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Abstract

Phase change cold storage materials exhibit high energy storage density and hold
broad application prospects in efficient energy utilization and energy conserva-
tion. This paper classifies phase change cold storage materials with solid-liquid
phase transition points below 20 °C, comprehensively summarizes various types
of phase change materials that are currently well-researched and commercially
available along with their thermophysical parameters, and compares the ther-
mophysical and chemical properties of different categories of phase change ma-
terials. Finally, this paper provides an outlook on the research and application
prospects of phase change cold storage materials.
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Abstract: Phase change materials for cold storage exhibit high energy density
and offer broad application prospects for efficient energy utilization and energy
conservation. This paper categorizes phase change materials with solid-liquid
phase transition points below 20 °C and comprehensively summarizes the ther-
mophysical properties of various types of phase change materials that have been
extensively studied or commercialized. The thermophysical and chemical prop-
erties of different categories are compared, and future research and application
prospects for cold storage phase change materials are discussed.
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1. Classification of Phase Change Materials for Cold Stor-
age

Phase change materials can be classified into four types: solid-solid, solid-gas,
liquid-gas, and solid-liquid, as shown in [Figure 1: see original paper]. However,
the first three categories are difficult to implement at scale due to significant
pressure changes and low phase change enthalpy. In contrast, solid-liquid phase
change materials generally offer better practicality and can be broadly divided
into three major categories: organic materials, inorganic materials, and eutectic
materials.

Cold thermal energy storage (CTES) is a technology that stores cooling capacity
below ambient temperature for later use. It serves as a supplement and adjust-
ment to refrigeration technology, providing an economically feasible method to
coordinate the temporal and intensity mismatches between cooling supply and
demand. To date, CTES has been widely applied in civil and industrial air
conditioning systems, refrigerators and cold storage facilities, refrigerated vehi-
cles, and building energy efficiency, creating a win-win situation for both power
systems and users. CTES is primarily divided into three methods: sensible heat
storage, latent heat storage, and thermochemical storage. Among these, latent
heat storage using phase change materials (PCMs) has attracted extensive at-
tention due to its energy storage density being 5-14 times higher than the other
two methods.

Phase change materials can undergo phase transitions at constant or near-
constant temperatures while absorbing or releasing substantial thermal energy,
effectively exhibiting very high specific heat within their phase transition tem-
perature range. The heat stored through latent heat storage can be expressed
as:

/mchT +mAH, + /mcldT

where Ty, T,,., and T, represent the initial temperature, phase change tempera-
ture, and final temperature in Kelvin, respectively; m is mass in kg; ¢, and ¢
are the specific heats of solid and liquid phases in J+ g~ - K~1; and AH,, is the

latent heat of phase change in J - g~ .

Leveraging the advantages of stable phase transition temperatures and high en-
ergy storage density, numerous scholars have dedicated efforts to developing new
PCMs and measuring their thermophysical properties such as phase transition
temperature and latent heat. For instance, Xu et al. prepared a metal-based
composite high-temperature thermal storage material using binary eutectic car-
bonate (Li,CO5-K,CO4) as the PCM and copper foam as the matrix, which
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demonstrated high thermal conductivity and storage density. Differential scan-
ning calorimetry measurements revealed a phase change temperature of 486.7 °C
and latent heat of 326.8 J-g~!. Zuo et al. investigated the thermal performance
of caprylic acid, lauric acid, and their binary system using differential scanning
calorimetry and low-temperature microscopy, showing that eutectic formation
occurred at higher caprylic acid mass fractions, with a eutectic melting temper-
ature of 7.44 °C and latent heat of 136.43 J-g~!. Chen et al. prepared and
characterized a dodecane/expanded graphite composite PCM for cold storage,
reporting a phase change temperature of -10.62 to -9.82 °C and latent heat of
124.8-125.1 J - g~!. Xiao et al. prepared a graphite foam/paraffin composite
PCM using vacuum injection, finding that compared with pure paraffin, the
composite showed no significant change in phase change temperature, a 4%
reduction in latent heat, and a 311-fold increase in thermal conductivity.

However, significant challenges remain in practical PCM selection due to the
lack of accurate classification and systematic selection criteria. While previous
studies have extensively examined PCMs with phase change temperatures above
20 °C, materials with transition points below 20 °C still hold vast application
potential but have not been comprehensively compiled and analyzed. There-
fore, this paper first systematically classifies cold storage PCMs and elaborates
on the advantages and disadvantages of each category. Second, it summarizes
research-stage and commercial PCMs with phase change temperatures below 20
°C according to this classification. Finally, it compares the primary thermophys-
ical and chemical properties of different cold storage PCMs to provide references
for material selection in future research and engineering applications, thereby
promoting broader application of cold storage PCMs across multiple fields.

1.1. Organic Phase Change Materials

Organic PCMs are carbon-based compounds typically categorized as alkanes
and non-alkanes. Their latent heat gradually increases with molecular weight
and carbon number. These materials offer advantages including chemical stabil-
ity, high latent heat, stable phase change temperatures (no phase separation),
and self-nucleating properties (no supercooling). However, their main drawbacks
include gradual degradation of latent heat and low thermal conductivity (0.1-
0.7 W-m~!-K™1). lists widely studied organic PCMs and their thermophysical
parameters.

Alkanes: Alkanes (CH;-(CH,),-CH;) are saturated hydrocarbons composed
primarily of carbon, hydrogen, carbon-carbon single bonds, and carbon-
hydrogen single bonds. Generally, both phase change temperature and latent
heat increase with carbon number. As shown in , dodecane, tetradecane, and
hexadecane exhibit phase change temperatures of -12 °C, 4.5-5.6 °C, and 18.1
°C, respectively. Alkanes are safe, reliable, inexpensive, and non-corrosive,
demonstrating chemical inertness and stability below 500 °C with minimal
volume change and vapor pressure during phase transition, resulting in
long service life. Their primary disadvantages are low thermal conductivity,
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incompatibility with plastic encapsulation, and flammability.

Non-alkanes: Non-alkane PCMs mainly include fatty acids, polyols, and esters.
This category encompasses numerous materials with diverse properties. All
share flammability, making them unsuitable for high-temperature, flame, or
oxidizer environments. Fatty acids (CH3(CH,)s,, - COOH) generally feature
high latent heat, long service life, and no supercooling, but cost 2-2.5 times
more than alkanes and exhibit corrosiveness. Other non-alkane PCMs typically
suffer from low thermal conductivity, low flash points, and toxicity.

To address the low thermal conductivity of organic PCMs, current approaches
commonly involve adding nanoscale metals, metal-based materials, graphite
powder, or carbon fibers to enhance heat transfer. These additives modify the
base fluid structure and generate micro-convection phenomena with the liquid,
thereby strengthening energy transfer and improving thermal conductivity.

1.2. Inorganic Phase Change Materials

Inorganic PCMs primarily include hydrated salts, compounds, and metal al-
loys. They offer advantages of low cost, good thermal conductivity, and non-
degrading latent heat, but suffer from supercooling, phase separation, and cor-
rosion of encapsulation materials. lists widely studied inorganic PCMs and their
thermophysical parameters.

Hydrated salts: Hydrated salts (AB - nH,0) are crystals formed by the com-
bination of inorganic salts and water. Their solid-liquid transition is essentially
a hydration-dehydration process, analogous to freezing and melting in thermo-
dynamics, with phase change enthalpy depending on bond strength between
water molecules and salt molecules. The dehydration process exhibits incongru-
ent melting, sometimes losing only part of the crystalline water and sometimes
losing it completely. Hydrated salts offer high latent heat, high thermal conduc-
tivity, small volume change during phase transition, low thermal stress effects,
low toxicity, and low cost. However, supercooling, phase separation, and cor-
rosion of common metals (copper, aluminum, stainless steel) constrain their
application in cold storage systems.

To improve the poor nucleation performance of hydrated salts, the common solu-
tion is adding nucleating agents to provide crystal nuclei. Xu et al. demonstrated
that adding borax to CaCl, -6H,0 in an open system at room temperature could
reduce supercooling to 2 °C, effectively solving the supercooling problem.

Inorganic compounds: Inorganic compounds typically refer to compounds
without carbon elements, though they include carbon oxides, bicarbonates,
carbonates, and cyanides. Due to generally low latent heat and environmen-
tal/health hazards—such as the strong corrosiveness of NaOH listed in —most
inorganic compounds have not found widespread application in cold storage
systems.

Metal alloys: Although some low-melting-point metals and their alloys have
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not been widely applied in cold storage due to high density, they offer advan-
tages of high latent heat, high thermal conductivity, high electrical conductivity,
low vapor pressure, and minimal volume change during phase transition. Conse-
quently, low-melting-point liquid metals have become indispensable in cooling
applications for laser systems, USB flash memory, and smartphones.

1.3. Eutectic Phase Change Materials

Eutectic PCMs are typically crystalline mixtures formed by two or more low-
melting-point components during crystallization, subdivided into organic eutec-
tic materials and inorganic eutectic materials (primarily eutectic salt solutions).
Their greatest advantage lies in the ability to control phase change temperature
by adjusting component ratios. For example, crystallization of tetradecane with
octadecane, docosane, or heneicosane achieves phase change temperature ranges
of -4 to 5.56 °C. Additionally, eutectic PCMs offer high thermal conductivity,
high density, no phase separation, and no supercooling, though their latent
heat and specific heat are relatively lower compared to alkanes and hydrated
salts. and list widely studied organic and inorganic eutectic PCMs and their
thermophysical parameters.

To obtain eutectic PCMs with suitable phase change temperatures and high
latent heat, numerous researchers have experimentally measured thermophysical
parameters at different component ratios to identify optimal properties. Li et
al. investigated a ternary eutectic PCM of glycerol, sodium acetate, and water at
mass ratios of 2:2:6, 1:2:7, 1:1:8, and 2:1:7, finding that the 1:1:8 mixture yielded
optimal properties with a phase change temperature of -14 °C and latent heat
of 172 J-g~!. Yang et al. prepared a binary eutectic PCM of caprylic acid
and tetradecanol, varying caprylic acid mass fraction from 0% to 75%, and
determined that 74% caprylic acid provided the best stability, resulting in a
phase change temperature of 6.9 °C and latent heat of 151 J - g~ 1.

1.4. Commercial Phase Change Materials

Beyond research-stage materials, many PCMs have matured for commercial
application. summarizes products from companies such as Cristopia and Ru-
bitherm GmbH. Commercial cold storage PCMs are dominated by eutectic salt
solutions (61%) and organic alkanes (29%), with smaller quantities of fatty acids
and hydrated salts. Eutectic salt solutions have become the preferred choice
for low-temperature cold storage systems below 0 °C due to their adjustable
phase change temperatures through solute concentration modification. Organic
alkanes, offering chemical stability and low manufacturing costs, have found
extensive application in high-temperature cold storage systems above 0 °C.

2. Analysis of Phase Change Materials for Cold Storage

[Figure 2: see original paper] illustrates the relationship between latent heat
and phase change temperature for different PCM categories. Organic materials
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exhibit phase change temperatures primarily between -10 and 20 °C, with latent
heat ranging from 80 to 280 J - g~!, peaking in the -5 to 5 °C range. Inorganic
materials (except low-melting-point metals) generally have phase change tem-
peratures above 0 °C, with the widest latent heat span of 10-330 J - g~!. Water
shows the highest latent heat, followed by hydrated salts, while other inorganic
compounds and metal alloys have relatively lower values. Organic eutectic ma-
terials distribute mainly between -10 and 20 °C, with half concentrated near 5 °C
and latent heat ranging from 110 to 270 J - g~1, also peaking near 5 °C. Eutectic
salt solutions show the largest temperature span, reaching below -60 °C, with
generally lower phase change temperatures and latent heat ranging from 110 to
320 J - g !, increasing as temperatures approach 0 °C. Commercial materials
span -35 to 20 °C, with sub-zero products dominated by eutectic salt solutions
that generally outperform research-stage materials at equivalent temperatures,
exhibiting latent heat of 130-390 J - g~!. Notably, Teappcm’ s product TH-4
achieves exceptionally high latent heat of 286 J - g~1.

Selecting appropriate PCMs is crucial for cold storage systems. Phase change
temperature matching system requirements is the primary selection criterion,
while thermophysical properties, chemical characteristics, and kinetic proper-
ties also constrain applications. compares key thermophysical and chemical
properties affecting PCM applications, providing practical selection guidance.
Additionally, economic factors including production costs, recycling, and envi-
ronmental performance represent important considerations.

Table 6. Comparison of properties for phase change materials for cold
storage

Property Organic PCMs Inorganic PCMs Eutectic PCMs
Phase Wide Medium Adjustable via
change composition
temperature

range

Latent heat  High High Medium
Thermal Low High High
conductivity

Specific heat High Medium Medium
Volume Low Low Low

change

Supercooling  Absent High Absent

Phase Absent High Absent
separation

Corrosivity Low High Low

Stability Medium High High

Cost Medium Low Medium

chinarxiv.org/items/chinaxiv-201711.00615 Machine Translation


https://chinarxiv.org/items/chinaxiv-201711.00615

ChinaRxiv [$X]

3. Research Perspectives

With increasing societal demand for cooling in air conditioning, cold storage, and
other applications, cold storage systems based on PCMs offer promising mar-
ket potential for energy conservation and rational energy utilization. Research
on PCMs as the core component of these systems is therefore particularly im-
portant. This paper systematically summarizes research-stage and commercial
solid-liquid PCMs with phase change temperatures below 20 °C, analyzing and
comparing their thermophysical and chemical properties. Overall, eutectic salt
solutions and organic PCMs represent the most investigated and commercially
utilized solid-liquid PCMs for temperatures below and above 0 °C, respectively.

Despite significant progress, several areas warrant further investigation:

1. Organic PCMs offer a wide temperature application range without su-
percooling or phase separation, but their low thermal conductivity requires
continued research on enhancement methods.

2. Inorganic PCMs provide strong thermal conductivity and storage ca-
pacity at low cost, but suitable nucleating agents and anti-supercooling
additives must be identified to optimize performance.

3. Eutectic PCMs enable temperature control through composition adjust-
ment, yet methods to increase latent heat and specific heat need further
study.

4. Composite PCMs should be investigated to overcome limitations of
single-component materials and achieve superior thermophysical proper-
ties and stability.

5. Current research often focuses only on phase change temperature and
latent heat, while other parameters such as specific heat, density, and
thermal conductivity receive less attention. Establishing comprehensive
PCM thermophysical property databases requires accurate measurement
of these additional parameters to facilitate material selection.
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