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Abstract

As global deployment of electrochemical energy storage accelerates to support renewable energy
integration, infrastructure in cold regions faces unique electrolyte leakage hazards that threaten
operational safety and environmental integrity. This review synthesizes critical mechanisms governing
electrolyte seepage under subzero conditions, where cryogenic temperatures induce phase separation
(e.g., salt precipitation in Li-ion carbonates, vanadium hydrate crystallization in flow batteries)
and material embrittlement, exacerbating containment failure. Leaked electrolytes exhibit multiphase
transport dynamics dominated by freeze-thaw cycles: ice formation restricts vertical leaching but
generates anisotropic migration pathways through unfrozen brine channels and frost-heaved soil cracks,
while thermal gradients drive directional contaminant spread via solute exclusion and Soret effects.
Physically based models (SHAW, CoupModel, Hydrus-1D) simulate these coupled thermo-hydro-
chemical processes, integrating Clapeyron-driven phase transitions and non-Arrhenius ion transport
scaling. However, knowledge gaps persist in quantifying interfacial electrochemistry at ice-electrolyte
boundaries and predicting multicomponent cross-drag in frozen matrices. The analysis establishes
a foundation for designing cryogenic-resilient containment systems, addressing urgent safety and

environmental challenges for energy storage in cold climates.
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Introduction enhancing grid resilience amid global decarbonization

efforts [1, 2]. Rapid deployment has expanded into

Electrochemical energy storage (EES) systems are cold regions worldwide, with projects like Norway’s
pivotal for stabilizing renewable energy integration and Svalbard microgrid and large-scale installations in

high-latitude/snowbelt regions highlighting this trend,
driven by land availability and renewable proximity
[3, 4]. However, subzero conditions introduce unique
* e-mail: tanbo@scu.edu.cn hazards: electrolyte leakage, triggered by material
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embrittlement (e.g., fluorinated rubber seal failure below
—20°C) and phase transitions, interacts with frozen soils
through freeze-thaw dynamics whose environmental
impacts remain insufficiently characterized [2, 5].
This creates anisotropic contaminant pathways via brine
channels and frost-heaved cracks, posing unresolved
environmental and safety risks despite accelerated
infrastructure growth.

The performance and safety of electrochemical
energy storage systems in cold regions are fundamentally
constrained by electrolyte phase transitions and material
degradation. Organic carbonate-based electrolytes (e.g.,
EC/DMC mixtures) in lithium-ion batteries exhibit
severe viscosity surges and LiPF, salt precipitation
below —20°C, while vanadium sulfate electrolytes in
flow batteries form crystal hydrates (VOSO,:3H,0)
below —5°C, impairing ion mobility and system
integrity [2, 6]. Concurrently, structural materials such
as fluorinated rubber seals lose elasticity at -20°C, and
aluminum current collectors undergo ductile-to-brittle
transitions, exacerbating leakage risks [7]. Once leaked,
cryogenic conditions alter contaminant transport:
ice layers initially restrict vertical penetration, but
repeated freeze-thaw cycles generate frost-heave cracks
that redirect electrolytes laterally, creating localized
pollution hotspots [8, 9]. These coupled physicochemical
processes remain poorly quantified, hindering predictive
modeling of long-term environmental impacts.

Electrolyte leakage in cold environments triggers
complex multiphase interactions that amplify
environmental hazards. Phase instability under freeze-
thaw cycles promotes dendritic crystal growth and
microcrack formation in containment materials,
accelerating structural degradation. Chemically, low
temperatures exacerbate reactivity, LiPF, hydrolysis
releases corrosive HF gas more rapidly, while vanadium
ions exhibit heightened oxidation potential, destabilizing
soil colloids [10, 11]. Transport processes become
highly anisotropic: solute exclusion during ice formation
concentrates brines along freezing fronts, while
thermal gradients drive Soret-induced directional
migration of contaminants [9, 12]. These coupled
phenomena create spatially heterogeneous pollution
patterns, complicating remediation efforts in permafrost-
affected regions.

While existing studies have attempted to synthesize
the mechanisms of electrolyte leakage in cold
environments by examining phase transitions and
transport behaviors, critical knowledge gaps persist
that hinder predictive modeling and risk mitigation.
The electrochemical dynamics at ice-electrolyte
interfaces, including low-temperature ion transport
through SEI layers, remain poorly understood due
to experimental limitations in cryogenic operando
characterization [6, 13]. Furthermore, the cross-
coupling effects of multicomponent electrolyte systems,
particularly temperature-dependent drag coefficients,
are rarely quantified, impeding accurate simulations
of solute redistribution during freeze-thaw cycles [12].

Current coupled models of frozen soil-contaminant
interactions also lack wvalidation, especially in
heterogeneous soils where preferential flow dominates
contaminant dispersion [8, 9].

Moreover, research on the environmental fate of
leaked electrolytes in cold regions remains limited,
with few studies addressing the synergistic effects of
thermal gradients, phase separation, and biogeochemical
reactions. Among the limited literature on this
topic, only a small fraction systematically integrates
experimental data (e.g., soil column tests, molecular
dynamics) with field-scale models (e.g., SHAW,
CoupModel) to bridge molecular-scale mechanisms
with ecosystem-scale impacts [7, 11]. This review
argues that advancing the fundamental understanding
of cryogenic electrolyte percolation, from phase
transitions to anisotropic transport, will pave the
way for safer energy storage designs in cold climates.
By synthesizing interdisciplinary insights, this work
aims to identify key pathways for mitigating leakage
risks while highlighting unresolved challenges in
material science, electrochemistry, and environmental
hydrology.

Results and Discussion

Characteristics and Distribution of Global
Electrochemical Energy Storage

The Development History of Electrochemical
Energy Storage

Electrochemical energy storage traces its roots to
pioneering 18%-19" century innovations, including Luigi
Galvani’s bioelectricity discoveries and Alessandro
Volta’s first battery (1800), followed by Gaston Planté’s
rechargeable lead-acid battery (1859), which fueled
early telegraphy and electric vehicles [14]. The 20
century introduced nickel-cadmium systems (1899)
and breakthroughs like John B. Goodenough’s lithium
cobalt oxide (1980), leading to Sony’s commercialization
of lithium-ion (Li-ion) batteries in 1991, a milestone
that transformed portable electronics. By the 21
century, Li-ion dominated energy storage with high
energy density (300-400 Wh/m®), 90% efficiency,
and an 89% cost reduction, enabling grid-scale
projects like China’s 20 MW Zhangbei station and
electric vehicle proliferation[15, 16]. Concurrently,
vanadium flow and sodium-sulfur systems addressed
grid challenges despite technical limitations [3].
Modern advancements prioritize solid-state batteries,
hybrid Li-ion-supercapacitor configurations,
and sustainable cobalt-free cathodes, propelled
by global decarbonization initiatives and Al-driven
optimizations, solidifying electrochemical storage as
essential for renewables integration and grid resilience
[17, 18].
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Global Deployment Patterns and Case Studies
of Electrochemical Energy Storage

In the context of the global transition toward
renewable energy integration and grid stability
enhancement, electrochemical energy storage
systems have been widely deployed across diverse
geographical and climatic conditions, serving as critical
infrastructure to balance supply-demand dynamics and
support renewable energy penetration [19]. As shown
in Fig. 1, Japan’s Hokkaido Electric Power Network
(HEPCO) pioneered grid-scale VRFB deployment with
a 17 MW/51 MWh system at Minami-Hayakita
Substation,  centralizing  renewable  fluctuation
management and lowering operational costs. In the
United States, the Moss Landing Power Plant exemplifies
hybrid energy infrastructure, combining natural gas
generation with a 630 MW/2,500 MWh battery facility,
the world’s largest as of 2025, to store solar surplus and
stabilize California’s grid. Canada’s Oneida Energy
Storage (250 MW/1,000 MWh) and Germany’s Aquila
Clean Energy project (50 MW/100 MWh) highlight
advancements in lithium-ion technology, optimized for
wholesale market trading and cobalt-free sustainability,
respectively.

China has emerged as a pivotal player in grid-scale
electrochemical storage deployment, exemplified by
landmark projects such as the Dalian Hengliu vanadium
redox flow battery (VRFB) system (200 MW/800 MWh),
the world’s largest since 2016, and the Dongying Jinhui
facility (500 MW/1,000  MWh), integrating high-
density lithium iron phosphate cells to reduce land
use by 25% and offset 101,000 tons of coal annually.
Rapid infrastructure expansion is evident in extreme
environments like Qinghai’s Chaidamu Basin, where
a 270 MW/1,080 MWh shared storage plant achieved
grid synchronization within 25 days using liquid-
cooled systems. As shown in Fig. 2, by 2020, China’s
cumulative energy storage capacity reached 35.6 GW
(18.6% of global capacity), with electrochemical storage
(EES) surging to 3.27 GW, a 91.2% year-on-year increase
driven by lithium-ion dominance (88.8% share). Post-
2018 explosive growth, including a 316% installation
spike that year, underscores China’s alignment of
technological scale-up with decarbonization strategies
[20].

Notably, a significant proportion of these large-
scale electrochemical storage installations are situated
in cold climates where seasonal or perennial subzero
temperatures prevail [2, 5]. While site selection often
prioritizes land availability and renewable energy
proximity, frigid environments introduce unique
challenges in operational safety and environmental
protection [21]. Unlike temperate regions, where
electrolyte leakage primarily risks immediate soil
infiltration, freezing conditions alter contaminant
transport dynamics: frozen ground may temporarily
restrict vertical leaching, whereas freeze-thaw cycles
can enhance lateral spreading via ice lens formation

and soil cracking. This physicochemical interplay
between electrolytes (e.g., LiPF,, vanadium species)
and cryogenic soils remains understudied, despite
its relevance to long-term groundwater protection.

Characteristics of Electrolytes
in Cold Regions

Contemporary electrochemical energy storage
systems primarily employ lithium-ion batteries (LiBs),
vanadium redox flow batteries (VRFBs), sodium-
sulfur (Na-S) batteries, and lead-acid batteries [22].
Each system features distinct electrolytes: (1) LiBs
typically use organic carbonate-based solutions (e.g.,
LiPF, in EC/DMC mixtures), with ionic liquid or solid-
state alternatives emerging [23]; (2) VRFBs rely on
acidic vanadium sulfate (V**/V** in H,SO,) or chloride-
based electrolytes [1]; (3) Na-S batteries utilize molten
sodium and sulfur separated by a f-alumina solid
electrolyte at high temperatures (~300°C) [22]; (4) lead-
acid systems contain aqueous sulfuric acid [23]. Hybrid
configurations may integrate these electrolytes with
additives to enhance conductivity or thermal stability
[24].

In cold climates (<0°C), electrolyte behavior deviates
significantly from standard conditions. Organic LiB
electrolytes exhibit viscosity surges (e.g., EC/DMC
viscosity triples at —20°C), reducing Li* diffusivity and
fostering salt precipitation. VRFB electrolytes may form
vanadium crystal hydrates (e.g., VOSO,:3H,0) below
—5°C, impairing flowability [25]. Lead-acid undergoes
freezing at ~—70°C but faces conductivity decay
above this threshold. Molten Na-S electrolytes require
auxiliary heating to prevent solidification, raising
operational costs. Such phase transitions and transport
limitations heighten leakage risks during thermal
cycling, as mechanical stress from repeated freezing/
thawing can compromise battery seals [26].

Upon leakage, electrolyte-soil interactions in cold
regions are governed by freeze-thaw dynamics. Organic
LiB electrolytes (e.g., EC/DMC) resist immediate
freezing due to low water affinity but exhibit multi-
year persistence in soils, with hydrophobic components
(e.g., LiPF)) adsorbing to organic matter while polar
solvents migrate downward during thaw phases [8,
27]. Acidic VRFB electrolytes destabilize soil colloids,
accelerating metal leaching under freeze-thaw-induced
cracking. H,SO, rapidly depresses soil pH, enhancing
heavy metal solubility, while ice formation temporarily
confines its spread, creating localized contamination
hotspots upon melting [28, 29]. Molten Na-S electrolytes
solidify upon contact with cold soil, posing limited
mobility but persistent alkalinity risks. Predictive
modeling of these processes must account for cryogenic
soil properties (e.g., ice saturation, permeability
hysteresis) to assess long-term groundwater threats [30,
31].
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Fig. 1. Global distribution of selected grid-scale electrochemical energy storage projects (2016-2025). Projects are categorized by
country (distinct circular markers) and annotated with key parameters (capacity, technology type). The map highlights geographically
and technologically diverse case studies, but is not exhaustive.
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Fig. 2. Composition proportion of different types of electrochemical energy storage power stations in China.

Safety Risk Characteristics of Electrochemical
Energy Storage Stations in Cold Regions

Structural Integrity and Electrolyte Leakage
Mechanisms under Low-Temperature Stress

Electrochemical energy storage (EES) systems in
cold climates face multiple interrelated failure pathways,
as detailed in Table 1, which categorizes key issues by
location, severity, and consequence [2]. One of the most
critical failures originates from material embrittlement,
polymers such as fluorinated rubber (FKM) seals lose
elasticity below —20°C, leading to microcracks and
subsequent electrolyte leakage [10, 32]. Similarly, metals
like aluminum current collectors undergo a ductile-
to-brittle transition below —15°C, reducing fracture
toughness by 35% and increasing the likelihood of
internal short circuits. These phenomena are often
accompanied by thermal contraction mismatches,
particularly at steel-polymer housing interfaces, which
further compromise structural integrity and promote
moisture ingress [7, 33].

Electrolyte behavior also deteriorates severely at low
temperatures [34]. Conventional ethylene carbonate-
based electrolytes experience a sharp viscosity
increase at —40°C, severely restricting ion mobility and
fostering lithium plating [35]. As indicated in Table 1,
this viscosity surge not only degrades performance but
also heightens the risk of short circuits from dendrite
growth [6]. Mechanical failures extend to welded
connections, where uneven thermal stress causes crack
propagation. Such weld joint cracking, classified as
a critical hazard, introduces intermittent electrical
contact, arcing, and potential fire risks [36, 37]. These
risks are compounded by post-thermal runaway
venting, with certain chemistries such as LiFePO,
posing unexpectedly high explosion hazards in cold
environments.

Mitigating these challenges demands a multifaceted
approach, as demonstrated by Norway’s Svalbard
microgrid, where preheated enclosures maintain internal
temperatures above —10°C to minimize thermal shock
[2, 4]. Advanced material solutions, including ceramic-
coated separators and low-temperature polyurethane

sealants,  further = enhance  durability  [38-40].
Table 1. Low-temperature failure mechanisms in Electrochemical Energy Storage (EES) system.
Issue Location Haza?d Consequence Reference
Severity
. . Microcrack formation, electrolyte
Polymer embrittlement Seals/gaskets (FKM rubber) High leakage, thermal runaway risk [7,10]
. . . . . Fracture propagation, internal short
Ductile-brittle transition Aluminum current collectors Medium A . [7,97]
circuits, capacity fade
Therma} contraction Steel-polymer housing High Seal failure, moisture ingress, corrosion [7]
mismatch interfaces
Weld joint cracking Busbar/terminal connections Critical Intermittent contact, arcing, fire hazard [7,10]
. . . Ion depletion, Li plating, dendrite
Electrolyte viscosity surge Bulk electrolyte (EC-based) High penetration [5,41,97]
Conductive ice formation | External surfaces post-leakage Critical Ground faults, system shutdown [5, 11, 41, 98]
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Fig. 3. Multiscale hazards of cryogenic electrolyte leakage: phase instability, enhanced reactivity, and anisotropic transport.

Collectively, these measures underscore the necessity of
adaptive design and operational strategies to ensure EES
reliability in extreme cold [2, 5, 38].

Multiphase Environmental Hazards
from Leakage in Cryogenic Conditions

Under cryogenic conditions, leaked -electrolytes
exhibit complex multiphase behaviors that exacerbate
environmental and safety risks (Fig. 3) [21]. In Li-ion
batteries, organic carbonate-based electrolytes undergo
freezing below —20°C, forming crystalline phases that
destabilize solvation structures and accelerate salt
precipitation [41], while aqueous electrolytes experience

ice nucleation, leading to solute concentration
polarization and localized corrosion hotspots [11].
The coexistence of solid (ice/crystals), liquid

(supercooled electrolyte), and gaseous phases (evaporated
solvents) creates thermodynamically unstable interfaces,
promoting dendritic crystallization and micro-fractures
in containment materials [2]. Such phase heterogeneity
further disrupts mass transport, as seen in the Ostwald
ripening of Li salts or the segregation of vanadium ions
in frozen aqueous systems, amplifying leakage-driven
degradation. These phenomena are compounded by
the volume expansion of freezing electrolytes (e.g., ~9%
for water), which mechanically stresses battery housings
and adjacent infrastructure [27].

Low temperatures significantly alter the chemical
reactivity of leaked electrolytes, often intensifying
hazardous side reactions [15]. In lithium-ion batteries,
the decomposition of organic carbonate solvents
(ethylene carbonate, dimethyl carbonate, ethyl methyl
carbonate) becomes more exothermic at subzero

temperatures due to slowed kinetics of passivation
layer formation, leading to uncontrolled heat release
and potential thermal runaway [41]. Concurrently,
the hydrolysis of lithium salts such as LiPF, generates
corrosive byproducts, including hydrogen fluoride
gas, lithium fluoride precipitates, and phosphorus
oxyfluorides, which compromise structural materials
and pose inhalation risks [23]. Similarly, aqueous
electrolytes in flow batteries exhibit accelerated
corrosion of electrodes and membranes at cryogenic
conditions, driven by the increased solubility of reactive
oxygen species and the destabilization of redox-active
ions like vanadium or zinc. These reactions are further
exacerbated by the reduced efficiency of buffer systems
at low temperatures, resulting in pH swings that promote
the precipitation of metal hydroxides or oxides. Such
temperature-dependent reactivity not only escalates
immediate safety hazards but also contributes to long-
term environmental persistence of contaminants [2, 11].

Electrolyte leakage exhibits unique transport
behaviors dominated by thermally driven phase
transitions and interfacial phenomena [42]. The diffusion
of lithium salts (LiPF,, LiTFSI, LiFSI) and redox-active
ions (vanadium, zinc, iron) becomes highly anisotropic
as freezing temperatures induce salt precipitation and
ice nucleation, creating tortuous migration pathways
through partially frozen matrices [11]. Ice formation
restructures transport mechanisms through solute
exclusion effects that concentrate electrolytes at grain
boundaries, generating high-conductivity brine channels
beneath ice layers [27]. These microstructural features
enable accelerated contaminant migration along thermal
gradients while simultaneously blocking bulk diffusion,
leading to complex spatiotemporal distribution patterns.
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Molecular dynamics simulations reveal that subzero
temperatures reduce ionic mobility but enhance
directional migration forces, resulting in preferential
flow paths that exacerbate localized corrosion and
environmental contamination [2, 41]. Such cryogenic-
specific transport phenomena necessitate advanced
modeling approaches that account for phase separation
and interfacial electrochemistry in containment system
design.

Transport Mechanism of Electrolyte
at Cryogenic Conditions

The Temperature-Dependent Behavior of Electrolytes
across Macropores and Micropores

Understanding of temperature effects in liquid
battery electrolytes, spanning macroscopic transport to
microscopic processes, is extensively documented. This
is especially documented for LiPF /carbonate systems
[43, 44]. However, there remain significant knowledge
gaps, particularly in areas such as interfacial transport
involving the solid electrolyte interphase (SEI),
multicomponent cross-drag effects, and unified transport
models that span different chemistries and temperature
extremes.

Temperature-Dependent Electrolyte Transport
in Macropores and Micropores

Ionic conductivity and ion/solvent diffusion
coefficients universally decrease with decreasing
temperature, typically following  Arrhenius or
compensated Arrhenius scaling, particularly when
accounting  for temperature-dependent  dielectric
effects [44, 45]. At the microscopic level, most liquid
electrolytes exhibit only modest temperature-driven
changes in Li" solvation structure. Spectroscopic
studies reveal a slight shift toward contact-ion pairs
(CIP) at higher temperatures and solvent-separated
ion pairs (SSIP) at lower temperatures, especially
in carbonate-based systems [43]. Nuclear magnetic
resonance (NMR) and molecular dynamics (MD)
analyses confirm minimal temperature-induced changes
in ion-pairing statistics, indicating that viscosity and
solvation effects dominate transport behavior across
temperature regimes rather than ion aggregation [43,
44, 46]. This is particularly evident in LiPF /carbonate
systems where viscosity governs low-temperature ionic
mobility, with no significant aggregation observed down
to -20°C [44]. Notably, Li* transference numbers remain
largely temperature-invariant, though certain reference
frames may exhibit non-monotonic dependencies [35].
These transport characteristics correlate strongly with
temperature-induced changes in solvation equilibrium
free energy [43], demonstrating interconnected macro-
micro relationships where macroscopic transport trends
emerge directly from molecular-scale interactions.

Advanced Transport Coefficient Sets

Transport in concentrated or multicomponent
electrolytes remains underexplored. Only one study
has provided a comprehensive set of Stefan—-Maxwell
(Onsager) coefficients, such as temperature-dependent
cross-drag coefficients (Ai(T)) and Soret/Seebeck
coefficients. Hanke et al. [45] verified that thermally
driven polarization can rival ohmic losses under certain
cell conditions. Other works typically focus on bulk
metrics, leaving cross-effects underexplored. Modern
efforts integrating simulations and experiments have
shed light on the sensitivity of transference numbers
and cross-coefficients to the choice of reference frame.
These insights begin to resolve prior inconsistencies
in results [47].

Interfacial and Operando Transport Studies

There is minimal direct characterization of
temperature-dependent SEl/interphase transport
properties, as such contributions are often subsumed
into total cell impedance measurements or overlooked.
Early operando imaging techniques, including
Raman spectroscopy and MRI, have begun to isolate
temperature-driven concentration gradients during
operation, providing valuable insights into these
processes. Recent advances in gradient-resolved Raman
[48] and MRI/NMR [49] imaging demonstrate real-time
tracking of temperature-dependent changes in local
diffusivity, concentration polarization, and the onset of
lithium filamentation under thermal gradients.

Chemistry and Temperature Coverage

The majority of studies focus on LiPF /carbonate
systems, with secondary coverage of polymer
electrolytes [47, 50, 51] and ether/glyme systems
[43, 48, 52]. There remains sparse data for aqueous
systems, ionic liquids (ILs), and solid-state electrolytes.
Comparative studies of alternate cations and salts (e.g.,
Na*, K*, TFSI, FSI) indicate expected trends in solvation
and diffusion, but lack extensive temperature-dependent
data [52, 53]. Most research is confined to the range of
—20°C to +60°C, with some studies extending to —60°C
or +90°C for extreme cases involving glassy/polymer
electrolytes or liquid systems [43, 44, 51]. However,
detailed investigations focusing on interfacial dynamics
or non-liquid-state phenomena at these limits remain
limited.

Models, Scaling Laws, and Outstanding Challenges

Recent advances in modeling show that non-
Arrhenius conductivity in bulk liquids can be accurately
described using compensated Arrhenius scaling. This
approach captures temperature-dependent changes in
the solvent’s dielectric properties without invoking
multiple mechanistic barriers, simplifying the analysis
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of typical organic liquid electrolytes [54]. Cutting-
edge hybrid simulations (e.g., MD with continuum
models) and advanced spectroscopies are beginning to
resolve full transport coefficient sets, including cross-
coupling effects and thermo-diffusion phenomena, while
linking them to thermodynamic and kinetic descriptors
[43, 45, 47]. However, experimental validation of
these frameworks is still in its early stages. No robust
framework currently exists to separate and quantify SEI
or interfacial conductivity activation energies and their
scaling with temperature. This remains critical for next-
generation modeling and optimizing electrochemical
performance under extreme temperature conditions.
Few studies systematically investigate multicomponent
friction, cross-drag, and temperature-dependent
thermodiffusion parameters [45]. There remains
fragmentation in  experimental and theoretical
integration, particularly for non-traditional electrolyte
systems like ionic liquids, water-in-salt electrolytes, and
solids, as well as at temperature extremes.

Experimental Studies on Electrolyte Transport
under Frozen or Freeze-Thaw Conditions

Experimental and modeling advances have
significantly elucidated the complex behavior of
solute transport in frozen soils, integrating direct
measurements with  physically based numerical
frameworks. Controlled laboratory studies using soil
columns [55-57] provide fundamental insights into ion
migration mechanisms under various freezing regimes.
Investigations expanded to cyclic freeze-thaw scenarios,
documenting complete mass balance and redistribution
profiles for Na,SO, in silt [58], while quantifying NaCl
and water movement in sand under constant freezing
rates [59]. Field-based observations further demonstrate
environmental relevance, with tracking multi-ion
accumulation (Cl, Na®, Mg?, Ca*) during seasonal
transitions in agricultural systems and employing
KBr tracers to monitor conductivity changes through
freeze-thaw cycles [60, 61]. Advanced methodologies
like time-domain reflectometry enable precise
tracking of coupled water-electrolyte movement [62],
while studies such as systematically compare diverse
electrolytes (Na,SO,, KCl, CaCl,, NaCl, MgCl,)) in
hydrate-bearing sediments [55], revealing salt-specific
phase transition behaviors that govern ion mobility in
frozen matrices.

Complementing empirical findings, physically-
based numerical models [63-69] simulate the coupled
thermo-hydro-chemical processes governing cryogenic
solute transport. Early modeling by Panday and
Corapcioglu [70] established fundamental frameworks
for salt rejection and redistribution during freezing,
incorporating capillary and Clapeyron effects.
Subsequent 1D formulations [63, 67] integrate
advection-dispersion mechanisms with coupled driving
potentials (matric, osmotic, vapor), enabling prediction
of precipitation zones [67] and ice lens formation under

saline conditions. Notably, recent multidimensional
advances include Mohammed’s [66] 2D framework for
permafrost-affected groundwater contaminant transport
and Huang’s [64] sophisticated finite-element model
that fully couples water/heat/solute transport with
soil deformation and sorption processes. Field-scale
predictive capabilities are enhanced through landscape
solute connectivity models under degrading permafrost
[71] and seasonal freeze-thaw scenarios [65, 72].
Crucially, iterative model-experiment validation [55,
67] ensures predictive reliability, evidenced by close
matches between simulated and measured salt profiles in
unsaturated columns, Na,SO, mass balance under cyclic
freezing [58], and ion flux densities in phase-transition
systems [55].

Microscale  mechanisms  underpinning  these
dynamics involve complex interfacial processes where
premelting enables solute migration through nanoscale
unfrozen films [73], and solute rejection at advancing
ice fronts leads to brine entrapment and channelization
[75, 76]. Research by Zhang et al. [9] reveals how
alternating ice and salt crystallization generates
deformation through supersaturation and pressure
buildup, particularly consequential in sulfate-rich
systems. Fundamental investigations of clay-water-salt
interactions [76] and hydrate dissociation constraints
[55] further establish the physicochemical basis for ion
mobility. These microscale phenomena directly manifest
in macroscale hydro-mechanical coupling, where frost
heave and soil deformation interact dynamically with
solute redistribution, as quantified through laboratory
deformation tracking and integrated into comprehensive
numerical frameworks [64]. The collective advances
across experimental, theoretical, and computational
domains now enable predictive understanding of
electrolyte behavior in frozen terrestrial systems —
from pore-scale phase transitions to landscape-scale
contaminant pathways in warming permafrost regions.

Coupled Water and Heat Transfer
Processes in Cold Regions

In cold regions, the convective-dispersive equation
of solute transport is an important tool for understanding
how solutes move through the frozen soil matrix. This
equation is based on the principles of mass balance and
considers both convective transport (driven by fluid
flow) and dispersive transport (driven by concentration
gradients). The general form of the convective-
dispersive equation in frozen soils can be expressed as
follows:

2(0c)

o =V-(6DVc) —V-(qc) + ¢

(M

Where 6 is volumetric soil water content, ¢ is solute
concentration in soil solution, D is dispersion coefficient,
q is liquid water flux, ¢ is a sink term for solute
degradation and extraction by roots. Water transport
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during freezing/thawing combines liquid and phase-
change dynamics and can be expressed as follows:

00 | pidb; _ .

Where 6, is liquid water content, K(f) is unsaturated
soil hydraulic conductivity, ¥ is soil matric potential,
S'is a source/sink term for water flow. Thermal dynamics
drive phase transitions:

aT 20,

Cs5; + Lepig, = V- (kVT) — p, GV - (qT) 3)

Where C is heat capacity of soil, 7" is soil
temperature, L, is latent heat of fusion, 0, is ice content
within soil, p, is density of ice, « is soil heat conductivity,
p, and C, are density and heat capacity of liquid water,
respectively.

Physically-based modeling of coupled hydrothermal
processes in frozen soils employs several established
frameworks. The Simultaneous Heat and Water
(SHAW) model dynamically simulates liquid, solid,
and gaseous water phases through freezing-point water
potential equations, eliminating reliance on a fixed 0°C
threshold [77, 78]. It has been extensively applied to
quantify heat-water-solute interactions with vegetation/
snow cover [79, 80], permafrost thermal regimes
[81], and groundwater table effects [82]. In contrast,
the CoupModel [83] integrates conduction and vapor
convection while explicitly accounting for ice-induced
moisture migration dynamics, enabling simulations of
hydrothermal fluxes [8, 84], water-heat-salt coupling
[85], and organic matter impacts on permafrost [86]. Its
parameter uncertainty is minimized through automated
GLUE-MCMC calibration [87]. The Hydrus-1D model
excels in simulating water/vapor/heat movement
under nonfreezing conditions, with enhanced freezing
modules incorporating hydraulic conductivity blocking
effects [88], though it omits frost heave mechanics.

Critical distinctions exist between these approaches:
SHAW utilizes the Clapeyron equation and de Vries
thermal parameterization but neglects bypass flow,
making it particularly effective for salt transport
modeling [90]. Conversely, CoupModel’s threshold-based
thermal conductivity and accommodation of bypass flow
improve accuracy in freeze-thaw hydrothermal cycling
and cold-region ecological processes [81]. Alternative
methodologies include enthalpy-based formulations [90]
that replace temperature with volumetric enthalpy in
energy balance equations to circumvent phase-change
instability, significantly enhancing computational
efficiency [91]. Engineering-oriented finite-element
platforms like COMSOL Multiphysics and ANSYS
resolve coupled differential equations for saturated/
unsaturated zones [12], enabling detailed analysis of
vapor transfer mechanisms [92] and phase-change
dynamics [93], albeit with high parametric demands that
limit regional scalability.

Ongoing model advancements address complex
interfacial behaviors, including nonequilibrium ice-
water interfaces [94] and coupled liquid-vapor-air
fluxes [95], while land-surface integrations (e.g.,
HydroSiB2 [90]) and seasonal process modules [96]
continue to refine representations of energy-mass-
momentum coupling in permafrost environments.
These developments collectively advance predictive
capabilities for frozen soil hydro-thermal dynamics
across scales, despite persistent challenges in balancing
physical fidelity with computational tractability.

Conclusions

Addressing electrolyte leakage in cold-region
energy storage is vital for sustainable infrastructure and
environmental safety. This review synthesizes cryogenic
failure mechanisms: subzero conditions induce
electrolyte phase separation (e.g., LiPF, precipitation,
vanadium hydrate crystallization) and material
embrittlement, exacerbating containment breaches.
Freeze-thaw dynamics dominate the anisotropic
transport of leaked electrolytes. Specifically, ice
formation restricts vertical leaching while redirecting
contaminants laterally through unfrozen brine channels
and frost-heaved fractures. These transport processes
are further amplified by thermal gradients via solute
exclusion and Soret effects. Cryogenic reactivity
intensifies hazards (accelerated HF release, heightened
vanadium oxidation), destabilizing soils. Physically
based models (SHAW, CoupModel, Hydrus-1D) simulate
thermo-hydro-chemical coupling but lack resolution
for interfacial electrochemistry at ice boundaries and
multicomponent cross-drag in frozen media. Future
work would prioritize four interconnected research
vectors to advance predictive capabilities and mitigation
strategies:

(I) Interfacial Electrochemistry Quantification:
Advanced operando  cryogenic  characterization
techniques are needed to resolve charge transfer
mechanisms across solid electrolyte interphases (SEI)
and ice-electrolyte interfaces.

(2)  Multicomponent  Transport  Validation:
Experimental-computational co-validation of cross-
drag coefficients and Soret parameters for complex
electrolytes under freeze-thaw cycling, particularly in
heterogeneous frozen soils.

(3) Multiscale Model Integration: Development of
unified computational frameworks integrating molecular
dynamics simulations of premelting films with pore-
scale phase-field models of ice lens formation and
field-scale continuum models predicting contaminant
transport in permafrost terrains.

(4) Extreme Environment Material Design: Machine
learning-driven discovery of electrolyte formulations
and sealants evaluated under cryogenic thermal cycling
with simultaneous mechanical stress.
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