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Received: 24 April 2026 Abstract: Lithium-ion batteries (LIBs) have garnered significant attention due to
Revised: 7 June 2026 safety concerns associated with thermal runaway propagation (TRP), which may
Accepted: 12 June 2026 lead to catastrophic fires and explosions. Consequently, preventing and suppressing
Published: 29 June 2026 TRP in LIBs has emerged as an urgent problem demanding immediate solutions.

This study systematically evaluates the inhibitory effect of compressed air foams
(CAF) on the TRP of LIBs configured in parallel connections. It compares the
cooling capabilities of CAF under different gas-liquid ratios and explores the
impact of varying application durations and intermittent application strategies on
TRP suppression. The results reveal that CAF with a gas-liquid ratio of 6 can
effectively suppress the exothermic reactions of the battery. Increasing the
application duration significantly enhances the cooling effect of CAF; specifically,
an application duration of 180 s effectively suppresses TRP, with an average
cooling power increase of 22% compared to a 60 s application. Intermittent
application further boosts cooling performance and efficiency, achieving a
maximum average cooling power of —123.36 W at a duty cycle (DC) of 0.25,
representing a 71% increase compared to continuous application. The combined
strategy-first applying intermittent mode (DC = 0.75) to suppress battery thermal
reactions, followed by intermittent mode (DC = 0.25) for sustained cooling-
maximizes cooling efficiency.

Keywords: lithium-ion battery; parallel connection; compressed-air foams;
different gas-liquid ratios; intermittent application

1. Introduction

Lithium-ion batteries (LIBs) are widely used in transportation and energy storage systems due to their
advantages of high operating voltage, high specific energy, and long cycle life [1-3]. In recent years, with
continuous improvements in manufacturing technologies, the energy density of LIBs has been steadily increasing
[4], raising significant concerns about their safety. Thermal abuse [5—7], electrical abuse [8—10], and mechanical
abuse [11-13] can potentially lead to thermal runaway in batteries [14]. Once thermal runaway occurs, the battery
releases a substantial amount of heat and generates flammable and toxic gases [15,16]. If not promptly controlled,
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thermal runaway can propagate, resulting in fire or explosion accidents [17,18]. To ensure the safety of LIBs in
practical applications and mitigate environmental pollution caused by such accidents, preventing and suppressing
thermal runaway and its propagation in LIBs is an urgent issue that needs to be addressed.

Thermal management technologies, including air cooling [19,20], liquid cooling [21,22], and phase change
materials [23-25], have been extensively studied to enhance the safety of LIBs. Despite these efforts, fire and
explosion incidents caused by LIBs continue to be reported. Consequently, research has been conducted to investigate
the efficacy of various extinguishing agents in mitigating such events. Table 1 summarizes the effectiveness of
multiple extinguishing agents in inhibiting thermal runaway propagation (TRP) in battery modules.

Among solid extinguishing agents, dry powder is the most widely employed due to its cost-effectiveness and
non-conductive properties, demonstrating efficacy in suppressing LIB fires under appropriate conditions.
However, its inherent limitations—particularly inadequate cooling capacity—restrict its ability to mitigate battery
TRP. To address this deficiency, Li et al. [26] successfully enhanced TRP suppression by incorporating ammonium
aluminum sulfate dodecahydrate (AASD) into the dry powder formulation. Gaseous extinguishing agents, such as
CF3;CHFCF3 (HFC-227ea) [27], C¢F 120 (Novec1230) [28,29], and liquid nitrogen [30-32], can rapidly extinguish
open flames, leave no residual contamination, and achieve explosion suppression when applied in confined spaces.
However, their cooling capacity is limited. HFC-227ea shows almost no inhibitory effect on TRP, while
Novec1230 can delay TRP propagation and significantly reduce CO generation. Liquid nitrogen demonstrates the
ability to delay TRP in semi-confined environments and performs exceptionally well in confined spaces, where
continuous release can completely prevent TRP. Liquid fire suppressants, which typically possess high specific
heat capacities and strong cooling capabilities, include water [33], water mist [34-37] and foam extinguishing
agents [38—40]. Pure water exhibits high cooling efficiency but requires large volumes and can be detrimental to
battery integrity [41]. Water mist, characterized by extremely small droplet sizes and large specific surface areas,
rapidly absorbs heat and vaporizes, effectively suppressing TRP when applied continuously. However, it requires
longer durations to extinguish large-scale battery fires [30] and faces significant challenges in terms of operational
and maintenance costs in practical application [40].

Table 1. Inhibitory effects of various fire extinguishing agents on battery TRP.

Electrical  Voltage, Capacity and

Agent Battery Type Connection Total Energy Description
a battery pack 2220r185V Large q}lantities_of water can gffectively _
extinguish fires in electric vehicles, but their
Water composed of 3P6S 114 Ah ability to suppress the propagation of thermal
hundreds of 38 Ah 3PS 2.53 or2.11 kWh Y 10 SUppress HIc propagaion o
runaway within the internal batteries is
NCM cells [33] (a battery module) relatively poor.
Parallel connections can accelerate the
ropagation of thermal runaway in batteries,
37V propag y
. six 2.6Ah 18,650 ' leading to critical temperatures below 100 °C.
Water mist . 5P 15.6 Ah o . .
NCM batteries [34] 5779 Wh Water primarily relies on sensible heat to cool
: the batteries, thereby reducing the cooling
efficiency of fine water mist.
A full-scale fire test on an electric vehicle was
a battery pack 792V conducted using compressed air foam, with a
CAF composed of 1320 60P22S 13é Ah foam usage rate of 0.743 m*kWh. The fire
2.2 AhNCM 10.45 KWh was extinguished without reignition, but the
batteries [39] ) temperature could not be reduced below
50% °C.
38. 4V C6F 120 can suppress the temperature of the
twelve 243 Ah . thermal runaway battery below 300 °C,
CeF120 . 128 243 Ah . R .
LFP batteries [29] 9.33 kKWh effectively inhibiting the propagation of
’ thermal runaway.
C6F 120, due to its low momentum, struggles
twelve 67Ah NCM 144V to reach the surface of the ba.ttery, resulting in
batteries [28] 3P4S 201 Ah poor cooling effects. Increasing its flow rate or
2.89 kWh using it in conjunction with fine water mist
can enhance the cooling performance.
A water usage of 1.95 x 107*kg Wh'! is
3. i
_ five 2.6 Ah 18,650 7V sufficient to prevent thermal runaway
Water mist NCM batteries [35] -- 2.6 Ah propagation, with a cooling rate exceeding
48.1 Wh 100 K 571, and the surface temperature can be

reduced to 373.15 K within a few seconds.
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Table 1. Cont.

Electrical  Voltage, Capacity and

Connection Total Energy Description

Agent Battery Type

Water mist exhibits better fire extinguishing
37V performance at a cycle of 2 s with a duty cycle

three 4 Ah 21,700 of 0.5, and it provides better cooling effects at

NCM batteries [37] - 44:14A\};7h a cycle of 20 s with a duty cycle of 0.25. The
) combined use of these two intermittent modes
yields even better results.
32V A 30-s application of fine water mist is
Ellg;ebzat?el;iéf’é%(} -- 2 Ah sufficient to suppress the propagation of
19.2 Wh thermal runaway.
In confined spaces, 0.18 L of liquid nitrogen is
. 3.7V sufficient to suppress the propagation of
nI;tlr%ulgn IE]V(Vj(i\/f .saﬁ:rilei’?'js {) 1 -- 3.5 Ah thermal runaway, with an average cooling rate
& 25.9 Wh 0f 4.06 °C/s during the release period for the
thermal runaway battery.
In a confined environment, liquid nitrogen can
32V prevent the propagation of thermal runaways;
tvl\)/gttse?ieAsh[; g]P - 50 Ah however, in a semi-confined environment,
320 Wh liquid nitrogen can only delay the propagation
of thermal runaway.
Releasing liquid nitrogen from the top of the
32V module can effectively suppress the
ﬁﬂ;:t?efgsA[g;]FP -- 60 Ah propagation of thermal runaway, while
2.88 kWh releasing it from the left side or back cannot
inhibit TR propagation.
37V Adding 50% AASD to the dry powder can
Composite two 3.5 Ah 18,650 3 5 Ah inhibit the propagation of thermal runaway,
dry powder NCM batteries [26] 25' 9 Wh while adding 35% AASD results in only the
) second battery venting.
Novec1230 can effectively reduce the
3.7V formation of CO, while water mist can
C:)FIZO. " Izo&r\/lzfa?;ilegf 4520] -- 2.6 Ah effectively suppress the propagation of
water mis 38.48 Wh thermal runaway. The combined use of both
may yield even better results.
CeF120 delayed the propagation of thermal
3.7V runaway by 427 s, reducing the battery surface
fou;ai ti(r)iﬁ;h[g?M -- 150 Ah temperature to 267 °C; fine water mist can
2.22 kWh suppress TR propagation, keeping the battery
surface temperature below 100 °C.
HFC-227ea has little effect on the propagation
CF;CHFCF3 37V of thermal runaway in confined spaces, while
CeF120 mgalttle7ri?sh[l2\17c] M -- 117 Ah CeF120 can delay its propagation, and water
water mist 865.8 Wh mist can suppress the spread of thermal

runaway.

Note: For module configurations without electrical interconnection, the tabulated voltage and capacity values correspond
exclusively to those of individual cells.

Foam extinguishing agents, as a type of liquid extinguishing agent, offer several advantages, including
excellent fire suppression performance, strong burn resistance, good fluidity, and ease of storage and
transportation. Compressed air foam (CAF), created through the thorough mixture of water, foam concentrate, and
air, exhibits high foam momentum and low electrical conductivity. These attributes render CAF highly effective
in extinguishing fires involving storage tank [44,45], oil-immersed transformers [46,47], and combustible liquid
fuel [48,49]. When applied to LIB fires, CAF rapidly covers the battery surface without causing external short
circuits or damage. Additionally, the foam’s viscosity allows it to adhere to battery surfaces for extended durations,
continuously releasing liquid to provide long-lasting cooling, thereby inhibiting TR and its propagation. Indeed,
research on the application of CAF to LIB fires has already been conducted. Andersson et al. [38] conducted
experiments using 20 Ah lithium iron phosphate (LFP) batteries and found that low-expansion CAF (with a lower
gas-liquid ratio) exhibited superior wetting and cooling effects on the LFP battery fire. Cui et al. [39] performed
full-scale fire tests on electric vehicles using CAF, with a foam application rate of 0.743 m3/kWh. While the fire
was successfully extinguished without re-ignition, the temperature could not be reduced below 50 °C. Li et al. [40]
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conducted fire suppression tests on 280 Ah LFP cells using compressed nitrogen foam and found that a release
pressure of 0.4-0.6 MPa provided the most effective continuous cooling. These studies provide preliminary
guidance for CAF in suppressing battery fires. CAF demonstrates rapid fire extinguishment and reignition
prevention capabilities. Notably, the gas-liquid mixing ratio is a critical factor influencing the physicochemical
properties of CAF, which directly affects its cooling performance on batteries. However, existing research in this
area remains limited. Furthermore, prior investigations have focused exclusively on either single-cell TR
suppression or full-scale electric vehicle fire containment, while studies specifically addressing LIB TRP inhibition
are notably absent.

In addition to the cooling effectiveness of extinguishing agents, the electrical configuration of batteries
significantly influences the propagation process of battery TR [50-54]. In practical applications, batteries are
electrically connected to form modules, rather than solely through physical contact. Studies have shown that
parallel-connected battery configurations exhibit faster TRP rates and pose higher risks compared to series-
connected configurations [52,53]. In parallel circuits, a battery undergoing TR may experience internal short
circuits, leading to an external short circuit across the entire module. In this scenario, the TR battery acts as a load
within the circuit, while the remaining functional batteries continuously supply electrical energy to it. This energy
is converted into Joule heating, which not only increases the peak temperature during TR but also accelerates TRP
[51,54]. Table 1 summarizes the electrical connection configurations of battery modules, highlighting the limited
research on suppressing TRP in electrically connected batteries, which presents a more formidable challenge.

The release strategy of extinguishing agents also significantly impacts their effectiveness in suppressing TRP.
For single-agent applications, intermittent application is currently the most prevalent strategy [37,55,56]. An
appropriate duty cycle (DC) and application interval can enhance the cooling performance of extinguishing agents.
Zhang et al. [37] demonstrated that water mist exhibits superior fire suppression performance at a 2-s cycle with a
0.5 DC, while a 20-s cycle with a 0.25 DC provides better cooling effects. The synergistic use of these two
intermittent modes yields optimal results. CAF, known for its rapid coverage of battery surfaces, could potentially
benefit from an intermittent release strategy. Timely replenishment of foam after depletion may further improve
its cooling efficiency.

Current research exhibits gaps in investigating the cooling performance of CAF at varying gas-liquid ratios
(GLRs) and its effectiveness in suppressing TRP for parallel-connected batteries. Furthermore, there is a pressing
need to develop more efficient CAF application strategies. Therefore, this study aims to investigate the inhibitory
effects of CAF on TRP in parallel-connected battery configurations. By systematically altering the GLR, the
influence of this parameter on the cooling capacity of CAF will be systematically examined. Furthermore, the
study will adjust the duration of continuous CAF application to evaluate its impact on TRP suppression. Finally,
a comparative analysis of the cooling effectiveness of different DCs under intermittent application strategies will
be conducted, providing new insights into the mitigation of TRP.

2. Experimental
2.1. Experimental Apparatus

Figure 1 presents a schematic diagram of the experimental setup. The setup includes a combustion chamber,
a gas exhaust system, a CAF system (CAFS), and an integrated data acquisition system. The foam is vertically
released through a pipe installed 20 cm above the battery. Additionally, the CAFS is primarily composed of a foam
generator, a foam container, a pump, an air compressor, and two flowmeters and allows for adjustment of the GLR.
The performance parameters corresponding to different GLRs of the foam are shown in Table 2. The GLR was set
between 6 and 10 to balance foam expansion, wettability, stability, and adhesion. A lower GLR may result in
insufficient foam expansion and poor surface coverage, whereas an excessively high GLR reduces foam wettability
and effective contact with the battery surface. Therefore, GLR values of 6, 8, and 10 were selected to evaluate the
cooling performance of CAF under representative foam expansion conditions. The foam solution used in this study
is a mixture of 3% aqueous film-forming foam (AFFF) and water, with a liquid flow rate of 0.7 L/min.

Table 2. Performance parameters corresponding to different GLRs of the foam.

Type of Foam

Concentrate GLRs Gas Flow (L/min)  Liquid Flow (L/min)  Foaming Multiple
6:1 4.2 9.2
3% AFFF 8:1 5.6 0.7 9.9
10:1 7.0 10.4
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Figure 1. Schematic diagram of the experimental setup.

2.2. Battery Samples

This study investigates 30Ah prismatic LiFePOy, batteries. Each sample was fresh and charged to full state of
charge (SOC) at a rate of 1/3 C before the experiment. The dimensions of the battery are 101 mm in length, 22
mm in width, and 145 mm in height, with a mass of 620 g. Figure 2 illustrates the arrangement of the battery pack
and thermocouples. To initiate TR in battery #1, a 600W heating plate is applied to the side of the battery.
Insulating plates are placed on both sides and subjected to a predetermined pressure using steel plates to ensure
complete contact. This arrangement simulates the characteristics of a battery pack with inadequate heat dissipation.
As shown in Figure 2b, five thermocouples are set up for each battery to record temperature changes during the
experiment. The average surface temperature of the battery can be calculated using Equation (1).

Tr+Ts+T,+T, + Ty
Tave = ! - ; (1)

Connector

Bat#2

Heating plate P ’\\
< Thermal resistant

Heating
—_—

y
y

/

(a) (b)

Figure 2. Schematic diagram of the (a) LIBs and (b) TCs arrangement.

5 of 18



Ping et al. Energy Saf. Sci. Technol. 2026, 1(1), 3

2.3. Experimental Design

Table 3 presents a comprehensive summary of the experimental conditions applied in this study. Experiments
1-4 are designed to compare the inhibitory effects and cooling performance of CAF with different GLRs on battery
TR. Experiments 5—7 assess the effects of different CAF application durations on TRP, with Experiment 5 serving
as a baseline to explore TRP in a parallel battery module without any intervention. Additionally, experiments 8—
10 examine the impact of different DCs on TRP suppression. Intermittent application involves multiple cycles,
each consisting of an application period and an interval. The DC is defined as the ratio of application period to the
total cycle duration. Across all experiments, the application cycle is standardized to 60 s, and Figure 3 provides a
detailed description of these application modes. To guarantee experimental repeatability and data reliability, all
tests adopted new batteries of identical specifications, which were fully charged under the same conditions prior
to testing. Uniform settings were maintained for battery placement, heating power and position, thermocouple
arrangement, CAF application height, liquid flow rate and data acquisition system. Each battery was fitted with
five thermocouples to monitor temperature distribution, and the average surface temperature was calculated to
mitigate local temperature fluctuations. The consistent correlations among temperature, voltage, venting and heat
accumulation further verified the validity of experimental data.

Table 3. Key parameters of the experimental conditions.

Test Electrical Connection GLR  Apply Duration (s) Doses (L) Duty Cycle Apply Cycle (s)

1 - - _ _ -
2 . 6:1 60 0.7 -- --
3 single battery 81 60 07 _ _
4 10:1 60 0.7 -- --
5 - - - - -
6 6:1 60 0.7 -- --
7 . 6:1 180 2.1 -- --
3 parallel connection 61 180 21 025 60
9 6:1 180 2.1 0.5 60
10 6:1 180 2.1 0.75 60
Apply duration Interval duration
Test 8
Test 9 __ Apply duration
Duty CyCle " one apply cycle

Test 10

I T T T T T T T T I T ' T

0 120 240 360 480 600 720

Time (s)

Figure 3. Detailed explanation of application modes.

3. Results and Discussion
3.1. Suppression Effect of CAF on TR of Single Battery
3.1.1. TR Behavior of Single Battery

Figure 4 illustrates the temperature changes of a single battery during its free-burning process. The TR
process of the battery can be broadly divided into four stages: the heat accumulation phase, the combustion phase,
the intense smoke production phase, and the natural cooling phase. As the heating plate continuously inputs heat
to the battery, a series of exothermic reactions occur within the battery, continuously generating gas and increasing
internal pressure. Around 520 s, the safety valve ruptures, and the internal gas of the battery is expelled. At this
point, the temperature on the backside of the battery reaches 94.67 °C. After manual ignition, the battery undergoes
violent combustion, with flames reaching the top of the explosion-proof box. Subsequently, the flames gradually
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stabilize and continue to burn for approximately 100 s. At 710 s, the battery experiences a complete internal short
circuit, leading to a sudden and drastic increase in gas production, which extinguishes the flames as they are
forcefully expelled. At this juncture, the battery enters the intense gas production phase, with a sharp increase in
temperature, reaching a peak of 425.99 °C. Around 900 s, the smoke gradually dissipates, and the battery enters
the natural cooling phase. CAF will be challengingly released during the intense gas production phase of the battery
to explore its inhibitory effect on the battery’s exothermic reactions in extreme cases.

500
I I III I\ T;
,, . T,
w0 Max2s99cc © INELITEN T,
‘ cooling stage
_ ‘
o \
o
T304 X
5 Venting
-] 94.67°C TR
5 i\ 152.07°C
& 200 4
"]
[
100 -
0 T T T T T T T T
500 1000 1500 2000 2500
Time(s)

Figure 4. Surface temperature changes of single battery.

3.1.2. Suppression Effect of CAF in Different GLRs

Figure 5a shows the temperature changes of individual batteries under different GLRs of CAF applied for 60 s.
After the application of CAF, there is a significant reduction in the highest surface temperatures of the batteries,
and the onset time of TR is delayed by an average of approximately 35 s. This indicates that the release of CAF
has a certain inhibitory effect on the internal thermal reactions of the batteries. When CAF with GLR of 6 and 10
is applied, the highest surface temperatures of the batteries are similar, at 320.35 °C and 318.46 °C, respectively.
Compared to Test 1 without CAF application, these temperatures are reduced by 63.7 °C and 65.59 °C,
respectively. However, the battery with GLR of 8 has the highest surface temperature at 328.80 °C, with a
reduction of only 55.25 °C. The lower the highest surface temperature of the battery, the better the inhibitory effect
of the extinguishing agent on the exothermic reaction of the battery.

Figure 5b shows the duration of high temperatures and mass loss of the batteries after applying CAF for 60
s under different GLRs. Referring to CCCF/XFJJ-01 [57], the duration of high temperatures above 150 °C is a key
indicator in assessing the efficacy of cooling-type extinguishing devices; the longer this duration, the stronger the
thermal hazard and the higher the potential risk of TRP. Additionally, the mass loss of the battery can serve as an
indicator of the severity of TR, helping to evaluate the effectiveness of the extinguishing agent in mitigating the
internal reactions of the battery. The battery without CAF release has a high-temperature duration of 1853 s, while
in the three test groups with CAF release, the high-temperature duration is 1385 s for GLR of 8, 1364 s for GLR
of 10, and the shortest high-temperature duration is 1283 s for GLR of 6. The corresponding mass losses are 126.8
g, 122.5g,122.6 g, and 119.1 g, respectively. These findings illustrate the cooling and inhibitory effects of CAF
on the exothermic reactions of the batteries, with the most significant effect observed at a GLR of 6. When the
GLR is excessively high, the expanded volume of the foam increases significantly. This not only slows down the
drainage rate but also reduces the effective contact area with the battery surface. As a result, the amount of water
flowing through the battery decreases, leading to a reduction in cooling efficiency. Conversely, when the GLR is
too low, the foam’s expansion ratio becomes insufficient, preventing effective coverage and adhesion to the
battery. This causes rapid water loss, thereby diminishing the long-lasting cooling performance. Among the tested
GLRs, GLR = 6 provides the optimal suppression effect because it achieves a favorable balance between
wettability, foam expansion, adhesion, and drainage. A higher GLR produces lighter foam with reduced wettability
and a smaller effective contact area with the battery surface, making it more susceptible to disturbance by the
intense gas flow generated during thermal runaway. In contrast, an excessively low GLR may weaken foam
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stability and reduce the duration of surface coverage. Therefore, CAF with GLR = 6 can maintain effective
adhesion and coverage while continuously releasing liquid to form a cooling film, resulting in the most effective
suppression of battery thermal reactions. Finally, CAF with GLR of 6 will be applied in subsequent tests to evaluate
its inhibitory effect on TRP.

400 4 25004 | High temperature duration | 130
—MB— Mass loss
350 - [
f/Z—-_\"': Max 328.80°( 2000 125
c 300 J A — =
SR N )
g 60s CAF—> 4 N = / o
T 250 - [ % 2 1500 )
= } RA = 1
= / N S 2
s / A, = =
5 200 y . s F115 2
£ 4 iy & 1000 S
3 150 - X - 1853
= / MIN i, F110
4 / ,\ Sty 1385 1364
100 - x ( AN
4 500 4
P 300 \ 105
504 X :
" 800 900 1000
0 T T T T 0 T T T 100
500 1000 1500 2000 2500 No agent 6:1 8:1 10:1
Time(s) Gas-liquid ratio

Figure 5. (a) Average surface temperature and (b) high temperature duration and mass loss under different GLR
of CAF applied.

3.2. Suppression Effect of CAF on TRP
3.2.1. TRP Behavior of Parallel Connected Module

Figure 6a depicts the temperature changes on the backside of the battery module. Due to the layered structure
within the batteries, the temperature changes on the backside can effectively reflect the extent of internal thermal
reactions. Based on the temperature variations on the backside of the batteries, the TRP of the battery module can
be roughly divided into four stages: the self-heating stage of battery #1, the electrical energy conversion stage, the
self-heating stage of battery #2, and the natural cooling stage. Stage I: Intense exothermic reactions occur within
battery #1, producing a large amount of smoke and heat, causing the temperature to rapidly rise to 431.31 °C
before briefly dropping to 404.83 °C. Stage II: Battery #1, which has already undergone TR, experiences a
complete internal short circuit, acting as an external load for battery #2. Subsequently, battery #2 continuously
transfers its own electrical energy to battery #1, and the significant amount of Joule heat generated causes the
temperatures of both batteries to rise, with battery #1 reaching a peak temperature of 524.91 °C. Stage III: Under
the heat transfer from battery #1 and its own internal thermal reactions, battery #2 violently ejects dense smoke
and undergoes TR. At this point, the TRP of the module is complete. Stage IV: The smoke gradually dissipates,
and the batteries cool naturally in the environment. Due to the parallel connection causing a secondary temperature
rise in battery #1, its thermal hazard is greater than that of a battery without electrical connection, and the temperature
rise time of battery #1 is prolonged, which means a longer application time of the extinguishing agent is required to
effectively suppress the battery’s thermal reactions. Figure 6b shows the surface temperature changes of the battery
module during free-burning. Battery #1 vents at 622 s, and battery #2 completes venting at 926 s. Due to the influence
of electrical energy transmission through the parallel connection, the backside of battery #1 and the front side of
battery #2 both experience a secondary temperature rise, with peak temperatures of 524.91 °C and 560.84 °C,
respectively. Because battery #2 consumes some of its own electrical energy, the peak temperature on its backside
is only 361.64 °C, significantly lower than the peak temperature on the backside of battery #1.

Figure 7 illustrates the module voltage changes during the free-burning phase of the battery module. Starting
at 785 s, continuous internal reactions within battery #1 cause the module voltage to begin a gradual decline. At
805 s, the voltage drops to 2.52 V, at which point battery #1 undergoes TR. Following this, the voltage rebounds
and fluctuates, always remaining below the module’s initial voltage. This is because, post-TR, battery #1, having
experienced a complete internal short circuit, acts as a load across the terminals of battery #2. Consequently,
battery #2 discharges energy into battery #1, leading to a reduction in its SOC and a consequent lower voltage.
The voltage fluctuations are attributed to the excessive surface temperature following TR, which melts the
insulating plastic casing surrounding the batteries. With the outer packaging removed, the batteries make direct
contact, establishing additional electrical connections beyond parallel linkages, thereby affecting the module
voltage. Ultimately, at 992 s, battery #2 also undergoes TR, causing the module voltage to drop to 0 V. Since the

8 of 18



Ping et al. Energy Saf. Sci. Technol. 2026, 1(1), 3

fluctuation of module voltage occurs later than the venting time of the battery, detecting voltage changes for
accident early warning is not a good choice; however, it is effective in assessing the degree of battery damage.
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Figure 6. Temperature changes of (a) back and (b) surface of batteries.
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Figure 7. Voltage changes of battery module with parallel connection.

3.2.2. Suppression Effect of CAF under Different Application Durations

Figure 8 illustrates the inhibitory effects of CAF on TRP with varying application durations. CAF is applied
after the intense gas emission from battery #1, increasing the challenge of suppressing TRP. At 900 s, a 60 s CAF
release concludes and blankets the battery surface. However, its limited cooling capacity does not prevent battery
#1 from heating battery #2. Battery #2 gradually heats up and vents gas at 1276 s. Two seconds later, the gas is
ignited by the red-hot nuts on the electrodes. Eventually, the flames gradually extinguish around 1500 s. When
CAF is applied for 180 s, the foam completely envelops the batteries, and the prolonged cooling prevents battery #2
from venting. Correspondingly, Figure 9a shows the surface temperature changes of the batteries during a 180 s CAF
release. The peak surface temperatures of batteries #1 and #2 are 358.71 °C and 295.15 °C, respectively, which
are 166.20 °C and 265.69 °C lower than those in Test 5. Moreover, battery #2 does not vent, successfully
suppressing TRP. The side temperature of battery #1 experiences a decrease from 233.39 °C to 166.53 °C and then
an increase during the continuous application of CAF. This is because the front and back sides of the battery are
closely packed and cannot directly interact with the extinguishing agent. Therefore, the extinguishing agent first
reduces the side temperature, creating a temperature gradient that gradually cools the interior of the battery. In
contrast to the significant reduction in the side temperature of battery #1, the side temperature of battery #2 only
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decreases from 106.07 °C to 101.17 °C. This is because the release of CAF significantly lowers the surface
temperature of battery #1, reducing the heat transferred to battery #2. With a lower surface temperature on battery
#2, the smaller temperature difference diminishes the heat exchange with the extinguishing agent, resulting in a

mere 4.9 °C temperature reduction.
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Figure 9. (a) Surface temperature changes of batteries under 180 s CAF; (b) side temperature of batteries under
different application durations of CAF; voltage changes of battery module by application of (¢) 60 s CAF and (d)

180 s CAF.
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Since the side of the battery can directly interact with the extinguishing agent, its temperature changes can
more intuitively reflect the cooling effect on the battery after the application of the extinguishing agent. Figure 9b
shows the impact of CAF application duration on the side temperature of the batteries. For the scenarios where
CAF is applied for 60 s and 180 s, the peak temperatures of battery #1 after TR are 322.52 °C and 302.13 °C,
respectively. Compared to the scenario without the application of an extinguishing agent, the peak TR temperatures
are reduced by 39.56 °C and 59.95 °C, respectively. When CAF is applied for 60 s, the venting time of battery #2
is delayed by 350 s, and when CAF is applied for 180 s, battery #2 does not vent at all. This indicates that the
longer the application time of CAF, the better the inhibitory effect on TRP. The temperature curve of battery #1
shows three stages of temperature decline: the first (Stage I) is the temperature drop caused by the application of
CAF, with the side temperature of the battery dropping from 193.63 °C to 120.01 °C and from 233.39 °C to
166.53 °C under two different conditions. The second (Stage II) occurs after the application of CAF ends, due to
the continuous drainage by CAF causing a temperature drop. When the heat taken away by the drainage is less
than the heat generation of the battery, there will be a temporary temperature rise, followed by the third temperature
drop (Stage III), which is the natural cooling phase. For ease of discussion in subsequent sections, let the
application time of the extinguishing agent be denoted as #,, the effective cooling time as ¢., the effective drainage
time as #,, and the long-lasting cooling efficiency as 5. They satisfy the following relationship:

te =ty +t, (2)
t
P
m=4 3)

where f is the time from the start of the extinguishing agent application to the point before the secondary
temperature rise, and ¢ is the time from the end of the extinguishing agent application to the point before the
secondary temperature rise. For scenarios where CAF is applied for 60 s and 180 s, the % values are 104 s and 295
s, respectively, both of which are greater than #,. This confirms the sustained cooling capability of CAF, which can
continuously reduce the battery temperature through the drainage.

Figure 9c illustrates the voltage changes in the battery module with 60 s CAF application. Similar to the
voltage changes without the application of CAF, the voltage gradually decreases as the separator melts, reaching
its lowest value of 2.98 V at 810 s, at which point battery #1 undergoes TR. Subsequently, the voltage rebounds,
and the value after the rebound is lower than the initial voltage, also due to the energy loss from battery #2. At
1235 s, the voltage slowly decreases again, and after dropping to 3.15 V, it undergoes minor fluctuations for
approximately 1200 s. This is because the cooling capacity of the 60 s CAF is insufficient; battery #1 continues to
heat battery #2 at a low power state, causing slow internal reactions within battery #2. At 2599 s, the module
voltage suddenly drops to 0.1V, and finally, at 4160 s, the voltage drops to 0 V. Interestingly, although the module
voltage dropped to 0 V, battery #2 only vented without undergoing TR. This may be because the continuous
heating from battery #1 caused most of the separators within battery #2 to melt, but due to the low thermal power,
it only resulted in an internal short circuit without an abnormal temperature increase. Figure 9d shows the voltage
changes in the battery module with 180 s CAF application. At 770 s, battery #1 undergoes TR, and the module
voltage drops to 2.97 V before rebounding, which is also lower than the initial voltage, for the reasons previously
described. The voltage then remains around 3.31 V, and after the experiment, it is observed that the plastic casing
of battery #2 remains intact, indicating that battery #2 only suffered minor damage and TRP was successfully
suppressed. These findings emphasize the importance of the long-lasting cooling capability of the extinguishing
agent. Under the 60 s CAF, although the temperature of battery #2 did not surge, it still led to battery failure,
increasing economic losses.

The heat accumulation (H,4) and heating power (P;) of a battery are key parameters for characterizing TR.
Where H, is the energy accumulation that leads to an increase in battery temperature, complying with the principle
of energy conservation and P represents the rate of energy accumulation. These values can be approximately
calculated using Equations (4) and (5) [30,58]:

Hy = Htransfer + Hflame + Hy — Hioss = Hyene = cM(Tave — Tamp) @)
dH,

P, =— 5

= ©

where Hjunser represents the heat transfer from the heating plate or the TR battery. Hyanme is the heat transfer from
the battery flame, which includes both thermal convection and thermal radiation. H,. is the heat generated within
the battery due to side reactions and internal short circuits. Hy, is the heat loss and H,e is the heat loss due to
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venting. ¢ =1 kJ-kg 1-°C™! is the specific heat capacity of the battery. m is the mass of the battery. Ty is the
ambient temperature (22 °C).

TRP is primarily caused by the massive heat generation following the TR of battery #1, hence, the heat
accumulation of battery #1 is a key parameter in assessing the inhibitory effect of fire suppressants on TRP. The
maximum heat accumulation without the application of fire suppressants is the theoretical maximum heat (Hy).
The maximum heat accumulation with the application of fire suppressants is the actual maximum heat (Hg).
Furthermore, fire suppressants can not only remove residual heat from the lithium-ion battery module but also
inhibit the thermal reactions within the batteries. The heat generated by exothermic reactions that would have
occurred but were inhibited by the application of CAF (H;.) can be determined by Equation (6)[37]:

Hinp = Hine — Hact (6)

To facilitate subsequent comparisons of the cooling effects of various CAF release strategies and to eliminate
the impact of natural cooling, the average heating power within 600 s after the heat accumulation reaches its peak
is defined as the average cooling power (P av.). This value can reflect the long-lasting cooling capability of CAF
on the battery. Figure 10 illustrates the dynamic changes in heat accumulation (H,) and heating power (Pj) of the
battery under different CAF application durations. For the scenarios with 0 s, 60 s, and 180 s of CAF application,
the corresponding maximum heat accumulations for battery #1 are 229.41 kJ, 172.47 kJ, and 161.13 kJ,
respectively. Compared to the scenario without CAF application, the maximum heat accumulations have all
decreased to varying degrees, with H;,, values of 56.94 kJ and 68.28 kJ, respectively. This indicates that the
application of CAF suppresses the thermal reactions of the battery, and the inhibitory effect on the battery’s thermal
reactions is enhanced with the extension of the duration. Correspondingly, the maximum heat accumulations for
battery #2 are 219.12 kJ, 80.55 kJ, and 64.07 kJ. In Equation (4), due to the application of CAF, both the heat
transfer from battery #1 to battery #2 (Hyanser) and the intrinsic thermal reactions of battery #2 (H,) are effectively
suppressed, leading to a reduction in the heat accumulation of battery #2. The corresponding P .. values for the
three scenarios are —47.90 W, —59.17 W, and —71.98 W. Compared to the scenario without CAF application, the
application of 60s CAF and 180 s CAF increased P av. by 24% and 50%, respectively. This demonstrates that the
cooling capacity is enhanced with the increase in CAF application time and reaffirms the long-lasting cooling
capability of CAF.
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Figure 10. Heat accumulation and heating power of batteries with (a) no agent, (b) 60 s CAF and (c¢) 180 s CAF.

3.2.3. Suppression Effect of CAF under Intermittent Application

Figure 11 reveals the correlation between different durations of CAF application and its long-lasting cooling
efficiency. When ¢, increases from 60 s to 180 s, the corresponding # values decrease from 0.73 to 0.64, a reduction
of approximately 12%. This indicates that while extending the application time of CAF can enhance cooling
capacity, it also leads to a waste of the extinguishing agent. After CAF has covered the surface of the battery, the
subsequently applied CAF slides off the surface of the already existing CAF without coming into contact with the
battery, thereby reducing cooling efficiency. The cooling effect of CAF has a certain longevity; it needs a certain
amount of time to complete the drainage after covering the battery surface, and the 180s constant application
apparently overlooks this point. Considering the characteristics of CAF, an intermittent release strategy would be
an effective way to improve cooling efficiency. This section will explore the impact of different duty cycles of
intermittent application on the cooling effect of CAF.
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Figure 11. Changes of 7, and # with different durations of CAF.

Table 4 compares the high-temperature duration and characteristic temperature parameters of battery #1.
Referring to CCCF/XF1J-01 [57], attention is given to the temperature 900 s after TR (7o90). This temperature can
reflect the long-lasting cooling capability of the fire suppressant on the battery. Compared to the scenario without
CAF application, the high-temperature duration, 7)., and Togo of all groups are significantly reduced. As the duty
cycle (DC) decreases, the high-temperature duration and 7o gradually decrease, while T, gradually increases.
The Ty for the intermittent application with a DC of 0.25 is only 107.9 °C, which is the lowest. The Tgy for DC
of 0.5 and 0.75 are 141.3 °C and 148.03 °C, respectively. The Ty for continuous application is 150.28 °C, slightly
higher than the 150 °C specified by CCCF/XFJJ-01. The enhancement of the long-lasting cooling effect of CAF
with intermittent application is significant, with the best results at a DC of 0.25. Applying the same dose of CAF,
the Togo at a DC of 0.25 decreased by 42.38 °C compared to the Tog of continuous application, a reduction of up
to 28%, and the high-temperature duration was reduced by 176 s.

Table 4. High-temperature duration and characteristic temperature parameters of battery #1.

Application Modes No agent CS DC =0.25 DC=0.5 DC=0.75
Tnax(°C) 390.24 280.63 313.80 304.93 299.51
To0o(°C) 306.47 150.28 107.90 141.30 148.03

Duration(s) 2284 796 620 668 769

Figure 12 illustrates the dynamic changes in H, and P;, under intermittent application conditions of different
duty cycle, and Figure 13 shows the comparison of H;., and P, .. under different release methods. Intermittent
application is more efficient in the utilization of fire suppressants, as it can remove more heat compared to constant
application. The absolute value of P, .. increases as DC decreases. The intermittent spray with DC of 0.25 has the
best cooling effect, with a P 4. of —123.36 W, which is a 71% increase compared to the constant application
scenario. The Py values for DC of 0.5 and 0.75 are —107.98 W and —88.95 W, respectively, and both exhibit
better cooling effects than constant application. The phenomenon is attributable to the physical distribution of the
foam. In contrast to constant application, intermittent application reduces the ineffective loss of foam and extends
the duration of effective foam coverage, thereby facilitating more substantial heat exchange. The cooling efficacy
is compromised when foam continues to be released after covering the battery or when the battery generates smoke
violently. In the former scenario, only a small portion of the subsequently released foam remains on the battery
surface, with the majority sliding off the pre-existing foam layer, thus diminishing heat exchange. In the latter
case, the foam fails to reach the battery surface altogether. Evidently, intermittent application can more effectively
address this issue, with the optimal effect achieved when the DC is set at 0.25. However, constant application is
more effective in suppressing the exothermic reactions of the battery than intermittent application. The value of
H,,, under intermittent application conditions decreases as DC decreases and is less than the H;,;, value of constant
application. This is because the application time of intermittent application does not fully cover the exothermic
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reaction phase of the battery, and the liquid released by the already applied CAF has limited inhibitory capacity
against exothermic reactions.
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Figure 14 provides a detailed illustration of the suppression mechanisms of CAF. After covering the battery
surface, CAF continuously releases liquid, forming a water film on the battery surface that provides sustained
cooling. Additionally, the foam reduces heat radiation and prevents fire reignition. When applied intermittently at
the same dosage, CAF reduces ineffective foam loss, extends coverage duration, and enhances the average cooling
power. Constant application and intermittent application each have their own advantages. Constant application can
most effectively suppress the exothermic reactions of the battery, while intermittent application can enhance the
long-lasting cooling effect of CAF. Moreover, the inherent drainage characteristic of CAF gives it longevity in
cooling, making it suitable for an intermittent release strategy. When applying CAF in practice, its drainage time
should be taken into full consideration, and new CAF should be supplemented in time before the drainage stops.
Specifically, intermittent application (DC = 0.75) demonstrates superior suppression of thermal reactions and
effectively inhibits TRP, while intermittent application (DC = 0.25) achieves higher extinguishing agent utilization
and optimal cooling performance. The combined strategy-first applying intermittent mode (DC = 0.75) to suppress
battery thermal reactions, followed by intermittent mode (DC = 0.25) for sustained cooling-maximizes cooling
efficiency, suppresses battery TRP, and minimizes accident hazards.

The combined intermittent strategy should be implemented according to the thermal state of the battery
module. When abnormal temperature rise, venting, smoke emission, or other early warning signals indicate the
onset of thermal runaway, the DC = 0.75 mode can be applied first to provide intensive CAF coverage and suppress
strong exothermic reactions. After the intense reaction stage is controlled and the temperature rise rate decreases,
the system can switch to DC = 0.25 to maintain long-lasting cooling with higher extinguishing-agent utilization.
In this study, the intermittent application cycle was 60 s and the total CAF application duration was 180 s. The
proposed strategy therefore provides a staged control concept, while the specific intervention time and switching
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duration should be further optimized according to battery module scale, battery chemistry, SOC, detection
threshold, and CAF system response time.
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Figure 14. The detailed inhibition mechanism of CAF: (a) TR propagation behaviors in the test; (b) inhibition
mechanism under constant and intermittent application; (¢) the mechanism of CAF action.

4. Conclusions

This work evaluates the inhibitory effect of CAF on TRP of LIBs. It compares the cooling capacity of CAF

under different GLR conditions and investigates the impact of varying application durations and intermittent
application strategies on the suppression of TRP. The main conclusions are as follows:

(M

2

3

“4)

Under the premise of ensuring foam performance, the CAF with a GLR of 6 demonstrates the most effective
suppression of TR and provides the best subsequent cooling effect for the battery. The maximum surface
temperature of the battery is reduced by 63.7 °C, which can effectively minimize the heat transfer from the
TR-affected battery to adjacent batteries.

Parallel connections can exacerbate the thermal hazards of batteries, and increasing the CAF application time
enhances its cooling effect. Extending the application time to 180 s maintains battery #2 below the critical
temperature, effectively suppressing TRP. Compared to a 60 s CAF application, the average cooling power
is increased by 22%. However, the long-lasting cooling efficiency is reduced by 9%, indicating that prolonged
application leads to waste of the foam.

Intermittent application can effectively enhance cooling efficiency. The average cooling power increases as
the DC decreases, with the maximum average cooling power achieved at a DC of 0.25, reaching —123.36 W.
This represents a 71% increase compared to constant application.

Intermittent application (DC = 0.75) demonstrates superior suppression of thermal reactions and effectively
inhibits TRP, while intermittent application (DC = 0.25) achieves higher extinguishing agent utilization and
optimal cooling performance. The combined strategy-first applying intermittent mode (DC = 0.75) to
suppress battery thermal reactions, followed by intermittent mode (DC = 0.25) for sustained cooling-
maximizes cooling efficiency, suppresses battery TRP, and minimizes accident hazards.

The present results provide practical guidance for the design of fire suppression protocols in grid-scale battery

energy storage systems. For battery modules or packs in which thermal runaway has already initiated, CAF should
not only be selected based on its fire-extinguishing capability but also on its ability to provide sustained cooling
through foam drainage. The staged intermittent application strategy proposed in this study, namely using a higher
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DC to suppress intense thermal reactions followed by a lower DC to maintain long-lasting cooling, may help
reduce extinguishing-agent consumption while delaying or preventing thermal runaway propagation in energy
storage modules.
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