium-ion concentration in the
electrolyte, increasing the internal resistance of the battery. Hence, a large
amount of joule heat is generated to induce the thermal runaway.

It is noteworthy that the strain variation exhibits an irregular pattern.
The initial strain, peak strain, and minimum strain show variations for each
cycle. This phenomenon is also evidenced by the variation rule of the
characteristic parameters at different cut-off SOC represented in Fig. S3. We
postulate that the potential cause may be attributed to localized reactions
within the battery that result in non-uniform deformation of the casing. This
could lead to the strain measurement points experiencing tension or
slackness, causing the strain to fluctuate in a stochastic manner. Moreover, a
battery with a higher cut-off SOC can trigger thermal runaway in fewer
cycles. The underlying reason is that excessive overcharging accelerates the
degradation of the lithium-ion repository. Furthermore, the accumulation
of dead lithium on the anode elevates the battery’s internal resistance, which
subsequently increases heat generation during charge-discharge cycles,
thereby raising the likelihood of thermal runaway.

The curves of the final cycle (ie., thermal runaway) are zoomed in
Fig. 3. The various stages of thermal runaway are clearly divided in the
diagram. In general, the phenomenon of thermal runaway induced by
overcharging is analogous to that triggered by overheating. For example, the
initial temperature of each stage is lower than that of the overheating. The
reason can be attributed to the following three factors. (1) The main heat
source originates inside the battery, causing the external temperature
measurements to exhibit a time lag. (2) Multiple over-charges cause the SEI
film to transition from a stable state dominated by solid-state salts to a
metastable state dominated by carbonates, which can not effectively isolate
the electrolyte from the negative electrode of the battery. Therefore, the
anode can react with the electrolyte at lower temperatures. (3) Overcharging
results in increased lithium deposition at the anode and a corresponding
accumulation of chemical energy within the battery. Both factors collectively
facilitate the reaction occurring at a lower temperature.

Table 3 demonstrates the characteristic parameters of thermal runaway
at different over-charge SOC. It is evident that the maximum strain S,, and
the trigger strain S,, during thermal runaway progressively increase with
higher over-charge SOC. As the over-charge SOC increases, the strain
triggering time is progressively reduced. What's more, under three different
degrees of over-charge SOC, the thermal runaway strain trigger time is
earlier than the temperature by 13 s, 129 s, and 21 s, respectively.

Quantitative assessment results of SOS under over-rate
conditions

Figure 4 represents the SOS quantitative evaluation results under the 3C-
rate charging condition. The trends of different evaluation indicators with
the number of cycles are shown in Fig. 4a. It is evident that the initial SOS of
batteries is close to 92%, indicating that no abusive treatments were
implemented. Notably, SOH shows a decreasing trend throughout the cycle.
In contrast, strain demonstrates an increasing trend during cycling. As a
result, the SOS exhibits a gradual decline over the cycle numbers. This
suggests that the SOS is not linearly dependent on any single parameter but
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Fig. 3 | The parameter variation curves with 110% x107

SOC over-charge. 600 - T - T . . T - 500 - 10
Stage I~II I IV v
400 9
I 400
200 ~ T8
“ QO
o, o -
s L0 2 [7 &
s 0 = <
— o .D
£ Ele =
< ) =
& -200 = o
) F200 £ | o >
'Q -
-400 L
-4
- 100
-600 - L3
-800 — . . : . 0 L2
39700 40200 40700 41200 41700 42200
Time(s)

rather represents an integrated result shaped by the collective influence of all
factors.

Figure 4b illustrates the change pattern of the SOS under over-rate
charging. The battery’s SOS decreases only 4% over the first four cycles. This
suggests that the battery exhibits a certain tolerance to occasional over-rate
charging abuse. It’s primarily the thickening of SEI films that leads to slight
changes in capacity and strain. Unfortunately, the SOS exhibits a sharp
reduction of 23% and 29% in the sixth and seventh cycles, respectively. It is
evident that a notable increase in surface strain and a decrease in capacity.
These indicators indicate that the internal reaction of the anode produces
gases that lead to the expansion of the cell volume. This is accompanied by
the deterioration of the carbon layer structure. In summary, the SOS trend
confirms the thermal runaway mechanism discussed in this paper, which
can be applied as a new indicator for early warning of thermal runaway.

As shown in Table 4, the lithium-ion battery experienced thermal
runaway after undergoing 8 and 4 complete charge and discharge processes
at 3 Cand 4 Crates, respectively. This suggests that the severity of structural
damage to the battery escalates with higher charging current magnitudes.
Taking SOS = 60% as the warning threshold, the proposed method gave an
early warning of thermal runaway 2 rounds in advance. Combining the
charging time under different working conditions, according to an average
of 2.5 h per round, the method proposed in this paper realizes the thermal
runaway warning for 5 h.

Quantitative assessment results of the SOS under over-charge
conditions
Figure 5 illustrates the pattern of SOS variation for a battery under the 105%
SOC over-charge condition. Specifically, Fig. 5a depicts the variation of
SOS-related parameters as the number of cycles increases. It is evident that
the SOH of the battery exhibits a decline from the first cycle, decreasing from
100% to 81.2%. This decline continues consistently across subsequent
cycles, ultimately reaching a critical threshold of 22.5% prior to thermal
runaway. Concurrently, other parameters, including median voltage, peak
power, charging temperature rise, and strain difference, progressively
increase with each cycle. These parameter variations collectively indicate the
degradation of the battery’s performance, ultimately resulting in a reduction
of the SOS.

Figure 5b presents a waterfall chart depicting the degradation of the
SOS in each cycle. It is evident that the rate of SOS decline exhibits a
progressive acceleration. In particular, the SOS decreased by about 3%, 6%,
and 17% in the second, third, and fourth cycles, respectively. Furthermore,
the initial over-charge had the most severe impact on the battery’s SOS,
resulting in a 37% reduction. An alarm was triggered during the second

cycle, providing a 5h advance warning. Table 4 presents the parameter
variations under different over-charge SOC. This elucidates the degradation
patterns of batteries under cyclic overcharging conditions. When the battery
experiences a 125% SOC/130% SOC over-charge condition, the proposed
method can detect anomalies and trigger an alarm signal within a single
charging cycle.

Comparison with conventional methods

To evaluate the state-of-the-art of the proposed approach, a comparison of
the thermal runaway warning times of the different methods is given in
Table 5. The voltage-based method can provide 1.47 h early warning of
thermal runaway. The temperature-based method can signal a thermal
runaway warning 0.57 h. This is because voltage abnormalities (e.g., dips or
oscillations) usually occur in the final stages of thermal runaway, when
irreversible phenomena such as diaphragm meltdowns and large-scale short
circuits have already occurred in the battery. Similarly, the temperature
transferring from the internal to the external exhibits hysteresis due to
thermal inertia and the thermal resistance of the battery structure. Gas-
based and sound-based technologies can give thermal runaway warning
signals 0.7h and 0.3h in advance, respectively. Potential explanations
include the high gas concentration and safety valve rupture acoustic signals
typically occur during the thermal runaway outbreak phase. In addition,
mechanical vibration, fan operation, and other noises may cover up the
acoustic signal of the safety valve. Fortunately, the proposed technique
provides an early warning of thermal runaway up to 5 h in advance. This is
attributed to the fact that SOS incorporates multi-dimensional battery
parameters such as electricity, heat, and force, which can accurately capture
abnormal battery behavior.

Discussion

The thermal runaway strain curve is presented under abusive operating
conditions such as overheating, over-rate, and over-charge. Generally, it can
be divided into five stages. A phenomenon of hydrocarbons' incomplete
combustion during thermal runaway has been discovered. Interestingly, we
define the thermal runaway trigger stress point. The thermal runaway
trigger strain is correlated with the degree of over-rate and over-charge.
However, the thermal runaway maximum strain does not exhibit a clear
trend. Importantly, the strain signal can warn of thermal runaway earlier
than the temperature signal. What’s more, we propose a quantitative SOS
assessment technique. This can effectively assess battery safety status
even when single parameters show no variations. We present the
thermal runaway warning technique based on SOS that can signal up
to 5h in advance.
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Table 3 | The important feature during thermal runaway at different over-charge

Cells Over-SOC Sy (10°9) Sm (1079 ts.t (S) ts.m (s) T (°C) Tm (°C) tri (s) tr.m (8)
1 110% 65 322 41,262 41325 77 425 41,275 41,340
2 125% 1215 2039 31,534 31661 71 385 31,663 31,720
3 130% 1501 2310 23,158 23278 83 467 23,179 23,281
B Median voltage (10V) M SOH (a.u.) ¥ Strain (mst) 100% — = s
B Temperature rise (°C) M Peak power (W) -8~ SOS
0 7100% 80% -4.19% -0.1% -0.42%
0.2 °
04 180% _
206 3 60%
%08 60% < 23.64%
: £ B
g faoe 2 B 4%
s 60 2
& 40 120% 20% -29.33%
20
0%

4 5
Cycles

(b)

Fig. 4 | SOS quantitative assessment results under 3C-rate conditions. a Evaluation index and SOS change trend. b SOS waterfall diagram.

SOS comprehensively considers key parameters such as voltage, tem-
perature, strain, etc., which can effectively prevent the occurrence of battery
safety accidents. Moreover, SOS technology can help optimize charging and
discharging strategies to avoid operating the battery under extreme condi-
tions, thus extending its service life. More importantly, SOS and other status
parameters (e.g., SOC, SOH, SOP, etc.) provide users with comprehensive
battery status information. This not only helps to improve the management
efficiency of the BMS, but also provides users with accurate battery status
feedback. Therefore, SOS technology provides a direction for the intelligent
and automated development of BMS.

Methods
The SOS of power batteries is highly susceptible to the coupling effects of
working conditions, temperature, mechanical shock, aging, and other fac-
tors. Firstly, the evaluation indices such as temperature rise, median voltage,
capacity, power, and strain are determined. Then, the above indicators are
normalized to a standard scale and assigned specific weighting coefficients.
Finally, the weighted Euclidean distance between each indicator and
the optimal/worst values is determined to achieve the quantitative assess-
ment of SOS and the advanced warning of thermal runaway.
An evaluation matrix A is constructed based on multiple evaluation
indicators.

Tll T12 e Tlm

Voo Vo oo Vi
A= . . . : (6)

snl SnZ o Snm

where T, V, and S are the temperature, voltage, and strain of the battery,
respectively, m represents the total number of evaluation indicators, and # is
the number of cells.

To ensure scale consistency among the indicators, the evaluation
matrix should undergo normalization. The transformation of negative
indicators into positive indicators of the same magnitude is required to
construct the normalization matrix E.

en e g

€1 €xn T 6y
E=| . . (7)

e en2 e

nl nm

where e,,,,, denotes the normalization indicator values.
The optimal D* and worst D~ solutions for each indicator are deter-
mined.

D+ = (D;er;rv e D;) = (max{elh €15 en1}7 e max{elmV Cms enm})
(8

D™ =(Dy,D;,---D,) = (min{e, , ey, - e,}, - min{ey,,, e, - €,,})
(©)]

The weighted distance of each metric from the optimal/worst solution
is calculated.

i i i 4 = \/Zni (w; ¥ Df — ;% D)’ (10)
Table 4 | The important feature of SOS at different working =1
conditions
Cells Rate Cycles Waming Cells SOC (%) Cycles Warning d = \/ Zﬁ% XD — w; X D)’ (11)
time (h) time (h) =
! SN 5.0 3 108 4 5.0 The battery SOS is quantitatively assessed.
2 4C 4 5.0 4 110 3 2.5
- - - - 5 125 1 2.5 M X — X xmin)2
508 = 2 (0% — X5 X 100%(0 < SOS < 100%)
- - = - 6 130 1 25 \/ij:l(wj Xx; — W, Xx]gnm)z + \/eril(wj Xx;—w, XxjmaX)z
(12)
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Fig. 5 | SOS quantitative assessment results under 105% SOC over-charge conditions.
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a Evaluation index and the SOS change trend. b SOS waterfall diagram.

Table 5 | Comparison with existing methods

Methods Voltage- Temperature- Gas- Sound- Proposed
based based based based method
Time 1.47h 0.57h 0.7h 0.3h 5h

The greater the SOS, the higher the battery safety and the more stable its
operational state. The smaller the SOS, the higher the risk of battery
instability and the greater the chance of safety hazards.

Overheating test protocol

The tested LiCoO, battery had a nominal capacity of 3.9 Ah and
upper/lower cutoff voltages of 2.8 V/ 4.4V, respectively. The accel-
erating rate calorimeter (ARC) was set in the heating-waiting-seeking
mode during the test. The battery will be heated up for about 5 °C
before entering the waiting period. The temperature inside the cavity
will track the battery during the waiting period for 30 min. Then, the
battery temperature is considered stable. After that, the temperature
rising rate will be observed during the seeking period, which can
indicate the self-heating of the battery. The over-heating test ended
when the temperature of the battery surface reached 300 °C or the
temperature rise exceeded 0.1 °C/min.

Over-rate test protocol

The over-rate thermal runaway experiments were carried out inside the
ARC. The batteries were charged to cut off voltages in a constant current-
constant voltage manner. The changing current rate was set to 3C/4C5/C.
The discharge current rate was 1 C. The battery experienced thermal run-
away after cycle charge/discharge testing.

Over-charge test protocol

The over-charge thermal runaway experiments were also carried out inside
the ARC. The batteries were charged to various pre-set cut-off SOC by the
standard const current manner, the final voltage of which was above the
nominal max voltage (4.4 V). After a short rest, the batteries were discharged
to the lower cut-off voltage (2.8 V). The battery experienced thermal run-
away after cycle charge/discharge testing.

Data availability
The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Code availability

Code for the work is available from the corresponding authors upon request.
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