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The growing demand for lithium-ion battery transportation, coupled with inadequate regulatory frameworks, has
led to frequent fire incidents during transit, resulting in substantial losses of life and property. These recurring
accidents underscore the urgent need to enhance the safety of lithium-ion batteries throughout the transportation
process. This review begins by identifying key factors affecting battery safety during transport, such as me-
chanical abuse, thermal abuse, air pressure variations, and salt concentration. It then synthesizes current tech-
nological advancements and real-world battery transportation scenarios to conduct a targeted analysis of the
critical technical challenges constraining transportation safety limits—specifically, ventilation and heat dissi-
pation strategies, thermal monitoring, and fire safety design—while systematically examining the limitations of
existing research. Accordingly, the paper proposes actionable recommendations and technical measures to
improve the safety of lithium-ion battery transportation. Additionally, it outlines existing international standards
and testing protocols governing lithium-ion battery transport and highlights shortcomings in the current regu-
latory landscape. The insights presented herein could provide valuable guidance for optimizing safety protocols

in the transportation of lithium-ion batteries.

1. Introduction

The global energy crisis and accelerating climate change have driven
a transition from fossil fuels to renewable energy sources (Hu et al.,
2022). Over the past decade, lithium-ion batteries (LIBs) have been
widely adopted in consumer electronics, electric vehicles, and
large-scale energy storage systems owing to their superior properties,
including high energy density, long cycle life, absence of memory ef-
fects, and low self-discharge rates (Huang et al., 2025b; Meng et al.,
2023a). Statistics from EVTank indicate that, compared with 2022, the
total global shipments of LIBs increased by 25.6 %-1202.6 GWh in 2023,
and shipments are projected to reach 5000 GWh by 2030 (Xu and Liu,
2025). However, in recent years, safety accidents during the trans-
portation of LIBs have occurred frequently, posing severe threats to
property and human safety. Fig. 1 presents a schematic diagram of
battery transportation and representative recent fire incidents reported
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during transport, including a 2019 fire involving a wooden pallet loaded
with LIBs at Hong Kong International Airport; a 2024 incident in which a
semi-trailer truck transporting large-format LIBs caught fire on Highway
47 near the Port of Los Angeles; and a 2024 smoke-and-fire event
involving a container carrying approximately 15 tons of lithium batte-
ries at the Port of Montreal, Canada. Table 1 shows partial global LIB
transportation accidents from 2019 to 2025. These accidents have
caused substantial property losses and exposed critical challenges in the
safe transportation of LIBs, thereby highlighting the urgency of
addressing this issue.

The primary modes of transportation for power LIBs encompass road,
air, maritime, and railway transport (Huo et al., 2017). According to the
“Industry Development Report on Power Battery Transportation in
2023”, road transportation currently represents the dominant mode for
power battery logistics in China, accounting for approximately 90 %
(Cover News, 2024). In practical transportation scenarios, LIB packages
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typically adopt high-density stacking configurations (Cheng et al.,
2020). This practice aims to maximize space utilization and enhance
transportation efficiency, but it also elevates safety risks. When a single
battery undergoes thermal runaway (TR) triggered by an internal short
circuit, external impact, or other initiating events, the released heat can
rapidly propagate to adjacent batteries through conduction, radiation,
and convection (Mishra et al., 2021), thereby inducing cascading ther-
mal runaway that may ultimately manifest as battery fire or explosion
(Huang et al., 2025b). Additionally, the smoke generated during LIB TR
not only has high thermal energy but also contains flammable and toxic
components (Liu et al., 2023; Peng et al., 2020). Due to the enclosed and
limited space of transportation vehicles/containers, the accumulation of
such smoke can readily reach flammable (explosive) limits, leading to
secondary explosions. Moreover, toxic smoke may cause acute
poisoning, injuries, or even fatalities among personnel (Wang et al.,
2025b).

To address the aforementioned safety challenges, this study sys-
tematically analyzes the key issues related to the safe transportation of
power LIBs, with the following structure: First, it provides a detailed
analysis of the core components, classification, and operating principles
of LIBs. Second, it analyzes the primary transportation risk factors
(mechanical abuse, thermal abuse, air pressure, and salt concentration).
Third, it systematically reviews the research progress of ventilation and
heat dissipation strategies, thermal monitoring, and fire safety design in
the context of LIB transportation, clearly delineates the limitations of
current research, and further proposes targeted improvement strategies
and potential future research directions. Finally, it introduces the LIB
transportation specification standards and test requirements, focuses on
evaluating discrepancies and limitations between international and
national standards, and puts forward corresponding prospects for future
development. This study is expected to provide a concise and compre-
hensive reference for scholars and industry practitioners in related
fields, and further inspire the development of safer LIB products, more
reliable monitoring and early warning systems, and more efficient fire-
extinguishing agents, ultimately contributing to the enhancement of
overall safety levels in LIB transportation.

2. Overview of LIBs

LIBs are mainly composed of four core components: cathode, anode,

Journal of Loss Prevention in the Process Industries 100 (2026) 105912

separator and electrolyte (Talele et al., 2024). These components
collectively determine the battery’s electrochemical performance and
stability. Among them the anode material of the battery is usually
graphite. According to the different materials of the cathode, the bat-
teries can be categorized into lithium nickel manganese cobalt oxide
(NCM) ternary battery, lithium nickel cobalt aluminum (NCA) ternary
battery, lithium iron phosphate (LFP) battery, lithium cobalt oxide
(LCO) battery, etc. (Bhoir et al., 2025). At present, NCM and LFP bat-
teries account for more than 90 % of global battery production, and their
share continues to rise in response to growing demand from electronic
devices and new energy vehicles (Ning et al., 2024). With the pursuit of
high energy density of battery, the ternary battery is being developed
toward higher nickel and lower cobalt (Feng et al., 2018). Meanwhile,
LFP batteries have been widely used in both energy storage power plants
and new energy vehicles, primarily due to their recognized high safety
performance (Zhou et al., 2023). The separator and electrolyte are two
other critical components of LIBs. The separator of an LIB serves to
physically isolate the cathode and anode, thereby preventing internal
short circuits. The electrolyte is mainly composed of organic solvents,
lithium salts, and necessary additives, and its core function is to conduct
lithium ions between the cathode and anode.

As shown in Fig. 2, power LIBs can also be classified by shape into
cylindrical, prismatic, and pouch types. Both cylindrical and prismatic
batteries are manufactured by winding internal materials into coils, with
their outer casings typically made of steel or aluminum. In contrast,
pouch batteries are constructed by stacking layered materials and are
encapsulated using aluminum-plastic composite film packaging.

The working principle of an LIB is based on the intercalation and
deintercalation of lithium ions between the cathode and anode. During
charging, lithium ions migrate from the cathode, diffuse through the
electrolyte, traverse the separator, and are ultimately intercalated into
the anode (typically layered graphite). At the same time, to maintain
electrical neutrality, the electrons flow in the opposite direction through
an external circuit. When the battery is discharging, as shown in Fig. 3,
the external circuit of the electrons will flow from the anode to the
cathode, and lithium ions inside the battery deintercalated from the
graphite and return to the cathode. Taking widely used NCM and LFP
batteries as representative examples, their electrode reactions during
charge and discharge are summarized in Table 2. The charging and
discharging processes of Li-ion batteries is also always accompanied by a

Fig. 1. Schematic diagram of battery transportation and fire incidents in the transportation of LIBs in recent years: (a) Schematic diagram of battery transportation;
(b) The fire accident of a wooden pallet loaded with LIBs in Hong Kong airport (Air Cargo World, 2019); (c) The combustion fire of a truck carrying large LIBs on
highway (CBS News, 2024); (d) The smoke and fire incident involving a container carrying 15 tons of lithium batteries at the Port of Montreal (Global News, 2024).
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certain amount of Joule heat generation (Chen et al., 2021); therefore it
is necessary to ensure an effective heat dissipation path to maintain the
battery’s safe and stable operation (Shen et al., 2025). Before trans-
portation, batteries are typically charged to a certain level to maintain
their condition and performance. For example, LIBs should not exceed
30 % SOC of their nominal capacities when shipped via air (Xu and Liu,
2025). This indicates that lithium-ion batteries still store a
non-negligible amount of energy during transportation, which inher-
ently increases safety risk.

3. Hazardous factors during LIB transportation

TR is a critical safety hazard in LIBs, serving as a primary cause of
battery fires or explosions (Hou et al., 2025). This phenomenon occurs
when the internal heat generation exceeds the heat dissipation capacity,
leading to the irreversible thermal decomposition of a battery’s con-
stituent materials (Zhao et al., 2025; Venturelli et al., 2025). Fig. 4 il-
lustrates a typical TR process for prismatic LIBs equipped with a safety
valve, including gas generation, vent opening, and possible jet-flame
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formation. In contrast, pouch cells lack dedicated venting mecha-
nisms, their TR behavior differs and usually involves swelling and
laminate rupture rather than directional venting.

The three major triggers of TR in Li-ion batteries are usually
considered as mechanical abuse, thermal abuse, and electrical abuse
(Chen et al., 2019a; Wang et al., 2025a; Nie et al., 2024; Xiao et al.,
2023). However, in transportation scenarios, electrical abuse is typically
negligible due to the batteries being in an open-circuit state, as illus-
trated in Fig. 5. In cases of mechanical abuse, external forces cause
battery deformation, generating internal stresses. If these stresses
accumulate to a critical level, they may tear the separator—resulting in
direct or indirect contact between the cathode and anode, i.e., an in-
ternal short circuit. The heat generated by the internal short circuit
accelerates separator degradation and initiates a series of exothermic
reactions within the cell materials. If these reactions continue without
effective heat dissipation, the resulting temperature rise can ultimately
lead to TR or even explosion (Liu et al., 2020a). Notably, when an LIB is
at a high SOC, the stored electrochemical energy and the number of
reactive species increase substantially, thereby significantly elevating

Table 1
Partial global LIB transportation accidents from 2019 to 2025.
Time Transportation Country/region Location Description Consequences
mode
2025.08.08  Road India (Odisha) NH-16 near Chhatrapur Container carrying EVs caught fire; short- Total cargo loss; road
circuit suspected. disruption
2025.05.29  Road China (Jiangsu) The Taihu Lake Street, Wuzhong Cargo PACKs ignited in transit; firefighters cargo loss
District used berm-and-immersion tactic
2025.05.23  Road China (Guizhou) Shanghai-Kunming Expressway A truck carrying 33 tons of waste batteries Traffic disruption; cargo loss
caught fire.
2025.04.17  Road China (Suzhou) Taicang City A logistics company’s transport vehicle cargo loss
carrying 8 LIBs caught fire accidently
2025.01.07  Road Italy (Veneto) A4 motorway, Sommacampagna Truck fire on motorway Traffic disruption; cargo loss
2025.01.06  Road China (Taiwan) Yunlin Huwei Interchange Container truck with batteries overturns/ Traffic disruption; cargo loss
rolls over
2024.12.01  Road France (Doubs) Montbéliard, Stellantis plant Fire in trailer at factory gate cargo loss
2024.09.26  Road USA (California) Near Highway 47 Semi-truck overturned; cargo of LIBs Multi-day fire; closure of
damaged; intense fire and intermittent bridge and nearby roads;
explosions cargo loss
2024.09.25  Road United Kingdom Hammersmith and Fulham Explosion during compaction; fire service Truck damaged
(London) attributed to batteries/aerosols in bin
2024.09.23 Sea Canada (Quebec) Port of Montreal Container fire; evacuations and shelter-in- Dock operations affected
place advisories issued nearby
2024.09.17  Road USA (Nevada) Highway 95 A collision between a truck carrying wood Traffic disruption; cargo loss
and one transporting battery caused the
latter to catch fire and burn
2024.09.09  Road Australia (New Pacific Highway, south of Kempsey Semi-trailer fully involved; prolonged Highway closure; cargo
South Wales) hazmat firefight; multiple reignitions destroyed.
2024.08.12  Road Colombia Autopista Sur, Soacha Truck exploded and burned on highway near ~ Traffic disruption; cargo loss
(Cundinamarca) gas station
2024.06.27  Road China (Hefei) Hefei Service Area, G5011 Expressway ~ Truck fire at highway service area destroyed ~ ¥501 000 loss
cargo
2024.07.26  Road USA (California) Interstate 15 A truck transporting six large LIBs caught fire ~ Shut down Interstate 15 for
on Interstate 15 43 h
2024.01.25  Road China (Hubei) 1575 + 700 m on the Xiangyang- A truck carrying 20 tons of battery packs Traffic disruption; cargo loss
Yicheng direction of Erlianhaote suddenly caught fire
Guangzhou (G55)
2023.07.18  Road China (Hubei) Shangang Section on the 4th Ring A truck carrying battery packs suddenly cargo loss
Road, Dongxihu District caught fire
2023.05.13  Road China (Wuhan) Shazhou Yangtze River Bridge A semi-trailer truck loaded with waste Traffic disruption; cargo loss
batteries caught fire in the middle of the
bridge
2022.06.11  Road China (Guangdong) Hengling Service Area A truck carrying nearly 30 tons of lithium-ion ~ cargo loss
power system battery packs caught fire
accidently
2022.03.04  Sea USA (California) San Pedro Bay, Los Angeles/Long A fire broke out in the LIB containers waiting ~ cargo loss
Beach Ports to be loaded at the WBCT terminal.
2022.01.12  Road China (Wuhan) Jinggang’ao Expressway Jinggang’ao Expressway Traffic disruption; cargo loss
2021.08.17  Road China (Hubei) Jinggang’ao Expressway (G4) A truck carrying batteries caught fire Traffic disruption; cargo loss
Xiaochang Section, Hubei Province accidently
2020.01.04  Sea - During the voyage from Port Klang to A very large container ship carrying LIBs Cargo damage and vessel
Nhava Sheva Port in India caught fire suddenly during transportation. schedule delay
2019.01.08  Air China (Hong Kong) Hong Kong airport LIBs caught fire at Hong Kong International cargo loss
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Fig. 2. Different shapes of power LIBs: (a) cylindrical; (b) prismatic; (c) pouch.
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Fig. 3. Schematic diagram of working principles of LIBs during discharging.

Table 2
Electrode reactions of NCM and LFP batteries during charging and discharging.
Battery type Reaction
NCM battery Cathode . charging X . -
LiNiyCo,Mn,0 =  Li;_,Ni,Co,Mn,O+ nLi" + ne
discharging
Anode ) _ charging
nLi*+ mC+ ne- 2 LiyCp
discharging
Full cell . charging . .
LiNixCoyMn,O + mC = = Li;_uNiyCoyMn,0 + Li,Cp,
discharging
LFP battery Cathode ) charging )
LiFePO4 = Li;_FePO,4 + xLi* + xe
discharging
Anode ) charging
mC+ xLi* + xe- 2 LixCp
discharging
Full cell . charging .
LiFePO4 + mC 2 Li;_yFePO4 + Li,Cp,
discharging

the likelihood and severity of combustion during the aforementioned
processes (Liu et al., 2025a). In thermal abuse scenarios, the battery
surface and transfers to the battery interior, causing the separator to
melt and releasing heat during a short circuit. Moreover, once the in-
ternal temperature reaches the decomposition threshold of the battery’s
components, exothermic chemical reactions are initiated, further
elevating the risk of TR (Ren et al., 2021). Notably, in high-altitude
areas, the combined effects of wide temperature ranges and low atmo-
spheric pressure can accelerate battery aging and significantly degrade

safety performance compared to low-altitude environments (Xie et al.,
2025). Based on the above analysis, the following sections (3.1-3.3) will
provide a detailed elaboration on the common abuse modes encountered
during the transportation of LIBs.

3.1. Mechanical abuse

LIBs are inherently susceptible to mechanical abuse across diverse
transportation scenarios. For instance, in maritime, air, road, and rail-
way transport, vibrations from vessels, aircraft, vehicles or train-
—exacerbated by improperly secured pallets—may induce accidental
LIB drops. Additionally, road transport is characterized by a higher
incidence of traffic accidents, where collisions or impact can lead to
battery crushing. These examples illustrate typical scenarios of me-
chanical abuse that LIBs may encounter during transport.

3.1.1. Penetration

Penetration risk arises when LIBs contact sharp/rigid objects in
transit. In maritime transport, rough sea-induced cargo displacement
may drive metallic fasteners (e.g., loose bolts) or sharp edges into
adjacent batteries. For air transport, constrained cargo hold space and
rapid maneuvers (e.g., sudden ascent/descent) can cause LIB collisions
with exposed pallet nails or rigid frames. In road and railway transport,
emergency braking or transit collisions may force batteries against
metallic protrusions (e.g., truck chassis bolts) or fragmented cargo (e.g.,
broken pallets), thereby piercing the battery casing. Such penetration
events can directly breach the battery casing and induce internal short
circuits without external heat input, making penetration a key scenario
for simulating transport-related battery failure (Qi et al., 2021). When a
penetrating tool (e.g., a needle) pierces a LIB, materials in different
battery layers come into contact, forming four typical internal
short-circuit modes: anode-cathode, anode-collector, cathode-collector,
and collector-collector (Liu et al., 2020a). Among these, the
anode-collector mode poses the greatest danger, followed by the
anode-cathode mode (Santhanagopalan et al., 2009) as shown in Fig. 6.

Mao et al. (2018) proposed the concepts of “micro-short-circuit unit”
and “string of candied haws” structure, which effectively explain the
short-circuit mechanism and heat generation process of cylindrical LIBs
during penetration, as illustrated in Fig. 7. Maleki and Howard (2009)
further studied the heat and current generation mechanisms of LIBs
under penetration, finding that approximately 70 % of the battery en-
ergy is released in the central region within 60 s, resulting in a sharp
temperature rise. They also noted that short circuits initiated near the
electrode edge can lead to a faster initial temperature rise, as local heat
dissipation is more restricted. Zavalis et al. (2012) developed a 2D model
of square LIB pinning via COMSOL Multiphysics, identifying that Li-ion
mass transfer in the electrolyte is critical to peak current (and thus
maximum temperature rise). They also noted two current pathways
(through the nail and electrode), with the latter accounting for about 75
% of total current.
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Several factors influence the TR of Li-ion batteries under pinning position, depth and speed to assess their effects. They reported that
conditions. Mao et al. (2018) varied the battery charge state, pinning penetration at the center of the battery leads to a more pronounced TR
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response because multiple electrode layers are disrupted simulta-
neously, enabling faster propagation of TR, while battery temperature
correlates poorly with penetration depth. As the state of charge and
penetration speed increase, the temperature distribution becomes more
uneven. If the temperature exceeds 233 °C, all batteries will fall into TR
due to the contraction of the separator and the triggering of the reaction
between the anode and the cathode. Chen et al. (2019¢) emphasized that
the electrical contact resistance at the nail-electrode interface governs
the magnitude of the short-circuit current. In contrast, Li et al. (2023a)
analyzed the short-circuit resistance within the damaged electrode
layers, showing that failure area and electrode contact conductivity
jointly influence the resulting short-circuit behavior. Ren et al. (2024)
conducted numerical simulations and demonstrated that the severity of
penetration-induced TR at the cell level increases with higher SOC, a
larger penetration radius, and a lower penetration speed. Liu et al.
(2025b) reported that although penetration-initiated TR in the target
cell, no TR propagation was observed to adjacent cells across all three
tested spacing configurations. The temperature of neighboring cells
remained below 50 °C and rapidly stabilized, suggesting that the heat
released from the failed cell was insufficient to trigger secondary ther-
mal failures.

However, existing penetration studies have primarily focused on
single LIBs (with different cathode materials or shapes). The behavior of
TR propagation in densely packed batteries—a common configuration in
transportation, especially in confined spaces—has not yet been suffi-
ciently characterized. This highlights the need for more targeted in-
vestigations: specifically, TR experiments on battery packs should be
designed to reflect realistic transportation scenarios, enabling direct
observation of propagation characteristics and transient temperature
evolution at the pack level under transport-specific conditions. Such
experimental efforts can provide a robust empirical basis for addressing
the identified research gaps and for developing effective prevention and
mitigation strategies for TR during LIB transportation.

3.1.2. Compression

During LIB transportation, external compression from transport-
related hazards (e.g., over-stacking, cargo shifts, collisions) can
deform battery casings and damage internal components, thereby trig-
gering flammable electrolyte leakage and increasing the risk of fire or
explosion. Therefore, the study of the response behavior of battery
constituent materials under mechanical loads is fundamental to under-
standing the mechanical integrity of LIBs. Previous studies have exten-
sively investigated the mechanical properties of these components under
various loads (Amiri et al., 2016; Hahn et al., 2025; Lai et al., 2014b; Li
et al., 2024a; Zhu et al., 2018) and explained their failure mechanisms
via multi-directional loading experiments (Perea et al., 2018).

Subsequently, researchers have shifted their focus to the battery
level, employing various extrusion loading methods (Arief Budiman

et al., 2022; Lai et al., 2014a; Keshavarzi et al., 2022; Xu et al., 2016;
Voyiadjis and Akbari, 2023; Zhu et al., 2016) for different shapes of
batteries to investigate their mechanical failure characteristics and TR
characteristics (Sahraei et al., 2014; Zhu et al., 2022) of different types
of batteries under varying mechanical loading positions and indenter
shapes, as shown in Table 3. Sahraei et al. (2014) tested small consumer
battery packs with different indenters, finding that short circuits are
associated with local force peaks, voltage drops, and temperature rises,
and that the indenter head radius is linearly correlated with the force
required to trigger a short circuit. Similarly, Zhu et al. (2022) conducted
quasistatic loading tests on square LIBs with three indenters, measuring
force and displacement while recording voltage drops to monitor the

Table 3
Schematic diagram of different compression scenarios.
Cylindrical battery Ref. Prismatic battery Ref.
Radial compression Xu et al. Compression(out plane) Lai et al.
(2016) (2014a)
H H Lai et al.
(2014b)
Axial compression Zhu et al. Compression(in plane) Lai et al.
(2016) (2014a)
H Lai et al.
(2014b)
Three-pointbending . ¢ Three-point bending Keshavarzi
Budiman et al. (2022)
/ et al. (2022) // //
Indentation Voyiadiis Indentation Zhu et al.
and Akbari (2022)

L

(
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short-circuit conditions. Based on these experimental results, they
developed a finite element model to simulate the failure behavior of the
battery under different types of indentation heads.

Extrusion-induced TR in batteries is primarily attributed to the
occurrence of internal short circuits, making it critical to predict these
short circuits based on the model. The evolution of modelling ap-
proaches has progressed from the initial simple mechanical models
(Sahraei et al., 2014) to more sophisticated
mechanical-electrochemical-thermal coupling models (Wang et al.,
2023b). These advanced models offer a more comprehensive under-
standing of the electrical and thermal responses within the battery
during an internal short circuit, enhancing the accuracy of predictions.

At the module level, Hu et al. (2020)demonstrated that the me-
chanical response of multiple batteries stacked under compression dif-
fers significantly from that of a single battery. This difference is
characterized by uneven deformation within each battery, where
neighboring batteries in adjacent rows compress against each other,
potentially creating vulnerable regions and increasing the risk of failure.
This is particularly relevant for transportation, where LIBs are often
stacked horizontally and vertically. Future research should prioritize
two key directions: the development of in-situ diagnostic techniques
capable of visualizing internal deformation within batteries, and the
establishment of multi-physics models to predict fire and explosion risks
under compression conditions representative of real transportation
scenarios.

3.1.3. Vibration

Across maritime, air, road and railway transportation of LIBs,
continuous vibrations inherent to each Transportation mode—such as
those from ocean waves (maritime), aircraft engine operation (air),
uneven road surfaces (road), and train traction system oscillation
(railway)—subject the batteries to cyclic mechanical stresses and
repeated impacts. Studies have indicated that mechanical vibration has
a negative effect on the internal mechanical structure and electrical
properties of LIBs (Awan et al., 2025; Brand et al., 2015; Zhang et al.,
2017). For example, specific vibration loads can deform or rupture
electrode materials. However, the inconsistent vibration cycles and
limited sample sizes in existing studies make it difficult to reach defin-
itive conclusions about how vibration affects LIB electrical performance.
Wang et al. (2024b) partially addressed this gap by evaluating battery
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electrochemical performance under different vibration frequencies.
They found that pre-vibration leads to additional capacity loss during
subsequent cycling and that the strongest degradation occurs at 50 Hz.
The DC internal resistance after cycling also increases, with the largest
rise again at 50 Hz, which suggests aggravated polarization and ohmic
losses. As shown in Fig. 8, SEM images of electrodes from cells vibrated
at 50 Hz and then cycled reveal obvious cathode particle breakage and a
rougher graphite anode surface, consistent with loss of active material
and deterioration of the electrode-electrolyte interface.

Regarding TR under vibration, Li et al. (2022a) experimentally
investigated the effects of mechanical vibration frequency and ampli-
tude on the charging and discharging performance and TR characteris-
tics of 18 650-type LIBs under low-pressure conditions. They found that,
compared with non-vibration batteries at atmospheric pressure, me-
chanical vibration under low pressure increased the TR temperature and
significantly altered the safety-valve ejection time. They also observed
that low-frequency vibration accelerated the onset of internal short
circuits and led to a marked reduction in battery capacity, whereas
high-frequency vibration caused a pronounced increase in gas concen-
tration during TR. These findings show that vibration frequency and
amplitude play a key role in shaping the TR behavior and electro-
chemical response of LIBs under low-pressure environments.

In summary, existing studies demonstrate that vibration can degrade
the mechanical integrity and electrochemical performance of LIBs and
can alter their TR behavior. However, the mechanisms by which vi-
bration interacts with TR have not been fully explored. Future research
should focus on large-scale experiments to construct a more compre-
hensive database, and integrate experimental results with multi-physics
modeling to better understand the underlying mechanisms and predict
TR behavior.

3.2. Thermal abuse

Thermal abuse in transported LIBs arises from both external and
internal factors. Externally, high temperatures (e.g., summer heat) are a
key driver; internally, substandard manufacturing can cause electrolyte
leakage. The dense stacking of batteries during transportation can lead
to poor heat dissipation conditions, which may cause localized tem-
peratures to rise excessively and reach the ignition points of flammable
electrolytes. Such circumstances may lead to the ignition of a localized

Fig. 8. SEM images of the battery: (a) Cathode of fresh battery; (b) Cathode of battery after vibration with 50 Hz; (c) Cathode of battery for 100 cycles after 50 Hz
vibration; (d) Anode of fresh battery; (e) Anode of battery after vibration with 50 Hz; (f) Anode of battery for 100 cycles after 50 Hz vibration (Wang et al., 2024b).
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fire, subsequently resulting in the TR of the batteries. Additionally, the
narrow spacing between battery cells significantly exacerbates the
propagation of TR (Zhang et al., 2026). In thermal abuse scenarios,
overheating induces a series of exothermic side reactions:
high-temperature  capacity fading; SEI film decomposition;
anode-electrolyte reaction; separator melting process; cathode decom-
position reaction; electrolyte solution decomposition reaction; reaction
between anode and binder; and electrolyte combustion (Feng et al.,
2018; Wang et al., 2025c), as shown in Fig. 9. Notably, separator
collapse causes large-scale internal short circuits, leading to instanta-
neous electrical energy release and TR, as shown in Fig. 10. Generated
heat transfers to adjacent batteries, producing toxic, flammable fumes
that risk explosion when exposed to flames.

The study of TR of Li-ion batteries under thermal abuse conditions
has broadened in scope from examining individual batteries to consid-
ering module batteries. Zou et al. (Zou and Lu, 2023) experimentally
explored the thermal hazards of ternary soft-packed batteries of varying
capacities under different heat flux conditions. Their findings revealed
that the peak heat release rate (HRR) of a 78 Ah battery and total heat
release (THR) have low sensitivity to applied heat flux, which is contrary
to the general conclusions previously drawn from studies on 18 650-type
batteries. As depicted in Fig. 11, Zhang et al. (2022c) quantified the
explosion limits of TR gases from LCO 18650 cells under different SOC
conditions. The lower explosion limit shows the same trend as the
change in alkane content, while the upper explosion limit shows the
same trend as the unsaturated hydrocarbon content. The alkanes content
changes with the trend of increasing first and then decreasing, while
unsaturated hydrocarbons content shows a opposite trend. Notably, the
explosion risk is minimized at 50 % SOC. As shown in Fig. 12, Zhang
et al. (2022b) investigated the explosion limits of NCM811 batteries
using gas composition analysis and innovative in-situ detection. They
found that batteries at 30 % SOC release vent gas mixtures characterized
by the narrowest explosion range and the lowest upper explosion limit.
This implies that the vented gas is ignitable only within a highly
restricted flammability range, thereby highlighting the suitability of this
SOC for battery transportation and storage. Contrary to traditional
perceptions, LFP batteries generate more hydrogen during TR (lower
combustion limit, higher explosion hazard) (Wei et al., 2023). Wang
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Fig. 9. Qualitative interpretation of the chain reactions during TR (Feng
et al., 2018).
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Fig. 10. Schematic diagram illustrating the potential hazards associated with
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et al. (2022) further conducted a comparative study on TR released gas
hazards across five LIB types, finding that NCM811 batteries have the
highest temperature/pressure rises, while LFP batteries release the most
H, and CyHg4. In terms of gas toxicity, for LFP batteries, the gas emitted
before TR is not toxic (Jia et al., 2023). Nevertheless, ternary batteries
release multiple toxic gases during TR, among which asphyxiating spe-
cies (e.g., CO, HCN) exert pronounced effect than irritating species (e.g.,
HF, HCI). The toxicity of these emissions is assessed using standardized
metrics: the fractional effective dose (FED) is employed to quantify the
asphyxiating effects, whereas the fractional effective concentration
(FEQ) is used to evaluate the irritating impacts of specific pollutants.
Furthermore, as the nickel content in ternary batteries increases, the
overall toxicity of the released gases also rises, resulting in greater toxic
hazards compared with those of LFP batteries (Liu et al., 2023).

The aforementioned studies have primarily focused on individual
batteries. However, single-cell TR initiates domino-effect thermal
propagation in battery modules, which will result in more severe con-
sequences. As a result, researchers have shifted their focus to examine
the TR propagation characteristics of LIBs in these configurations. Zhu
et al. (2023) conducted an experimental and analytical investigation
into the TR propagation characteristics of ternary pouch cells under
various states of charge and discharge and different spacing configura-
tions. They found that the state of charge and discharge significantly
influence the maximum temperature, mass loss, and flame jet behavior,
yet the spacing between cells has a greater effect on the time and
duration of TR propagation. Chen et al. (2020a) examined the thermal
failure propagation behavior of Li-ion batteries through full-scale com-
bustion experiments and revealed that simultaneous combustion of
multiple cells will exacerbate the combustion rate, leading to higher
mass loss rates and heat release rates within a battery pack. Similarly,
Liu et al. (2020b) experimentally studied the self-heating fire of
open-circuit battery stacks and found that the critical ambient temper-
ature for self-heating fire decreases with the increase in the cell state of
charge, the number of cells and the size of the stacks.

Furthermore, for multilayer tightly stacked large-scale stacks, such
as those in containers and warehouses, Liu et al. (2020b) predicted that
the critical ambient temperature for self-ignition may decrease to 30 °C
based on Frank-Kamenetskii analysis (Sun and Ding, 2005), as shown in
Fig. 13. However, given the cost and safety concerns associated with
full-scale experiments, researchers gradually turned to simulations to
explore the self-heating laws of LIBs. He et al. (2021) established a
self-heating model to determine the critical ambient temperature and
demonstrated that the use of this critical ambient temperature is more
appropriate for evaluating safe storage conditions than adopting a crit-
ical temperature rise rate. Furthermore, their model results indicate that
the critical ambient temperature decreases as the size of the battery
stack increases due to scale effects, which in turn elevates the likelihood
of TR during storage and transportation. In addition, Li et al. (2023b)
assessed the transportation risks of LIBs, incorporating self-heating
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Fig. 12. Variation of battery vent gas explosion limits for different SOC bat-
teries (Zhang et al., 2022b).

considerations into a dynamic Bayesian assessment model. Their pre-
dictions showed that the value of transportation risk and the severity of
transportation accidents increase with the extension of the trans-
portation time of LIBs.

Confined spaces (e.g., shipping containers) exacerbate thermal abuse
hazards. Liu et al. (2022b) found that the total amount of combustible
gases accumulated in confined spaces is higher than that in open envi-
ronments, thereby increasing the potential risk of deflagration. In
addition, experimental results indicated that the toxicity hazards of fire
effluents are more severe in confined spaces (Liu et al., 2023). The
confined space inside such shipping containers has a more pronounced
impact on the TR propagation characteristics of battery modules. This
effect arises mainly from the accumulation of high-temperature gases
and smoke released during TR within the enclosed environment. Spe-
cifically, these hot vented substances can heat the batteries that have not
yet experienced TR and contribute 27.3 % of the total heat during heat
transfer (Peng et al., 2025). Simultaneously, the flames produced by TR

impact the top of the packaging, forming a ceiling jet fire. The thermal
radiation from these flames further heats the surrounding batteries
(Zhang et al., 2022d, 2024; Zhao et al., 2024; Song et al., 2025) (see
Fig. 14).

In summary, extensive studies have investigated the TR hazards
associated with LIBs under thermal abuse scenarios. However, most
research has focused on battery safety in open or well-ventilated envi-
ronments, which differs from transportation scenarios, where batteries
are typically stored in confined containers. Future work should therefore
focus on quantifying the coupled effects of thermal abuse and confine-
ment on TR behavior and establishing a standardized database of
transportation-scenario TR risks to improve battery transportation
safety.

3.3. Other factors

In addition to mechanical and thermal abuse, two scenario-specific
environmental factors that are closely associated with major LIB trans-
port modes can significantly influence battery TR behavior, namely low-
pressure environments and high-salinity environments.

With the vigorous promotion of energy transformation in high-
altitude areas, the application of LIBs in fields such as new energy ve-
hicles and energy storage power stations is also increasing. In air
transportation scenarios, where many cargo aircraft are unpressurized,
LIBs are typically exposed to low-pressure environments. This has
motivated studies examining the TR characteristics of LIBs under low-
pressure conditions (Liu et al., 2021, 2022d; Sun et al., 2019, 2022b;
Wang et al., 2020, 2025d). Chen et al. (2019b) conducted experimental
studies on the TR of LFP and LCO batteries in Lhasa and Hefei, respec-
tively. Their findings indicated that while ambient pressure has a min-
imal influence on the mass loss of both batteries during combustion, it
has a more substantial impact on the heat of combustion. Specifically,
the total heat release under high pressure is relatively larger than that
under low pressure. Xie et al. (2020) observed that as the external
pressure decreases, the TR initiation time and temperature of LiFePO4
batteries also decrease, whereas the combustion time increases. They
attributed the increased likelihood of TR under low-pressure conditions
to the larger pressure differential, which facilitates the opening of the
rupture disc and the entry of air. Conversely, Liu et al. (2022c) reported
that low pressure can weaken both external flaming combustion and the
internal TR reaction during the venting stage. This dual effect ultimately
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Fig. 14. The schematic of heat transfer between adjacent batteries under
ceiling flame (Zhang et al., 2024).

increases the thermal runaway temperature of ternary batteries. In
addition, the external ambient pressure also affects the TR propagation
characteristics of a battery module. As the ambient pressure decreases,
the TR propagation rate in ternary LIB modules tends to decrease (Liu
et al., 2022c¢), whereas it tends to increase in LFP modules (Jia et al.,
2022). The type of electrical connection between batteries also impacts
the TR propagation characteristics under low-pressure conditions (Liu
et al., 2022d). For parallel-connected ternary battery modules, a
decrease in ambient pressure initially leads to an increase in the
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propagation rate due to reduced cooling efficiency, followed by a
decrease as a result of diminished electrolyte levels after venting. Cook
et al. (2020) investigated the impact of an ultra-low pressure environ-
ment (0.2 kPa) on the cycling performance of NCM523 battery cells.
Their findings indicated that the failure of batteries under ultra-low
pressure conditions is primarily associated with a rapid increase in in-
ternal resistance.

In contrast, high-salt-concentration environments are a key risk in
maritime transport, where LIBs are exposed to humid, high-salt condi-
tions (e.g., seawater mist) that can corrode battery casings and internal
components, compromising transportation safety. To investigate this,
Tao et al. (2020) conducted immersion tests on LCO batteries using a 3.5
% NaCl solution, assessing the fire risk of a battery under varying im-
mersion durations through cone calorimeter tests. The experimental
results indicated that with increased immersion time, the ignition time
(time of flame appearance) first decreased and then increased, while the
combustion duration increased initially and then plateaued, accompa-
nied by a decrease in mass loss. Similarly, Wang et al. (2023c) studied
the risks of TR in NCM622 batteries by immersing them in 2.5 % and 5 %
NaCl solutions for 2 h at different states of charge. The results revealed
that higher salt concentrations correlate with a higher TR trigger tem-
perature and a shorter time required to initiate TR.

This section summarizes and analyzes the key influencing factors and
underlying mechanisms during LIB transportation (as shown in Fig. 15),
and systematically identifies the limitations of existing research as well
as priorities for future research. However, in actual transportation sce-
narios, batteries frequently experience coupled multi-factor conditions.
Such coupling not only amplifies the hazards of individual factors s but
also can introduce additional failure pathways, leading to a reduced TR
trigger threshold and accelerated evolution. Therefore, based on single-
factor studies, it is imperative to strengthen research on multi-factor
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Fig. 15. Factors of TR during battery transportation and underlying mechanisms.

coupling mechanisms and quantify their synergistic effects. This will
more accurately characterize safety behavior under realistic trans-
portation conditions and provide a more robust basis for developing risk
prevention and mitigation technologies. Additionally, considering the
formidable challenges associated with conducting comprehensive
experimental research due to the high concentration of LIBs in trans-
portation scenarios, numerical simulation presents a promising
approach for investigating the hazards of TR in large quantities of
densely packed batteries within confined spaces.

4. Technical solutions for the safe transportation of lithium-ion
batteries

4.1. Ventilation and heat dissipation strategies

The LIBs are typically densely arranged during transportation, so
foam cotton is used for buffer protection. Multi-layer batteries are
vertically stacked and supported by bottom trays to ensure secure
bundling, but this packaging places the battery stack in a confined
transportation space—where heat dissipation is particularly challenging
in hot summer months (Mao et al., 2023). In practical transportation
scenarios, dedicated thermal management systems are rarely imple-
mented, and temperature regulation relies primarily on ventilation and
passive heat dissipation rather than active cooling. What is more,
existing research predominantly addresses thermal management stra-
tegies for batteries in electric vehicles and energy storage systems,
where batteries are in use. These mature strategies include air cooling
(natural/forced) (Dubey et al., 2023; Drame et al., 2024; E et al. (2020);
Yang et al., 2020; Wang et al., 2023a; Wang et al., 2014; Zhang et al.,
2022a; Luo et al., 2023), liquid cooling (Liu et al., 2022a; Zhao et al.,
2015), phase change material cooling (Guo et al., 2022; Yan et al., 2016;
Mohammadi and Taghilou, 2024) and heat pipe cooling (Chen and Li,
2020; Alihosseini and Shafaee, 2021; He et al., 2024; Zhang et al., 2025).

Table 4
Comparison of different cooling systems.
Cooling methods Advantages Disadvantages
Air cooling Simple structure, low cost, Low thermal conductivity,

Liquid cooling

Phase change
material cooling
Heat pipe cooling

easy maintenance

High thermal conductivity,
effective cooling

Simple structure, low
energy consumption

High thermal conductivity,
low weight

limited heat dissipation
Complex structure, large
weight, leakage problems
Leakage problems, high cost

High cost, complex structure
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Table 4 elaborates the advantages and disadvantages of each cooling
technique. Among them, air cooling has advantages of simple structure,
low cost, and easy maintenance—key merits that align well with the
practical demands of LIB transportation scenarios (e.g., limited space,
need for long-term reliability, and cost-effectiveness). Moreover, rele-
vant studies have confirmed that increasing ventilation rate can reduce
gas concentrations and shorten explosion duration in battery packs
(Wang et al., 2023a). Therefore, ventilation-based air cooling is regar-
ded as the most feasible heat dissipation approach for transported LIBs.

Scholars have further optimized air-cooling efficiency through bat-
tery arrangement design. Wang et al. (2014) explored the thermal per-
formance of battery modules with different arrangements based on CFD
and a single-cell aggregate model. They found that forced air cooling
performed optimally with a top-mounted fan and a cubic arrangement,
whereas a hexagonal arrangement offered the best space utilization.
Dubey et al. (2023) investigated the temperature distribution of LIBs
with different aspect ratios under different ventilation methods, as
shown in Fig. 16. They found that cells with a medium
length-to-diameter ratio (3.61) exhibited the lowest average tempera-
ture. Cells with larger aspect ratios showed the lowest radial tempera-
ture heterogeneity. Moreover, cells with a smaller aspect ratio achieved
faster cooling rates regardless of the ventilation method. E et al., 2020
compared 16 LIBs in different arrangements and found that 4 x 4 out-
performs 2 x 8, straight arrangements outperform staggered ones, and
upper inlet-lower outlet ventilation is most effective. Their earlier study
(E et al., 2018) also noted that the cooling performance of air inlets and
outlets located on different sides is better than that of those located on
the same side. Furthermore, the use of baffles can greatly improve the
thermal performance of the transverse inlet and outlet air cooling
strategy. The optimal cooling performance can be obtained when the
airflow inlets and outlets are located on different sides of the chassis, and
baffles are used.

However, these air-cooling studies primarily target batteries in use,
whereas transportation scenarios differ in three key respects: trans-
ported LIBs are typically shipped in much larger quantities, remain in an
open-circuit state (unlike the energized state of in-use batteries), and are
enclosed in protective liners and stacked on trays (rather than housed
within a vehicle chassis). Therefore, the applicability and achievable
effectiveness of air-cooling strategies developed for in-use batteries
under transportation conditions require further investigation.

4.2. Thermal monitoring

With the advancement of intelligent transportation systems, effective
track monitoring, smoke detection, and temperature warning systems
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Fig. 16. Schematic diagram of different ventilation and cooling methods (Dubey et al., 2023).

can substantially enhance risk prediction during the transportation of
LIB. Even in the event of a fire incident, these measures can help mini-
mize losses. However, several technical challenges remain for the
transportation of large quantities of LIBs, including how to effectively
monitor battery safety status, which parameters to use for reliable early
warning of TR, and how to optimize alarm placement.

Current battery TR early warning research is in a critical stage, but
traditional methods (relying on voltage, current, impedance) are un-
suitable for open-circuit transported batteries. Temperature-based early
warning faces limitations: surface-internal temperature differences (due
to heat conduction) cause delayed surface temperature warnings
(Parhizi et al., 2017; Dong et al., 2025). To address this, Mei et al. (2023)
developed a compact multi-functional fiber optic sensor (12 mm in
length and 125 pm in diameter) designed to be embedded inside the
battery to continuously monitor internal temperature during battery TR.
However, measuring the internal temperature often requires specialized
battery designs or destructive instrumentation. Additionally, the high
cost of these sensors makes it difficult for widespread implementation.

Alternative early warning methods based on other parameters are
also being explored. Chen et al. (2023) proposed expansion force as a
reliable warning signal, which was experimentally demonstrated to
provide a longer lead time for evacuation and rescue compared to
voltage and temperature signals. Yang et al. (2023) found that the
generation of gas-based signals precedes the TR of the battery by a few
minutes, which provides new insights into the early safety warning of
LIBs. Chen et al. (2020c) showed high-SOC batteries have violent
oscillatory overpressure release, and pressure monitoring works for high
external heat source scenarios.

A synthesis of the aforementioned studies indicates that single-
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parameter monitoring approaches (based on voltage, temperature,
force, or gas) exhibit notable limitations in responsiveness and reli-
ability when applied to complex environments. While gas and force
signals may precede significant temperature rises, their reliability can be
compromised by environmental disturbances in the absence of cross-
validation with other indicators. To overcome these limitations and
leverage the complementary strengths of different diagnostic signals,
this study proposes integrating force-thermal-gas multi-dimensional
signal detection into transport packaging to develop intelligent pack-
aging, as shown in Fig. 17. Specifically, expansion force sensors can be
installed on the sidewalls of the packaging to enable early warning of
TR. This is attributed to the fact that during the incubation phase of TR,
exothermic side reactions within the battery generate gases and elec-
trolyte vapors (Li et al., 2024c), leading to surface expansion and
abnormal inter-battery expansion forces. Additionally, temperature,
pressure, and gas sensors can be positioned atop the packaging. When
the internal gas pressure exceeds the safety valve’s opening threshold,
the instantaneous release of high-temperature gases impacts the top of
the packaging, with gas temperatures surpassing 100 °C and pressures
reaching up to 0.5 MPa (Mao et al., 2024). Concurrently, the gas con-
centration inside the packaging rapidly increases due to gas release and
diffusion. By integrating multi-dimensional signal detection, the com-
plementary strengths of different signals can be leveraged to promptly
capture abnormal battery signals, identify the stage of thermal runaway
development, and improve detection reliability.

Furthermore, the emerging neural network algorithm boasts robust
capabilities in nonlinear modeling and complex data processing (Huang
et al., 2025b; Chen et al., 2025). Therefore, the integration of
multi-dimensional signal detection technologies with neural network
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Fig. 17. Intelligent battery transport packaging.
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algorithms during transportation can enhance the capability and accu-
racy of TR prediction.

4.3. Fire safety design

The simplified TR mechanism can be described using a LIB fire tri-
angle (Mammacioglu and Coskun, 2025), as shown in Fig. 18. During TR
of LIBs, the internal temperature increases continuously accompanied
by gas evolution, which can culminate in fire and explosion (Jaguemont
and Bardé, 2023; Peng et al.,, 2024; Wang et al.,, 2024a). Once
exothermic reactions are triggered under extreme conditions, the bat-
tery can provide the key elements required for sustained combustion.
This is because heat, various combustible substances, and oxygen are
generated during the TR process. Therefore, it is necessary to adopt
efficient suppression and extinguishing methods in a timely manner.

Fire extinguishing agents for LIBs act through four core mechanisms:
physical isolation of the combustion interface, smothering (oxygen
dilution), cooling (lowering temperatures below ignition thresholds),
and chemical suppression (disrupting combustion reaction chains).

Solid extinguishing agents, dominated by dry powder formulations,
consist of fire-retardant inorganic salts and additives processed into fine
powders (Guo et al., 2023). Their primary action relies on oxygen
isolation, cooling of the combustion zone, and interference with chem-
ical reaction pathways. Meng et al. (2020) demonstrated that dry
powder can extinguish visible LIB flames under proper application
conditions, but a critical limitation remains: it does not effectively
suppress ongoing internal exothermic reactions, leading to continued
battery temperature rise after flame extinction. To address this gap,
some scholars have optimized traditional dry powder extinguishing
agents to more effectively suppress LIB fires (He et al., 2025; Li et al.,
2024Db). For example, Li et al. (2023c) studied a commercial dry powder
fire extinguishing agent composed of inorganic phase change materials
and applied it to fire-suppression experiments on LIB fires, as shown in
Fig. 19. Their results showed that the composite dry powder agent can
not only extinguish LIB fires but also suppress thermal runaway
propagation.

The gaseous fire extinguishing agents exhibit excellent electrical
insulation properties during fire suppression, along with being non-
corrosive and leaving no residue, making them particularly suitable
for extinguishing live electrical fires. Among them, CO; acts primarily by
reducing or displacing ambient oxygen to achieve fire suppression
(Ubaldi et al., 2024). However, LIBs generate oxygen during TR,
weakening the smothering effect of CO,, and re-ignition is common
when using CO5 to suppress LIB fires (Xu et al., 2020). Thus, CO; is
ineffective for extinguishing LIB fires. Halon replacements like hepta-
fluoropropane (CsHF7) exhibit strong electrical fire-extinguishing ca-
pacity but react with LIB combustion products to produce highly
corrosive, toxic HF, requiring strict concentration control (Yu et al.,
2025) that is difficult to maintain in dynamic transport environments.
Another Halon alternative, perfluorohexanone (CgF120), has gained
attention for its excellent environmental protection characteristics (with
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Fig. 18. LIB fire triangle (Mammacioglu and Coskun, 2025).

13

Journal of Loss Prevention in the Process Industries 100 (2026) 105912

NH,AI(SOy),

Fig. 19. Fire extinguish and cell cooling mechanism of composite dry powers
fire extinguishing agent on battery module fires (Liu et al., 2023).

zero depletion potential (ODP)). Meng et al. (2023b) demonstrated that
perfluorohexanone absorbs more heat via vaporization than hepta-
fluoropropane, and Zhang et al. (2023) confirmed its ability to extin-
guish large-scale battery module fires and inhibit TR propagation in
real-scale tests. However, Liu et al. (2022¢) identified a critical draw-
back: increased perfluorohexanone dosage correlates with higher
emissions of harmful gases, introducing secondary environmental and
health risks in confined transport spaces. Liquid nitrogen, a cryogeni-
cally formed liquid state of nitrogen, exhibits a remarkable effect in
preventing and controlling TR in batteries, thereby showing great
application potential (Huang et al., 2021). Cao et al. (2023) studied the
effectiveness of liquid nitrogen in restraining the TR of LIBs and reported
that it exhibits significant efficacy in cooling the battery and inhibiting
the TR as well as its propagation.

Liquid extinguishing agents, with water as the main component, can
be formulated with additives or assisted by auxiliary methods to
enhance fire suppression and cooling performance. Water mist, a com-
mon liquid agent, suppresses LIB fires by cooling and diluting combus-
tible gases (Xu et al., 2022; Wang et al., 2025e). However, traditional
water mist has been reported to have difficulty reaching the battery
surface and may increase hydrogen fluoride production (Larsson et al.,
2014). To address these limitations, Li et al. (2025) developed a com-
posite additive-enhanced water mist using nonionic surfactants, which
improves wetting and penetration capabilities while maintaining eco--
friendliness—critical for dense battery stacks in transport. Foam extin-
guishing agents, another liquid category, offer higher viscosity and
lower density than water, enabling better adhesion to battery surfaces.
Xu et al. (2025) synthesized a new gel foam based on konjac gum (KGM)
and sodium silicate (WG) for extinguishing LIB fires. Their experiments
showed that the cooling rate of the battery surface temperature was
3.47 °C-s”!, and that of the battery flame was 32.65 °C-s™!, indicating
that this gel foam can effectively suppress thermal runaway in LIBs.
Table 5 shows the advantages and disadvantages of various fire sup-
pression methods.

Notably, LIB transportation scenarios are dominated by confined
spaces, where combustion dynamics differ significantly from open en-
vironments (Yan et al., 2021). Sun et al. (2022a) investigated the effects
of different extinguishing agents on TR propagation in batteries. They
found that heptafluoropropane has limited ability to suppress TR
propagation. Although perfluorohexanone cannot completely prevent
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Table 5

Comparison of advantages and disadvantages of various fire extinguishing agents.
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Physical state
classification

Typical fire extinguishing
agents

Advantages

Disadvantages

Solid extinguishing Dry powder extinguishing

agents agents stability
Gaseous CO, No residue, Excellent electrical insulation
extinguishing Heptafluoropropane High fire extinguishing efficiency, No residue,
agents Excellent electrical insulation
Perfluorohexanone High fire extinguishing efficiency, No residue,

Excellent electrical insulation
Liquid nitrogen

Wide adaptability, Low cost, and good storage

Efficient fire extinguishing effect and cooling

ability, No residue, No pollution

Liquid extinguishing Water mist

agents Environmental protection
Foam extinguishing agents

covering combustible surfaces

Low cost, Significant cooling effect,

Efficient fire extinguishing effect, Capable of

LIB fires are prone to re-ignition, High residue content, Dry powders with
high conductivity may cause secondary short circuits

Poor cooling capacity, LIB fires are prone to re-ignition

Decompose into toxic gases, complicated operation

Decompose into toxic gases, complicated operation
Challenges in storage and transportation, Nozzle steam easily congeals to
ice plugging pipelines

Aggravate short circuit or electrolyte leakage

Poor low-temperature stability, Complex preparation with strict ratio
requirements

TR propagation, it can decrease battery temperature, slow the heat
transfer rate, and prolong the propagation time. In contrast, water spray
provides the most effective cooling and can prevent TR propagation.
Subsequently, Huang et al. (2025a) examined the suppression effect of
perfluorohexanone on the TR of NCM soft-pack LIB in a confined space.
They observed that the perfluorohexanone demonstrates notable sup-
pression of LIB fires, extinguishing visible flames within 3 s at a critical
extinguishing dose of at least 2.62 kg/kWh.

Based on the above analysis, it can be concluded that dry powder
agents and CO; exhibit poor cooling efficiency for TR batteries; even if
open flames are extinguished, the batteries may re-ignite. Hepta-
fluoropropane and perfluorohexanone demonstrate excellent chemical
inhibition effects on fires, while liquid extinguishing agents such as
water mist and liquid nitrogen exhibit strong cooling capabilities,
making them suitable for suppressing LIB fires. In packaged shipments of
LIBs, cells are enclosed in individual packages and consolidated into a
larger transport unit. If TR initiates in a cell located within a centrally
positioned package in the transport unit, the tight spacing can intensify
heat transfer to adjacent cells, thereby triggering severe cascading TR
propagation throughout the shipment. This poses a significant fire risk
and underscores the importance of rapid-action liquid fire-extinguishing
agents. Where conditions permit, perfluorohexanone can be used as an
auxiliary disposal measure, as its efficient cooling performance can
delay the TR the initial fires. Furthermore, it is imperative to optimize
existing fire extinguishing agents and advance the development of novel
fire extinguishing agents to enhance the fire suppression capabilities for
LIB fires and improve the safety of LIB transportation.

5. Standards and test requirements

The “United Nations Recommendations on the Transport of
Dangerous Goods™ are designed to address all aspects of transportation
to ensure international consistency, which is updated every two years.
They incorporate a classification system using UN numbers to categorize
substances that present significant hazards during transport. According
to the UN model regulations, LIBs are classified as Class 9 Dangerous
Goods (United Nations (UN), 2023a). To distinguish LIB transport sce-
narios, UN numbers are categorized into four types, as listed in Table 6.
It should be noted that in previous versions, UN3171 was used to classify
all battery-powered vehicles uniformly. However, in the latest regula-
tions, a dedicated number UN3556 has been introduced specifically for
vehicles powered by LIBs. Vehicles here refer to self-propelled apparatus
designed to carry one or more persons or goods, including electric ve-
hicles, motorcycles and bicycles, etc. Additionally, UN3536 refers to
LIBs or lithium metal batteries installed in a cargo transport unit and
designed solely to provide power external to that cargo transport unit,
such as energy storage cabinets, which is not considered in this paper.
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Table 6
UN numbers and detailed provisions of LIBs.
UN No. Clarification Special Packing Class
provisions instruction
UN3480 LIBs (including lithium-ion 188 230 P903 P908 9
polymer batteries) 310 348 P909
376 377 P910 P911
384 387 LP903
LP904 LP905
LP906
UN3481 LIBs contained in equipment 188 230 P903 P908
or LIBspacked with equipment 310 348 P909
(including lithium-ion 360 376 P910 P911
polymer batteries) 377 384 LP903
387 390 LP904 LP905
LP906
UN3556 Vehicle, LIBs powered 384 P912
388
405
UN3536  Lithium batteries installed in 389 N/A

cargo transport units
(including LIBs or lithium
metal batteries)

Note: (1) The letters “P” means packagings other than intermediate bulk con-
tainers and large packagings; (2) the letters “LP” means large packagings.

5.1. Testing requirements

The UN Manual of Tests and Criteria is regarded as one of the key
standards for transportation testing, outlining the testing methods and
procedures for various transported substances. Part III, Section 38.3 of
the manual stipulates a series of tests that must be conducted on lithium-
ion cells and batteries prior to transport. To simulate the potential
hazards that LIBs may encounter during transportation, this series of
tests include a total of eight tests: 1) altitude simulation test, 2) thermal
test, 3) vibration test, 4) shock test, 5) external short circuit test, 6)
impact/crush test, 7) overcharge test, and 8) forced discharge test
(United Nations (UN), 2023c), as shown in Table 7. The specific testing
procedures and the number of tests vary depending on the battery
specifications and types. As shown in Table 8, the manual provides
classification standards based on battery specifications. Regardless of
the mode of transportation, it is mandatory for LIBs to undergo UN 38.3
reliability tests and obtain a test report (Farrington, 2001). The testing of
these batteries can be conducted by third-party organizations or man-
ufacturers with relevant testing qualifications (Huo et al., 2017).

However, the current test standard has the following two main de-
ficiencies: First, the criterion for determining whether the battery passes
the external short-circuit test is that its temperature should not exceed
170 °C. However, with increasing LIB size and capacity, surface tem-
perature fields become increasingly non-uniform, which can compro-
mise temperature measurement accuracy and, in turn, undermine the
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Table 7

The requirements for each test specified in UN 38.3

NO Test name Test purpose Test procedure
T.1  Altitude This test simulates air Test cells and batteries shall
simulation transport under low- be stored at a pressure of
pressure conditions. 11.6 kPa or less for at least 6
h at ambient temperature
(20 +5°0).
T.2  Thermal test This test assesses cell and Test cells and batteries are
battery seal integrity and stored at 75 + 2 °C for >6 h,
internal electrical then —40 + 2°C for >6 h
connections. The test is (max 30min transition), with
conducted using rapid and this cycle repeated 10 times,
extreme temperature followed by 24 h storage at
changes. 20 =+ 5 °C; large ones require
>12 h at extreme
temperatures.
T.3  Vibration This test simulates A sinusoidal vibration test is
vibration during transport. adopted, with a frequency
range of 7 (1 g, peak
acceleration) ~ 200 (8 g,
peak acceleration) ~ 7 Hz
and a duration of 1 min per
cycle. Both cells and batteries
shall undergo repeated tests
in three perpendicular
directions, with 12 cycles
repeated in each direction,
totaling 3 h.
T.4  Shock This test assesses the Subjected to half-sine shock
robustness of cells and impacts with a peak
batteries against acceleration of 150 g, and a
cumulative shocks. pulse duration of 6 ms. For
each of the three mutually
perpendicular mounting
positions, 3 shocks are
applied in both positive and
negative directions, resulting
in a total of 18 shocks.
T.5  External This test simulates an An external short circuit is
short circuit external short circuit. applied at 55 =+ 2 °C with an
external resistance of less
than 0.1 Q, and the test lasts
for at least 1 h.
T.6  Impact These tests simulate The test sample cell or
mechanical abuse from an component cell is to be
impact or crush that may placed on a flat surface. A
result in an internal short 15.8 mm diameter bar is to
circuit. be placed across the centre of
the sample. A 9.1 kg mass is
to be dropped from a
heightof61 + 2.5 cm onto the
sample.
T.7  Overcharge This test evaluates the The charge current shall be

ability of a rechargeable
battery or a single cell
rechargeable battery to
withstand an overcharge
condition.

twice the manufacturer’s
recommended maximum
continuous charge current.
The minimum voltage of the
test shall be as follows: (a)
when the manufacturer’s
recommended charge
voltage is not more than 18
V, the minimum voltage of
the test shall be the lesser of
two times the maximum
charge voltage of the battery
or 22 V. (b) when the
manufacturer’s
recommended charge
voltage is more than 18 V,
the minimum voltage of the
test shall be 1.2 times the
maximum charge voltage.
Tests are to be conducted at
ambient temperature. The
duration of the test shall be
24h
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Table 7 (continued)

NO Test name Test purpose Test procedure
T.8  Forced This test evaluates the Each cell shall be forced
discharge ability of a primary or a discharged at ambient
rechargeable cell to temperature by connecting it
withstand a forced in series with a 12 V D.C.
discharge condition. power supply at an initial
current equal to the
maximum discharge current
specified by the
manufacturer.
Table 8

Specification classification of LIBs.

Battery specifications Clarification

Small cell A cell with a gross mass of not more than 500 g
Large cell A cell with a gross mass of more than 500 g
Small battery A battery with a gross mass of not more than 12 kg

Large battery A battery with a gross mass of more than 12 kg

Note: (1) Cell means a single encased electrochemical unit (one positive and one
negative electrode) which exhibits a voltage differential across its two terminals,
and may contain protective devices. (2) Battery means two or more cells or
batteries which are electrically connected together and fitted with devices
necessary for use, for example, a case, terminals, marking or protective devices.

validity of the test. Second, existing standards specify limited re-
quirements for test apparatus and control performance. The temperature
cycling rate of existing equipment fails to accurately simulate the in-
ternal thermal diffusion process, and the temperature control system is
unable to track the temperature difference between the battery surface
and its interior in real time, resulting in limited detection sensitivity.
Therefore, strengthening pre-transport safety testing specifications is
warranted to facilitate the development and deployment of more
advanced and reliable test equipment.

5.2. Packaging requirements

Lithium-ion cells and batteries should be packed following with
“Recommendations on the Transport of Dangerous Doods-Model Regu-
lations-Volumell, 23 ed” (United Nations (UN), 2023b), as is shown in
Table 6. Requirements differ for LIBs and LIB-powered vehicles due to
varying battery conditions and weights. Generally, packaging for LIBs
can utilize drums, cans, or boxes made from materials such as steel,
aluminum, natural wood, plywood, reconstructed wood, paperboard or
fiberboard, plastics, and other metals. These packages can be centrally
loaded into large transportation units, such as shipping containers, truck
compartments, and aircraft cargo holds. However, given the inherent
hazards of lithium batteries, cells or batteries in packaging require basic
protection to prevent damage from movement or repositioning, which
could otherwise lead to mechanically abusive lithium battery fire haz-
ards. Damaged or defective units need additional non-combustible,
non-conductive insulating materials and padding to mitigate hazards.
What’s more, ventilation features may be incorporated into sealed
packaging to prevent the accumulation of flammable gases produced by
LIB TR, which could otherwise lead to explosion hazards. Other specific
packing requirements can be found in the “Recommendations on the
Transport of Dangerous Doods-Model Regulations-Volumell, 23 ed”. As
shown in Fig. 20, the labelling requirements for LIB packages under
different transportation conditions are displayed. For LIBs that comply
with special provision 188, the package labels are marked according to
UN numbers, using the labels shown in Fig. 20(a) and (b). For LIB
packages not covered by Special Provision 188, the label shown in
Fig. 20 (c) is used. Furthermore, a safety data sheet and a test passing
report to demonstrate that the batteries have passed the safety tests
should be prepared.
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Fig. 20. Marks and labels for LIBs.

In practice, the selection of packaging materials and the methodol-
ogy of packaging design play a critical role in ensuring the safe trans-
portation of LIBs. Considering cost and weight factors, current
packaging materials mainly consist of corrugated cardboard for fresh
batteries, which unfortunately tend to ignite shortly after battery TR
occurs, facilitating TR propagation. Thus, developing innovative pack-
aging with early thermal anomaly detection and TR spread pre-
vention—such as the intelligent design proposed in Section
4.3.2—would enhance incident control.

5.3. Other regulations

To ensure the safe transport of LIBs across different transportation
modes, various international organizations have developed more
detailed and stringent transportation regulations based on the frame-
work of UN Model Regulations, as shown in Table 9. Each transportation
mode has specific requirements tailored to the inherent risks and oper-
ational characteristics associated with that mode, leading to significant
discrepancies in the regulations, particularly regarding the state of
charge (SOC) of the batteries. For the air transport of LIBs, the regula-
tions to be followed are established by two international organizations,
namely ICAO and IATA. “Technical Instructions for the Safe Transport of
Dangerous Goods by Air” developed by ICAO serves as the fundamental
safety standard for air transportation, while IATA has developed more
detailed operational guidelines “Dangerous Goods Regulations” based
on these instructions. The regulations stipulate that the SOC of LIBs for
air transport must not exceed 30 % as higher SOC levels significantly

increase the risk of combustion. If not suppressed promptly, fires can
lead to catastrophic accidents, including the potential destruction of the
aircraft and loss of life (International Air Transport Association (IATA),
2025; International Civil Aviation Organization (ICAO), 2024). For the
road transport of LIBs, they must comply with the “Agreement Con-
cerning the International Carriage of Dangerous Goods by Road” (United
Nations Economic Commission for Europe (UNECE), 2025). There are no
restrictions on the state of charge of batteries in this regard. The trans-
portation of goods by sea should comply with the “International Mari-
time Dangerous Goods Code” (International Maritime Organization
(IMO), 2024). Additionally, there are specific requirements outlined in
“Regulations concerning the International Carriage of Dangerous Goods
by Rail” (Intergovernmental Organization for International Carriage by
Rail (OTIF), 2025) for transporting LIBs by rail. Unlike air transport,
these modes do not impose SOC restrictions on batteries which can be
attributed to several factors. Firstly, longer transit times during which
limiting SOC could cause excessive self-discharge and potential battery
damage before reaching the destination. Secondly, in the event of a TR
emergency response is more feasible due to the ability to stop and
address the incident promptly.

In addition to these international regulations, different countries
typically establish their own regulations for the transport of dangerous
goods. For example, Title 49 of the Code of Federal Regulations governs
the domestic transportation of LIBs in the United States across various
modes (Pipeline and Hazardous Materials Safety Administration
(PHMSA), 2025). However, there are notable differences between the U.
S. regulations and the UN Model Regulations, particularly regarding

Table 9
Lithium-ion battery transportation specification standards.
Mode of Organization  Standard Affiliation Update cycle Difference
transportation
Air ICAO Technical Instructions for the International ~ Every 2 years General regulatory principles
Safe Transport of Dangerous
Goods by Air
IATA Dangerous Goods Regulations International ~ Every year The provisions are more detailed and stringent
CAAC Specification for Transport of Chinese Dynamically revised (updated  Certain clauses are refined, such as the content related to
Lithium Batteries by Air approximately every 3-5 restrictions on spare lithium batteries
Test for Lithium Batteries years in recent years)
Transported by Air
Road UNECE Agreement Concerning the International ~ Every 2 years in recent years General regulatory principles
International Carriage of
Dangerous Goods by Road
MOT Regulations Concerning Road Chinese Every year in recent years Separate the consignment list from the waybill
Transportation of Dangerous accompanying the Goods
Goods
Rail OTIF The Regulation concerning the International  Every 2 years General regulatory principles
International Carriage of
Dangerous Goods by Rail
Sea MO International Maritime International ~ Every 2 years General regulatory principles
Dangerous Goods Code
China MSA Regulations on the Safety Chinese / Some provisions have been refined in light of national
Management of Dangerous conditions. For instance, ships are required to complete
Goods Carried on Board Ships declaration procedures 24 h prior to entering or exiting
ports; failure to do so within the specified timeframe will
result in administrative penalties
All modes PHMSA Title 49 of the Code of Federal American Dynamically revised The number of cells or batteries per package is unlimited

Regulations
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packaging requirements for damaged or defective cells and batteries.
The UN Model Regulations stipulate that for a cell or battery with a ner
mass more than 30 kg shall be limited to only one cell or battery per
outer packaging. This restriction minimizes the risks associated with
large, damaged batteries, as they present greater hazards in cases of TR.
In contrast, U.S. regulations (49 CFR) do not impose such a restriction on
the number of cells or batteries per outer package, offering more flexi-
bility in packaging configurations. Additionally, the UN Model Regula-
tions require that the inner packaging of damaged or defective cells must
be surrounded by insulating and cushioning materials, and it must use
Packing Group II packaging. These provisions aim to reduce the risk of
accidental mechanical damage during transport. On the other hand, the
U.S. regulations (49 CFR) emphasize similar requirements but addi-
tionally specify the use of non-metallic inner packaging and mandate the
use of Packing Group I packaging, reflecting a more cautious approach
to handling potentially dangerous goods. These enhanced packaging
standards ensure that even in the event of a malfunction, the packaging
can withstand more severe conditions. In China, “Specification for
Transport of Lithium Batteries by Air” (Civil Aviation Administration of
China (CAAC), 2018) issued by the Civil Aviation Administration of
China (CAAC) is mandatory for air transportation of LIBs. For road
transport, LIBs must meet JT/T 617-2018 “Regulations Concerning Road
Transportation of Dangerous Goods” (National Technical Committee on
Road Transport of Standardization Administration of China (SAC/TC
521), 2018).

Despite the broad alignment of most countries’ transportation reg-
ulations with UN standards, discrepancies still exist, particularly in
packaging requirements and other areas. Therefore, when transporting
LIBs across borders, it is essential to carefully consider the differences
between national standards to ensure compliance with all relevant
regulations.

6. Conclusions and outlook

The rapid advancement of LIBs has driven a substantial rise in their
global transportation. However, the complex and variable conditions
encountered during transit have led to periodic safety incidents.
Ensuring the safe transportation of these batteries has therefore become
an urgent priority.

Currently, LIBs are transported via air, road, sea, and rail.
Throughout these processes, batteries may be subjected to mechanical
and thermal stresses that compromise their integrity. The use of buffer
materials in packaging can effectively alleviate mechanical abuse, while
appropriate heat dissipation measures are essential to minimize the risk
of TR caused by insufficient heat dissipation. Among available options,
air cooling stands out for its simplicity, cost-effectiveness, and ease of
maintenance, making it a promising solution for enhancing the overall
safety of LIB transportation.

TR is characterized by its sudden onset, severe consequences, and the
difficulty of implementing timely rescue measures during transit. During
transportation, integrating multi-dimensional signal detection with
neural network algorithms can significantly enhance the timeliness and
accuracy of TR prediction. In terms of fire suppression, liquid extin-
guishing agents are preferred. Where feasible, perfluorohexanone may
be employed as an auxiliary measure—its efficient cooling capability
can effectively delay the initial stages of combustion during TR.

International safety standards for battery transportation exist across
modes, yet most remain generalized. Moreover, full alignment between
national regulations and international frameworks has not been ach-
ieved, and discrepancies persist among different legal systems. There-
fore, promoting mutual recognition of test results and simplifying cross-
border transport procedures are critical issues requiring urgent atten-
tion. Continuous improvement of safety standards is also essential,
especially as LIB energy density and size specifications increase. Test
requirements and pass criteria must be rigorously evaluated for appli-
cability and effectiveness. It is anticipated that more refined and
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intelligent testing equipment will serve as the primary defense in
ensuring transportation safety.

In summary, ensuring the safety of LIB transportation requires multi-
layered protective measures throughout the entire logistics chain.
Future research should focus on developing integrated monitoring
strategies, intelligent early-warning systems, multiphysics simulation
validation, and novel fire-extinguishing agents to further enhance the
safety and reliability of LIB transport.
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