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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Summarizes a wide temperature range 
of Cold Thermal Energy Storage 
materials. 

• Phase change material thermal proper-
ties deteriorate significantly with 
temperature. 

• Simulation methods and experimental 
results analyzed with details. 

• Future studies need to focus on heat 
transfer enhancement and mechanical 
design. 

• Analyzes applications with technology 
readiness and more should be explored.  
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A B S T R A C T   

The energy industry needs to take action against climate change by improving efficiency and increasing the share 
of renewable sources in the energy mix. On top of that, refrigeration, air-conditioning, and heat pump equipment 
account for 25–30% of the global electricity consumption and will increase dramatically in the next decades. 
However, some waste cold energy sources have not been fully used. These challenges triggered an interest in 
developing the concept of cold thermal energy storage, which can be used to recover the waste cold energy, 
enhance the performance of refrigeration systems, and improve renewable energy integration. This paper 
comprehensively reviews the research activities about cold thermal energy storage technologies at sub-zero 
temperatures (from around − 270 ◦C to below 0 ◦C). A wide range of existing and potential storage materials 
are tabulated with their properties. Numerical and experimental work conducted for different storage types is 
systematically summarized. Current and potential applications of cold thermal energy storage are analyzed with 

* Corresponding author. Tel.: +65 6790 5941; fax: +65 6791 9690. 
E-mail address: a.romagnoli@ntu.edu.sg (A. Romagnoli).  

Contents lists available at ScienceDirect 

Applied Energy 

journal homepage: www.elsevier.com/locate/apenergy 

https://doi.org/10.1016/j.apenergy.2021.116555 
Received 28 October 2020; Received in revised form 12 January 2021; Accepted 24 January 2021   

mailto:a.romagnoli@ntu.edu.sg
www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2021.116555
https://doi.org/10.1016/j.apenergy.2021.116555
https://doi.org/10.1016/j.apenergy.2021.116555
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2021.116555&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Applied Energy 288 (2021) 116555

2

their suitable materials and compatible storage types. Selection criteria of materials and storage types are also 
presented. This review aims to provide a quick reference for researchers and industry experts in designing cold 
thermal energy systems. Moreover, by identifying the research gaps where further efforts are needed, the review 
also outlines the progress and potential development directions of cold thermal energy storage technologies.   

1. Introduction 

During the next few decades, the worldwide energy industry and 
cold supply chain are projected to face a massive challenge considering 
the climate change and global population increase. The world popula-
tion is projected to reach 9.7 billion by 2050 [1]. On the opposite side, 
more than 820 million people worldwide suffer from starvation, 
partially associated with the loss of food products due to a lack of cold 
chain [2]. Such changes will substantially increase the energy demand in 
the refrigeration market. By 2015, refrigeration, air-conditioning, and 
heat pump equipment already accounts for 25–30% of the global elec-
tricity consumption and is expected to surge 33-fold by 2100 [3]. 
Meanwhile, various sources of cold energy have not been fully utilized. 
For example, the global liquefied natural gas (LNG) demand will double 
by 2040, reaching more than 700 MTPA [4]. However, during the 
regasification process of LNG, a massive amount of cold energy 
(approximately 830 kJ/kg at − 162 ◦C) is generally wasted into seawater 
or ambient air [5]. Furthermore, the worldwide growth of intermittent 
renewable energy sources also poses the need for efficient and cost- 
effective electricity storage technologies. Therefore, the increasing de-
mand for refrigeration energy consumption globally, the availability of 
waste cold sources, and the need for using thermal energy storage for 
grid integration of renewable energy sources triggered the research to 
develop cold thermal energy storage (CTES) systems, materials, and 
smart distribution of cold. 

CTES have already been developed for decades, especially to pre-
serve and transport food and medical goods at a wide range of tem-
peratures. Many authors have presented reviews about technologies and 
materials to be applied in this field. 

Li et al. [6] conducted a review study in which various cold storage 
technologies and applications were classified. Besides, emerging cold 
storage technologies and different types of phase change materials 
(PCMs) in the range of 7–14 ◦C were introduced. Research works carried 

out on thermal energy storage at low temperatures were also reviewed. 
The results showed that most of the works were focused on studies of 
storage materials, especially on analyses and characterization of PCMs. 
Only some of them were concentrated in cold storage applications. 
Despite their efforts to overview different methods of energy storage for 
air conditioning applications, they affirmed the research presented in 
their paper was still in its initial stage and required further development. 

Li et al. [7] reviewed the PCMs and sorption materials for sub-zero 
thermal energy storage applications from − 114 ◦C to 0 ◦C. The au-
thors categorized the PCMs into eutectic water-salt solutions and non- 
eutectic water-salt solutions, discussed the selection criteria of PCMs, 
analyzed their advantages, disadvantages, and solutions to phase sepa-
ration, subcooling, corrosion, flammability issues. Various types of 
microencapsulation and nanoparticle additives to enhance the heat 
transfer of the PCMs are also introduced. For sorption materials, the 
authors focused on the working pairs and concluded that absorption 
storage had been commercially deployed while adsorption storage was 
still progressing towards commercialization. However, CTES system 
design and applications were only briefly mentioned. 

Another relevant review on CTES materials was presented by Oró 
et al. [8], where up to 88 PCMs, with melting temperatures varied from 
− 86 ◦C to 20 ◦C, were listed. Analyses of the long-term stability of the 
materials, such as corrosion, phase segregation, stability under extended 
thermal cycling, and subcooling, were discussed. Moreover, different 
methods of PCM encapsulation and applications of PCMs in various 
cooling systems were reviewed in this paper. However, in this review, 
most of the applications introduced were around 0 ◦C. 

Hence, even if many references of materials and methods for storing 
cold energy can be found at low temperatures, we detected the need for a 
comprehensive updated paper that synthesizes the information avail-
able on materials, technologies, and applications progress in the field for 
sub-zero, especially extremely low temperatures. 

The present paper aims to fill up the gap in the existing literature of a 
comprehensive review on sub-zero cold energy storage and bring to light 

Nomenclature 

Acronyms 
BOG Boil-off Gas 
CMC Oxyethylmethylcellulose 
COP Coefficient Of Performance 
CTES Cold Thermal Energy Storage 
HDPE High-Density Polyethylene 
HTF Heat Transfer Fluid 
LAES Liquid Air Energy Storage 
LNG Liquefied Natural Gas 
PTES Pumped Thermal Energy Storage 
PCM Phase Change Material 
PCT Phase Change Temperature 
PCS Phase Change Slurry 
PET Polyethylene terephthalate 
PP Polypropylene 
PS Polystyrene 
SFES Superconducting Flywheel Energy Storage 
TCM Thermal Chemical Storage Material 
TES Thermal Energy Storage 

TRL Technology Readiness Level 

Symbols 
cp Specific heat capacity [kJ/(kg∙K)] 
G Gas 
k Thermal conductivity [W/(m∙K)] 
m Mass [kg] 
Q Energy [kJ] 
S Solid 
T Temperature [◦C] 
x Fraction [–] 

Subscripts 
final Final 
initial Initial 
l Latent 
s Sensible 

Greek symbols 
ΔH Specific heat [kJ/kg] 
ρ Material density [kg/m3]  
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a structured document of CTES technologies. Compared to previous 
review works, the novelties of this paper are: covers a broader temper-
ature range from around − 270 ◦C to below 0 ◦C for CTES materials and 
from − 210 ◦C to below 0 ◦C for CTES applications; provides a series of 
comprehensive lists of the thermophysical properties of current and 
potential sensible, latent, and thermochemical CTES materials, along-
side with their pros and cons and suitable applications; systematically 
reviews the numerical methods and experimental results about CTES 
containment and heat transfer for all types of CTES technologies used for 
sub-zero temperatures; analyzes the usage of CTES in a wider range of 
conventional and novel applications, remarks the Technology Readiness 
Levels (TRL), and identifies more potential applications for CTES tech-
nologies (Fig. 1). This article can be readily used by researchers and 
industry experts who need a quick and handy reference in the designing 
work of CTES systems. Moreover, based on this review, existing research 
gaps in CTES materials, numerical studies, experimental studies, and 
applications may also be noticed to guide the readers to develop new 
research lines to address the gaps: including searching for more CTES 
materials with higher heat capacity and better performance for cryo-
genic temperatures, focusing on heat transfer enhancement and me-
chanical design of storage containment, improving the design and 
exploring the use of CTES in more potential applications. 

The structure of this paper is illustrated in Fig. 2. 
The first part of the paper presents a collection of potential materials 

to be used for CTES with storage temperature below 0 ◦C, including their 
corresponding fundamental thermophysical properties. The lists should 
help the readers select the correct materials which fit their application 
and assess potential designs of CTES systems. Moreover, this part also 
aims to discuss how to improve the materials’ thermal conductivity or 
heat storage capacity by using different methods like the addition of 
highly thermal-conductive additives, porous matrix, nucleating and 
thickener agents, and encapsulation. 

The second part of the paper presents the review of up-to-date nu-
merical studies on the charging/discharging processes and numerical 
models developed to evaluate the storage performance of different types 
of materials for CTES applications. They are discussed in a categorized 
manner so that readers could gain an overall understanding of the 

Fig. 1. Structure of this work.  
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Fig. 2. Research work conducted for CTES technologies.  
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numerical methods specialized to particular cold storage types. It turns 
out sensible and latent heat based cold energy storage methods have 
been widely studied using numerical methods. Therefore, they are 
considered as subcategories for each storage design. Numerical 
modeling of new trending methods of cold energy storage, such as slurry 
and microencapsulated PCMs, are discussed independently. Validation 
of numerical methods using experimental studies is considered along 
with several numerical studies if the referred work includes such 
information. 

A complete review of experimental studies of CTES containment and 
heat transfer for sub-zero temperature applications is also presented in 
this review. The experimental part covers packed-bed, shell-and-tube, 
plate-shaped, and slurry-based. The design of these types of thermal 
energy storage (TES) systems is mostly similar to the ones used for 
higher temperature ranges. However, some specific requirements need 
to be taken into account at sub-zero temperatures, like volume change 
control and mechanical properties of the containment. 

Finally, the last part of this paper reviews and classifies the existing 
and proposed cases of CTES systems integrated into active and passive 
refrigeration, electricity storage, and waste cold recovery. The roles of 
CTES in these applications are summarized, such as efficiency increase, 
energy consumption reduction, temperature control improvement, and 
renewable energy integration. CTES technologies used for refrigeration 
are commercially available or have been widely investigated. Various 
research opportunities for using CTES electricity storage and waste cold 
energy recovery are also discussed. 

2. Cold thermal energy storage materials 

The selection of the storage material is an essential step at the initial 
phases of a CTES system design, which determines the storage capacity 
and eventually affects the system’s final design. It is widely accepted 
that the desired requirements for CTES materials are [9–11]:  

• An appropriate operating temperature range depending on the 
application  

• High energy density  
• High thermal conductivity  
• High density  
• Low degree of subcooling (or supercooling)  
• Corrosion resistance  
• Chemical and physical stability  
• Not poisonous, toxic, flammable, or explosive  
• Small vapor pressure and volume change  
• Low cost and available in large quantities 

There is no ideal CTES material that meets all of the requirements, 
and each material has its own strength and weakness [7,12]. Therefore, 
selecting the material is usually a trade-off process to find the most 
suitable material to meet the application’s specific requirements. 

CTES materials for different applications can be classified into sen-
sible thermal energy storage materials, latent thermal energy storage 
materials, and thermochemical energy storage materials. Each category 
can be further classified into several types. Following the classification 
shown in Fig. 3, this section describes the physical and thermal prop-
erties of different CTES materials over a broad temperature range and 
discusses the research directions for future material development. 

2.1. Sensible thermal energy storage materials 

Sensible thermal energy storage materials store thermal energy (heat 
or cold) based on a temperature change. The amount of energy a sensible 
material can store depends on the specific heat capacity and the mass of 
the material, according to Equation (1): 

Qs =

∫Tfinal

Tinitial

(
m∙cp

)
dT (1)  

where Qs [kJ] is the sensible thermal energy stored, m [kg] and cp [kJ/ 
kg∙K] are the total mass and specific heat capacity of the storage ma-
terial, and T [K] the temperature. 

Using sensible thermal energy storage for CTES is simpler and less 
expensive than latent thermal energy storage systems [13–15]. Most of 
the materials suitable for CTES are solid. Rocks, plastics, metals, quartz, 
concrete, rock pebbles, among others, have been studied as storage 
materials from room temperature to around − 170 ◦C [16–18]. Sensible 
thermal energy storage materials mentioned above are commonly used 
in packed-bed systems. Due to the high density and low specific heat 
capacity of these materials, the size and weight of the system are the 
aspects to consider during the feasibility analysis of such projects. Nu-
merical and experimental studies on a Liquid Air Energy Storage (LAES) 
system demonstrated that the high-grade cold energy storage can be 
effectively realized using packed-beds with rocks as the fillers [19,20]. 
The commercially available polymer materials, such as polypropylene 
(PP) and high-density polyethylene (HDPE), have also been studied as 
sensible solid CTES materials [21]. Their specific heat capacities are 
competitive to make them attractive materials for packed-bed systems. 
More solid materials, especially locally available materials and recycled 
materials are worth exploring in the future as long as they are stable at 
sub-zero temperatures and have good thermophysical properties. 

Table 1 presents a list of tested and potential solid sensible thermal 
energy storage materials for sub-zero temperatures. The application of a 
material is added if it is mentioned in the literature about a specific 
application and claimed that this material is suitable for that 
application. 

Liquid sensible thermal energy storage materials can act as both the 
thermal energy storage material and the HTF at the same time in a CTES 
system, which is different from the solid sensible materials. However, 
the applications’ working temperatures must be between the freezing 
and boiling points of such materials. One criterion for selecting liquid 
sensible materials proposed by Laughlin [44] for pumped thermal en-
ergy storage (PTES) is that they need to remain liquid at sub-zero tem-
peratures and have a vapor pressure below 1 atm. Liquid sensible 
materials that meet these criteria are mainly hydrocarbons and their 
derivatives. For example, hexane was proposed by Laughlin for a PTES 
system. Since these materials can be toxic and flammable, their health 
and safety issues are worth considering. Laughlin proposed that methods 
like halogenation can make the hydrocarbons flame-resistant [44]. An 
ethylene glycol/water solution can also be used as sensible storage 
materials. It is odorless, has a freezing temperature below 0 ◦C, and a 
low vapor pressure [45]. Shorter-chain alcohols, such as methanol, 
ethanol, propanol, propylene glycol, and their water solutions can also 

Cold thermal energy storage 
(CTES) materials for sub-zero 

temperatures
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Solid
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Homogenous mixture
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Macroencapsulation

Microencapsulation
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Chemical sorption

Reversible reactions 

Fig. 3. Classification of CTES materials for sub-zero temperatures.  
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be candidates as liquid sensible thermal energy storage materials. 
However, most liquid sensible materials become viscous at cryogenic 
temperatures [44], and thus the operating conditions should be carefully 
selected. 

2.2. Latent thermal energy storage materials 

Latent thermal energy storage materials store and release thermal 
energy during the material’s phase transitions and are commonly known 
as phase change materials (PCMs). The temperature at which the phase 
change happens is called the phase change temperature (PCT). 

The latent heat stored by a PCM, Ql [kJ], can be calculated using 
Equation (2): 

Ql = xl∙m∙ΔHl (2)  

where xl is the fraction of the storage material that changed the phase 
and ΔHl [kJ/kg] is the specific latent heat of the material. The total 
amount of energy stored will be the contribution of both sensible heat 
(before and after the phase change) and latent heat. 

PCMs have been under continuous development for decades. They 
can store a remarkably more considerable amount of energy than sen-
sible thermal energy storage materials [7,8]. However, the system 
complexity for latent thermal energy storage materials is also higher 
than that of sensible thermal energy storage materials [15]. 

The latent thermal energy storage processes consider four different 
types of phase changes: solid–solid, solid–liquid, liquid–gas, and solid-
–gas. Solid-liquid transitions are the most studied and utilized form of 
PCM. This transformation has a higher latent heat than solid–solid. The 
thermal expansion of the material during the phase change can reach 
10% of the original material volume or less [46]. The solid–solid tran-
sition changes between the polymorphic phases of the material release a 
lower latent heat compared to solid–liquid transition [46]. Solid-gas and 
liquid–gas transitions store and release the highest amount of thermal 
energy accompanied by a significant volume change during the phase 
change, which requires storage vessels or open-air systems. In the latter 
case, only air, nitrogen, and carbon dioxide are practical since they can 
be safely released into the atmosphere. 

In this paper, existing and potential PCM products worth mentioning 
due to their high latent heat and availability are classified into six types: 
pure substance PCMs, homogenous mixture PCMs, nanoadditive and 
composite PCMs, macroencapsulated PCMs, microencapsulated PCMs, 
and slurry PCMs. 

2.2.1. Pure substance PCM 
Pure substance PCM suitable for sub-zero temperature applications 

includes organic and inorganic compounds and elements. A collection of 

existing and potential pure substance PCMs are listed in Table 2. 
Organic PCMs are mostly composed of hydrogen and carbon struc-

tures such as alkanes (paraffins), alkanones, esters, fatty acids, alcohols, 
glycols, and polymers [15,46,87]. Alkane is the most widely studied 
type of organic PCM. Alkane’s melting point and latent heat increase 
with the length of the carbon chain [7,39]. They are generally less 
expensive, reliable, predictable, non-corrosive and available for a wide 
temperature range. For sub-zero temperature applications, existing and 
potential organic PCMs are available from around − 200 ◦C to 0 ◦C. In 
general, most organic PCMs have low or no subcooling, melt congru-
ently, are non-corrosive and chemically stable, but the volume change 
during phase change can be significant [8]. Organic PCMs can also be 
flammable and sometimes oxidizing [46], indicating the need to develop 
fire suppression techniques. 

The inorganic pure substance PCM group mainly consists of ele-
ments, salts, salt hydrates, and metals. For sub-zero temperatures, the 
most basic options of PCMs are elements such as nitrogen, hydrogen, 
helium, oxygen, neon. Their transition temperatures are below − 173 ◦C, 
which is suitable for extremely low temperature applications. Solid CO2 
(dry ice) and liquid nitrogen are commonly used CTES materials for cold 
chain applications [88,89]. Solid nitrogen has been tested on a super-
conducting flywheel setup to store both the cold energy and mechanical 
kinetic energy [90], showing that the concept is theoretically viable. On 
the other hand, ammonia, whose melting temperature is − 78.2 ◦C, has 
the largest heat of fusion among all pure substances collected by this 
work. However, it is toxic and corrosive [91]. 

2.2.2. Homogenous mixture PCM 
A homogenous mixture PCM is a combination of two or more sub-

stances that are not chemically combined, yet the composition is uni-
form. The percentage of each component of the mixture can be varied to 
obtain different phase transition temperatures [15,46]. 

The most commonly used homogenous mixture PCM is eutectic 
material. A eutectic material is a mixture of two or more substances with 
a particular composition, whose melting temperature is the lowest of all 
such mixtures formed by the same substances [92]. This kind of material 
melts and freezes congruently without phase separation and has high 
thermal conductivity and density [15,46]. Eutectic materials can be 
inorganic or organic. Inorganic eutectic PCMs are generally low cost, 
have high latent heat and thermal conductivities; however, they can be 
chemically unstable and corrosive [8]. Aqueous salt mixture, or eutectic 
water-salt solution, is the most widely analyzed and applied PCM type 
for sub-zero temperature range [8]. A collection of existing and potential 
eutectic water-salt solutions can be found in Table 4. 

Organic homogenous PCMs are also widely studied. Rasta et al. 
[93,94] worked on a bio-PCM based on a mixture of vegetable oil and 

Table 1 
Existing and potential sensible solid thermal energy storage materials for sub-zero temperatures.  

Material Density (kg/m3) Specific heat capacity (J/ 
g∙K) 

Thermal conductivity (W/ 
(m∙K)) 

Application(s) mentioned in the literature Reference 

Water (Ice) 926–916 (− 100 ◦C to 
0 ◦C) 

1.39–2.05 (− 100 ◦C to 
0 ◦C) 

3.48–2.22 (− 100 ◦C to 0 ◦C)  [22,23] 

Granite 2600–2688 (NA) 0.72–0.95 (NA) 1.9–3.5 (NA)  [20,24] 
Rocks 1810–7500 (NA) 0.74–2.15 (NA) 0.82–7.2 (NA) Liquid air energy storage, pumped thermal 

energy storage 
[19,24–26] 

Concrete 500–2400 (NA) 0.83–1.16 (NA) 0.6–1.3 (0 ◦C) Pumped thermal energy storage [26–28] 
Polypropylene 900–910 (NA) 0.64–1.51 (− 173 ◦C to 

0 ◦C) 
0.18–0.22 (− 173 ◦C to 
25 ◦C)  

[23,29–32] 

High Density 
Polyethylene 

930–965 (NA) 1.9–2.25 (NA) 0.42–0.51 (25 ◦C)  [23,33,34] 

Quartz 2600–2650 (NA) 0.41–0.70 (− 123 ◦C to 
0 ◦C) 

0.78–1.30 (− 153 ◦C to 0 ◦C) Liquid air energy storage [19,24,35–37] 

Sodium chloride 2170 (25 ◦C) 0.6–0.85 (− 173 ◦C to 
− 23 ◦C) 

22.73–7.52 (− 173 ◦C to 
− 23 ◦C)  

[38–40] 

Aluminum oxide 3400–4000 (NA) 0.10–0.72 (− 183 ◦C to 
0 ◦C) 

27.01–15.51 (− 173 ◦C to 
0 ◦C)  

[41–43]  
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Table 2 
Existing and potential pure substance PCMs for sub-zero temperatures.  

Material Density (kg/m3) Transition 
Temperature (◦C) 

Specific heat Capacity (J/ 
(g∙K)) 

Thermal Conductivity (W/(m∙K)) Latent 
heat (J/g) 

Phase Application(s) mentioned in 
literature 

Reference 

Helium (He) 148.3–125.0 (l) 
(− 270.65 ◦C to 
− 268.93 ◦C) 

− 272.2 2.05–9.78 (l) (− 270.65 ◦C 
to − 268.93 ◦C) 

0.0167–0.0196 (l) (− 270.65 ◦C to 
− 268.93 ◦C)  

Solid- 
liquid  

[22,23,47] 

16.89–0.18 (g) (− 268.93 ◦C 
to 0 ◦C) 

− 268.93 9.78–5.19 (g) 
(− 268.93 ◦C to 0 ◦C) 

0.0106–0.137 (g) (− 268.93 ◦C to 
− 23.15 ◦C) 

23.30 Liquid- 
gas  

Hydrogen (H2) 77.1–70.8 (l) (− 259.32 ◦C 
to − 252.88 ◦C) 

− 259.32 6.38–9.66 (l) (− 259.32 ◦C 
to − 252.88 ◦C) 

0.073–0.099 (l) (− 259.32 ◦C to 
− 252.88 ◦C) 0.017–0.167 (g) 
(− 252.88 ◦C to − 13.15 ◦C) 

58.00 Solid- 
liquid  

[22,23,48] 

1.34–0.094 (g) (− 252.88 ◦C 
to − 13.15 ◦C) 

− 252.88 12.15–14.12 (g) 
(− 252.88 ◦C to 
− 13.15 ◦C) 

461.00 Liquid- 
gas  

Neon (Ne) 1251.6–1207.7 (l) 
(− 248.54 ◦C to 
− 246.09 ◦C) 

− 248.54 2.12–1.86 (l) (− 248.54 ◦C 
to − 246.09 ◦C)  

16.44 Solid- 
liquid  

[22,49] 

9.46–0.90 (g) (− 246.09 ◦C 
to − 3.15 ◦C) 

− 246.09 0.83–1.03 (g) (− 246 ◦C to 
0 ◦C) 

0.023–0.045 (g) (− 173 ◦C to 0 ◦C) 85.75 Liquid- 
gas  

Nitrogen (N2) 860–806 (l) (− 209.26 ◦C to 
− 195.80 ◦C) 

− 209.85 1.97–2.06 (l) (− 209.26 ◦C 
to − 195.80 ◦C) 

0.163–0.136 (l) (− 209.26 ◦C to 
− 195.80 ◦C) 

25.80 Solid- 
liquid 

Superconducting flywheel 
energy storage 

[15,16,22,23,40] 

4.61–1.25 (g) (− 195.80 ◦C 
to − 0.93 ◦C) 

− 195.80 1.12–1.04 (g) 
(− 195.80 ◦C to − 0.93 ◦C) 

0.0075–0.024(g) (− 195.8 ◦C to − 0.93 ◦C) 199.18 Liquid- 
gas 

Medical and food product 
transportation  

Carbon Monoxide 
(CO) 

847.4–791.4 (l) 
(− 205.00 ◦C to 
− 191.52 ◦C) 

− 205.00 2.12–2.21 (l) (− 205.00 ◦C 
to − 191.52 ◦C) 

0.18–0.15 (l) (− 205.00 ◦C to − 191.52 ◦C)  Solid- 
Liquid  

[22] 

4.36–1.27 (g) (− 191.52 ◦C 
to − 3.15 ◦C) 

− 191.52 1.14–1.04 (g) (− 192 ◦C to 
0 ◦C) 

0.0082–0.025 (g) (− 192 ◦C to 0 ◦C) 214.86 Liquid- 
gas 

Propane (C3H8) 732–581 (l) (− 186.67 ◦C to 
− 42.12 ◦C) 

− 186.67 1.87–2.25 (l) (− 186.67 ◦C 
to − 42.12 ◦C) 

0.21–0.13 (l) (− 186.67 ◦C to − 42.12 ◦C) 79.60 Solid- 
Liquid  

[22,50] 

1-Butene (C4H8) 734.1–601.3 (l) 
(− 137.25 ◦C to − 0.49 ◦C) 

− 185.35 1.97–2.31 (l) (− 137.25 ◦C 
to − 0.49 ◦C) 

0.22–0.12 (l) (− 137.25 ◦C to − 0.49 ◦C) 68.58 Solid- 
Liquid  

[22,51–54] 

Propene (C3H6) 754.9–609.1 (l) 
(− 173.15 ◦C to − 47.69 ◦C) 

− 185.15 0.85–1.29 (s) (− 223 ◦C to 
− 193 ◦C) 

0.18–0.15 (l) (− 173.15 ◦C to − 47.69 ◦C) 71.29 Solid- 
Liquid  

[22,51–53]   

1.81–2.18 (l) (− 173.15 ◦C 
to − 47.69 ◦C)      

Oxygen (O2) 1302–1141 (l) (− 217.79 ◦C 
to − 182.96 ◦C) 

− 218.35 1.67–1.70 (l) (− 217.79 ◦C 
to − 182.96 ◦C) 

0.20–0.15 (l) (− 217.79 ◦C to − 182.96 ◦C) 13.70 Solid- 
Liquid  

[22,23,48] 

4.47–1.43 (g) (− 182.96 ◦C 
to 0 ◦C) 

− 182.96 0.971–0.917 (g) 
(− 182.96 ◦C to 0 ◦C) 

0.008–0.025 (g) (− 182.96 ◦C to 0 ◦C) 213.06 Liquid- 
gas   

Methane (CH4) 450–422 (l) (− 181.46 ◦C to 
− 161.48 ◦C) 

− 182.5 3.37–3.48 (l) (− 181.46 ◦C 
to − 161.48 ◦C) 

0.21–0.18 (l) (− 181.46 ◦C to − 161.48 ◦C) 58.43 Solid- 
Liquid  

[22,50] 

1.82–0.72 (g) (− 161.48 ◦C 
to 0 ◦C) 

− 161.48 2.22–2.18 (g) 
(− 161.48 ◦C to 0 ◦C) 

0.012 to 0.03 (g) (− 161.48 ◦C to 0 ◦C) 510.83 Liquid- 
gas  

Isopentane (C5H12) 787.8–639.9 (l) (− 160 ◦C to 
0 ◦C) 

− 160.15 1.87–2.15 (l) (− 160 ◦C to 
0 ◦C) 

0.187–0.117 (l) (− 160 ◦C to 0 ◦C) 71.10 Solid- 
Liquid 

Pumped thermal energy storage 
(used as a sensible material) 

[18,22,50,53,55] 

2-Methylpentane 
(C6H14) 

807–671 (l) (− 153 ◦C to 
0 ◦C) 

− 153.15 1.77–2.12 (l) (− 153 ◦C to 
0 ◦C) 

0.144–0.114 (l) (− 113 ◦C to 0 ◦C) 72.76 Solid- 
Liquid 

Space exploration [22,53,56] 

Isoprene (C5H8) 854–843 (s) (− 170 ◦C to 
− 158 ◦C) 

− 142.15 0.95–1.08 (s) (− 170 ◦C to 
− 158 ◦C) 

0.18–0.13 (l) (− 123 ◦C to 0 ◦C) 72.22 Solid- 
Liquid  

[22,53,57,58] 

829–700 (l) (− 143 ◦C to 
0 ◦C) 

1.80–2.10 (l) (− 143 ◦C to 
0 ◦C)  

Dimethyl ether 
(C2H6O) 

735 (l) (− 25 ◦C) − 141.50 2.22 (l) (− 33 ◦C) 0.24–0.18 (l) (− 123 ◦C to -25 ◦C) 107.23 Solid- 
Liquid  

[22,53,54] 

Butane (C4H10) 735–602 (l) (− 138 ◦C to 
− 1 ◦C) 

− 137.15 1.97–2.31 (l) (− 138 ◦C to 
− 1 ◦C) 

0.18–0.12 (l) (− 138 ◦C to − 1 ◦C) 80.2 Solid- 
Liquid  

[22] 

Pentane (C5H12) − 129.75 0.173–0.121 (l) (− 123 ◦C to 0 ◦C) 116.43 [22,59,60] 

(continued on next page) 
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Table 2 (continued ) 

Material Density (kg/m3) Transition 
Temperature (◦C) 

Specific heat Capacity (J/ 
(g∙K)) 

Thermal Conductivity (W/(m∙K)) Latent 
heat (J/g) 

Phase Application(s) mentioned in 
literature 

Reference 

756–645 (l) (− 123 ◦C to 
0 ◦C) 

1.97–2.21 (l) (− 123 ◦C to 
0 ◦C) 

Solid- 
Liquid 

Boil-off Gas (BOG) re- 
liquefaction of an LNG terminal 

Nitrogen Trifluoride 
(NF3) 

1776–1538 (l) (− 183 ◦C to 
− 129 ◦C) 

− 128.95 1.00–1.02 (l) (− 183 ◦C to 
− 129 ◦C)  

162.71 Liquid- 
gas  

[22] 

6.24–3.19 (g) (− 129 ◦C to 
0 ◦C) 

0.56–0.72 (g) (− 129 ◦C to 
0 ◦C)   

Cyclopropane 
(C3H6) 

733–678 (l) (− 79 ◦C to 
− 34 ◦C) 

− 127.15 1.93 (l) (− 33 ◦C) 0.136 (l) (− 37 ◦C) 129.28 Solid- 
Liquid  

[22,61] 

Ethanol (C2H6O) 826–807 (l) (− 25 ◦C to 
0 ◦C) 

− 114.35 1.02–1.38 (s) (− 173 ◦C to 
− 123 ◦C) 

0.167 (l) (25 ◦C) 108.53 Solid- 
Liquid  

[22,62] 

2.02–2.27 (l) (− 25 ◦C to 
0 ◦C)  

Methanol (CH4O) 904–810 (l) (− 97 ◦C to 
− 0 ◦C) 

− 97.15 1.46–1.62 (s) (− 113 ◦C to 
− 98 ◦C) 

0.210–0.206 (l) (− 50 ◦C to − 10 ◦C) 99.25 Solid- 
Liquid 

Space exploration [22,23,63,64] 

2.20–2.40 (l) (− 97 ◦C to 
0 ◦C)  

n-Hexane (C6H14) 760–677 (l) (− 93 ◦C to 
0 ◦C) 

− 95.15 1.88–2.15 (l) (− 93 ◦C to 
0 ◦C) 

0.156–0.135 (l) (− 93 ◦C to 0 ◦C) 151.78 Solid- 
Liquid 

Pumped thermal energy storage 
(used as a sensible material) 

[22,44] 

Cyclopentane 
(C5H10) 

751 (l) (25 ◦C) − 93.95 1.30–1.27 (s) (− 133 ◦C to 
− 103 ◦C) 

0.143 (l) (− 20 ◦C) 8.56 Solid- 
Liquid  

[22,65,66] 

1.42–1.69 (l) (− 93 ◦C to 
0 ◦C)  

Methylamine 
(CH5N) 

700 (l) (− 10 ◦C) − 93.15 1.60–2.23 (s) (− 143 ◦C to 
− 96 ◦C) 

0.219 (l) (− 7 ◦C) 197.38 Solid- 
Liquid  

[22,43,67] 

3.19–3.26 (l) (− 87 ◦C to 
− 21 ◦C)  

n-Heptane (C7H16) 774–700 (l) (− 88 ◦C to 
0 ◦C) 

− 90.55 1.96–2.15 (l) (− 88 ◦C to 
0 ◦C) 

0.156–0.138 (l) (− 88 ◦C to 0 ◦C) 140.12 Solid- 
Liquid  

[22,68] 

Ethane (C2H6) 641–544 (l) (− 173 ◦C to 
− 88 ◦C) 

− 88.15 2.33–2.43 (l) (− 173 ◦C to 
− 88 ◦C) 

0.25–0.17 (l) (− 173 ◦C to − 88 ◦C) 489.47 Liquid- 
gas  

[22,50] 

2.05–1.36 (g) (− 88 ◦C to 
0 ◦C) 

1.34–1.66 (g) (− 88 ◦C to 
0 ◦C) 

0.009–0.018 (g) (− 88 ◦C to 0 ◦C)  

Methyl ethyl ketone 
(C4H8O) 

826 (l) (0 ◦C) − 86.65 0.98–1.42 (s) (− 173 ◦C to 
− 93 ◦C) 

0.17–0.15 (l) (− 73 ◦C to 0 ◦C) 117.05 Solid- 
liquid  

[22,43,53,69,70] 

2.07–2.16 (l) (− 83 ◦C to 
0 ◦C)  

Acetylene (C2H2) 764.3–760.2 (s) (− 142 to 
− 132 ◦C) 

− 84.15 1.37 (g) (− 73 ◦C) 0.020 (g) (0 ◦C) 144.39 Solid- 
gas  

[22,54,71] 

Carbon Dioxide 
(CO2) 

1562 (s) (− 79 ◦C) 
2.47–1.98 (g) (− 53 ◦C to 
0 ◦C) 

− 78.46 0.78–0.83 (g) (− 53 ◦C to 
0 ◦C) 

0.011–0.015 (g) (− 53 ◦C to 0 ◦C) 574 Solid- 
gas 

Medical and food product 
transportation 

[22,23,72] 

Ammonia (NH3) 728–682 (l) (− 73 ◦C to 
− 33 ◦C) 

− 78.2 4.23–4.45 (l) (− 73 ◦C to 
− 33 ◦C) 

0.80–0.67 (l) (− 73 ◦C to − 33 ◦C) 332.2 Solid- 
liquid  

[22,54] 

n-Octane (C8H18) 761–718 (l) (− 53 ◦C to 
0 ◦C) 

− 56.85 2.02–2.14 (l) (− 53 ◦C to 
0 ◦C) 

0.15–0.13 (l) (− 53 ◦C to 0 ◦C) 181.57 Solid- 
liquid  

[22,73] 

2-Hexanone 
(C6H12O) 

830 (l) (0 ◦C) − 55.45 2.02–2.08 (l) (− 53 ◦C to 
0 ◦C) 

0.16–0.15 (l) (− 53 ◦C to 0 ◦C) 148.7 Solid- 
liquid  

[7,22,32,53,74] 

3-Hexanone 
(C6H12O) 

833 (l) (0 ◦C) − 55.65 2.05–2.12 (l) (− 53 ◦C to 
0 ◦C) 

0.17–0.16 (l) (− 53 ◦C to 0 ◦C) 134.5 Solid- 
liquid  

[7,22,32,53,74] 

n-Nonane (C9H20) 773–734 (l) (− 50 ◦C to 
0 ◦C) 

− 53.65 1.99–2.12 (l) (− 50 ◦C to 
0 ◦C) 

0.15–0.13 (l) (− 53 ◦C to 0 ◦C) 117.0 Solid- 
liquid  

[7,22] 

3-Heptanone 
(C7H14O) 

822 (l) (15 ◦C) − 37.1  0.15–0.14 (l) (− 33 ◦C to 0 ◦C) 153.5 Solid- 
liquid  

[7,32,53] 

− 35.0  0.15–0.14 (l) (− 33 ◦C to 0 ◦C) 172.6  [7,22,32,53] 

(continued on next page) 
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Table 2 (continued ) 

Material Density (kg/m3) Transition 
Temperature (◦C) 

Specific heat Capacity (J/ 
(g∙K)) 

Thermal Conductivity (W/(m∙K)) Latent 
heat (J/g) 

Phase Application(s) mentioned in 
literature 

Reference 

2-Heptanone 
(C7H14O) 

851–834 (l) (− 20 ◦C to 
0 ◦C) 

Solid- 
liquid 

Ammonia (NH3) 0.89–0.77 (g) (− 33 ◦C to 
0 ◦C) 

− 33.33 2.30–2.18 (g) (− 33 ◦C to 
0 ◦C) 

0.021–0.023 (g) (− 33 ◦C to 0 ◦C) 1372 Liquid- 
gas  

[22,23] 

4-Heptanone 
(C7H14O) 

851–834 (l) (− 20 ◦C to 
0 ◦C) 

− 32.45  0.15–0.14 (l) (− 23 ◦C to 0 ◦C) 141.5 Solid- 
liquid  

[7,22,32,53] 

n-Decane (C10H22) 766–746 (l) (− 25 ◦C to 
0 ◦C) 

− 29.85 2.03–2.10 (l) (− 25 ◦C to 
0 ◦C) 

0.143–0.136 (l) (− 25 ◦C to 0 ◦C) 194 Solid- 
liquid  

[7,22] 

n-Undecane 
(C11H24) 

775–751 (l) (− 25 ◦C to 
0 ◦C) 

− 25.75 2.11–2.14 (l) (− 23 ◦C to 
0 ◦C) 

0.153–0.147 (l) (− 23 ◦C to 0 ◦C) 143.9 Solid- 
liquid 

Household refrigerator [7,22,32,53,75,76] 

2-Octanone 
(C8H16O) 

854–837 (l) (− 20 ◦C to 
0 ◦C) 

− 21.55 2.13 (l) (25 ◦C) 0.15–0.14 (l) (− 18 ◦C to 0 ◦C) 190.4 Solid- 
liquid  

[7,22,32,53] 

Diethylene glycol 
(C4H10O3) 

1120 (l) (15 ◦C) − 10.4 2.21 (l) (0 ◦C) 0.200–0.202 (l) (− 8 ◦C to 0 ◦C) 247 Solid- 
liquid 

Refrigeration system [8,22,43,53,77–79] 

n-Dodecane 
(C12H26) 

771–764 (l) (− 9 ◦C to 0 ◦C) − 9.65 2.11–2.14 (l) (− 9 ◦C to 
0 ◦C) 

0.144–0.142 (l) (− 9 ◦C to 0 ◦C) 216.05 Solid- 
liquid  

[22,43] 

Tert-amyl alcohol 
(C5H12O) 

833–826 (l) (− 5 ◦C to 0 ◦C) − 8.95 2.57 (l) (2 ◦C) 0.149–0.147 (l) (− 8 ◦C to 0 ◦C) 50.6 Solid- 
liquid  

[22,32,53,77,80] 

Triethylene glycol 
(C6H14O4) 

1127 (l) (15 ◦C) − 7 2.08 (l) (0 ◦C) 0.193 (l) (0 ◦C) 247 Solid- 
liquid  

[8,22,43,53,81] 

Heptanoic acid 
(C7H14O2) 

918.1 (l) (20 ◦C) − 7 1.52–1.65 (s) (− 43 ◦C to 
− 23 ◦C) 1.95 (l) (− 3 ◦C) 

0.17 (l) (− 3 ◦C) 118.6 Solid- 
liquid  

[22,43,53,82,83] 

Butyric acid 
(C4H8O2) 

959 (l) (20 ◦C) − 5.4 1.46–1.82 (s) (− 73 ◦C to 
− 5 ◦C) 1.91 (l) (− 3 ◦C) 

0.154 (l) (− 3 ◦C) 131.55 Solid- 
liquid  

[22,43,53,83,84] 

n-Tridecane 
(C13H28) 

775–770 (l) (− 8 ◦C to 0 ◦C) − 5.15 1.31–1.75 (s) (− 73 ◦C to 
− 23 ◦C) 

0.143 (l) (− 5.3 ◦C) 156.76 Solid- 
liquid  

[7,22,32,75,85] 

2.15 (l) (− 3 ◦C)  
Caproic acid 

(C6H12O2) 
929 (l) (20 ◦C) − 4 1.94 (l) (25 ◦C) 0.15 (l) (0 ◦C) 146.18 Solid- 

liquid  
[22,43,53,79,83,86] 

5-Nonanone 
(C9H18O) 

830 (l) (10 ◦C) − 3.84 2.08 (l) (− 3 ◦C) 0.14 (l) (− 3 ◦C) 175.3 Solid- 
liquid  

[7,22,32,53,74] 

Butane (C4H10) 2.70 (g) (0 ◦C) − 0.34 1.64 (g) (0 ◦C) 0.0145 (g) (0 ◦C) 385.71 Liquid- 
gas  

[22]  
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water. The results showed a decrease in the freezing point of water while 
maintaining similar thermal properties as water itself. Also, there is a 
reduction in the subcooling effect due to the presence of oil. The aqueous 
alcohol solution is another option as PCM storage materials from 0 ◦C to 
− 60 ◦C. Glycol and ethanol were studied at several concentrations to 
determine its freezing point and latent heat of fusion [95]. An increase in 
the concentration of alcohol decreases the freezing temperature of the 
solution. However, it also decreases the latent heat of fusion. Gunase-
kara et al. [96] studied mixtures of paraffins (dodecane and tridecane) as 
PCMs for refrigeration applications. These mixtures melted between 
− 17 ◦C and − 12 ◦C with latent heat from 165 kJ/kg to 185 kJ/kg and 
showed no subcooling. However, fewer organic homogenous PCMs are 
commercially available compared to inorganic homogenous PCMs. 

2.2.3. Nanoadditive and composite PCM 
There has been a development of innovative nanoadditive and 

composite PCMs for CTES at sub-zero temperatures. This type of PCM is 
formed by including complementary materials into the formula, such as 
adding nanoparticles, thickeners, or embedding the PCM in a matrix of 
porous material [77,97]. Combining these materials with the PCM can 
reduce subcooling, decrease nucleation time, increase thermal conduc-
tivity, and prevent leakage. Many commercial PCM products take 
advantage of including additives. However, in general, the nano-
additives and matrixes can reduce the latent heat, increase the cost of 
the PCM products, and deteriorate the stability. Therefore, the effect of 
including nanoadditives and matrixes should be evaluated carefully to 
ensure an overall enhancement in the performance of PCMs. 

Nanoparticles in PCM increase thermal conductivity, improve 
nucleation, and reduce the subcooling effect. Many nanoparticles have 
been investigated for sub-zero temperature PCMs. The performance of 

graphene nanoplatelets (GnP), graphene oxide (GO), TiO2, and multi-
walled carbon nanotubes (MWCNT) are listed in Table 3. Some of them 
can act as nucleating agents to induce nucleation sites and reduce the 
subcooling; some can also enhance the heat transfer or decrease the PCT. 
Therefore, all of the listed materials realized a significant increase in 
thermal conductivity and a decrease in subcooling. However, they may 
also decrease the latent heat, agglomerate over time, and affect the 
uniformity of the material [77]. Acid treatment [98] or adding thick-
ening agents [99] were reported to enhance the stability for some PCMs 
significantly, yet not all studies tested the long-term performance of 
adding nanoparticles in PCMs. Besides the materials listed in Table 3, 
more have been used for above-zero PCMs, for example, copper oxide 
(CuO) [100], aluminum oxide (Al2O3) [101], barium carbonate (BaCO3) 
[102], silicon dioxide (SiO2) [103,104], graphite powder [105], nano 
silver-titania (Ag-TiO2) [106], magnesium sulfate (MgSO4), strontium 
chloride (SrCl2) [7], and sodium hexafluoroaluminate (Na3AlF6) [107]. 
Their potential of being used for sub-zero PCMs are worth exploring. 

Adding thickening agents to PCMs improves their performance 
during thermal cycles by preventing nucleating agent precipitation and 
reducing phase separation. Sometimes, thickening agents are used 
together with nucleating agents jointly. However, thickening agents 
could compromise the thermal properties of the storage materials as well 
[25]. The use of sodium alginate and xantham gum (XG) are presented in 
Table 3; both helped enhance stability significantly. More thickening 
agents, especially various types of cellulose, can also be investigated in 
future studies for sub-zero temperature PCMs. 

Matrix composite materials mainly improve the heat conductivity of 
the PCMs at a low cost. This method also helps with phase separation 
and leakage problems during phase change [107]. Metal matrixes can 
improve thermal conductivity and hold the PCM during the melting 

Table 3 
Performance of nanoadditive and composite PCMs.  

Method Additive Remarks Reference 

Nanoparticles Graphene  
Nanoplatelets (GnP) 

Water with 0.5 vol% of GnP increased the thermal conductivity by ~24% in the liquid state and ~53% in the solid state. 
Freezing and melting times decreased with increased concentration of GnP. Used acid treatment to achieve stability after 
more than 10 cycles. 

[98] 

When added 1.2 wt% in water, increased the thermal conductivity by 12% in the liquid state and 56% in the solid state. The 
presence of GnP helped the nucleation process, reducing the solidification time by 25%. 

[108] 

Graphene  
Oxide (GO) 

The inclusion of 50 mg in 100 ml of deionized water reduces subcooling by 69% and reduces nucleation time by 91%. By 
using ultrasonic oscillation, the subcooling effect can be suppressed. Good stability was achieved with no visible 
sedimentation found after 6 months without vibration. 

[109] 

In combination with a carboxylic group, GO with 1 wt% could reduce the subcooling of ethylene glycol solution by 63%. [110] 
TiO2 For BaCl2 aqueous solution with a 0.5 wt%, the thermal conductivity is increased by 13%, and the subcooling is reduced by 

85%. The PCT did not change significantly, and the latent heat decreased by 9.6%. Thermal stability proved after 50 cycles. 
[111] 

With 0.4 wt% in ethylene glycol water solution, the thermal conductivity increases by 7%, subcooling is reduced by 76%, 
and reduced the latent heat by 12%. Good dispersion stability achieved. 

[112] 

MultiwalledCarbon  
Nanotubes 
(MWCNT) 

Increased the thermal conductivity by 10.72% and reduced the subcooling by 86.9% when combined with nucleating 
agents. The melting temperature was not affected significantly. Decreased the latent heat by approximately 10%. Good 
thermal stability assured by adding thickeners (xanthan gum). 

[99] 

Thickening 
agents 

Xanthan gum (XG) The addition of 0.5 wt% of XG in a nanofluid PCM (based on a 23 wt% MgCl2 eutectic solution) helped prevent phase 
separation and agglomeration after 400 thermal cycles. The presence of XG did not affect the subcooling. 

[99] 

Sodium alginate Used as an additive to a salt hydrate PCM. Decreased the enthalpy of fusion while significantly increased the phase stability, 
suppressed the subcooling and phase separation together with the nucleating agents (sodium tetraborate, sodium fluoride, 
and nanoactivated carbon). Thermally stable after 50 cycles. 

[113] 

Material Matrix Graphite A composite PCM made of compressed expansed natural graphite matrix with up to 95% of paraffin exhibited the same 
thermal conductivity as the sole porous graphite matrix (from 4 to 70 W m− 1 K− 1 instead of the 0.24 W m− 1 K− 1 of the pure 
paraffin). The presence of the matrix decreased the overall solidification time and maintained a stable thermal storage 
power. 

[114] 

A graphite matrix with water (90% volume fraction) as PCM showed a reduction of 67% in cooling time compared to water 
without additives. The presence of the matrix reduced the volumetric latent heat by 10%. When using the graphite matrix, 
the heat flux is about 4 and 3 times larger on heating and cooling than using pure water. 

[115] 

Copper Composite PCM made of copper foam and water reduced the solidification time by 88% and 77%, with foam porosities of 
93% and 97%, respectively. 

[116] 

Composite PCM made of copper foam and water as PCM showed that the solidification time could be reduced by 
approximately 3 times with foam porosity of 90%. As the foam porosity increased, the effective conductivity was reduced. 

[117] 

Porous silica The composite made of porous silica and dodecane with several concentrations avoided the leakage of the PCM. By 
increasing the concentration of porous silica, the latent heat decreased up to 25% with 25 wt% of concentration. Also, by 
decreasing the density of porous silica, the thermal conductivity decreased (up to 45% decrease). The composite showed 
good performance and stability after more than 500 thermal cycles. 

[118]  
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process, reducing phase separation [116]. Carbon-based matrixes are 
also suitable due to their high porosity, low density, superior thermal 
conductivity, and high surface area [87]. In general, as long as the 
inserted matrix material is highly conductive, a fin effect can be ex-
pected to significantly enhance the heat transfer with minimum 
compromising of the energy density [115]. The composite PCM’s overall 
effective thermal conductivity can even be as high as that of the matrix 
material, which is much higher than the thermal conductivity of the 
PCM without the matrix [114]. The performance of graphite, copper, 
and porous silica matrix is shown in Table 3. More matrixes, such as 
aluminum foam, graphene, carbon nanotubes, porous nano-titanium 
dioxide, porous expanded perlite, diatomite and montmorillonite, are 
also worth exploring for sub-zero temperature composite PCMs. 

A list of existing and potential homogenous mixtures, nanoadditive 
and composite PCMs, is provided in Table 4 with their thermophysical 
properties and applications mentioned in the literature. Table 5 shows a 
list of commercial PCMs available for sub-zero applications. 

As a summary and comparison of the pure substance, homogenous 
mixture, nanoadditive and composite PCMs, the heat of fusion of 101 
different non-commercial solid-liquid PCMs (taken from Table 2 and 
Table 4) and 5049 commercial PCMs (taken from Table 5 and catego-
rized into organic and inorganic materials according to the claims of the 
suppliers) are plotted against their melting temperatures in Fig. 4. In 
general, the heat of fusion decreases significantly as the melting tem-
perature decreases for both non-commercial and commercial PCMs. For 
non-commercial PCMs, eutectic water-salt solutions have large heat of 
fusion, but their melting temperatures are also high. The melting tem-
peratures of organic materials range from almost 0 ◦C to nearly − 200 ◦C, 
yet their heat of fusion is usually lower than the inorganic material on 
the same temperature levels. Inorganic pure substances have the lowest 
melting temperatures but stay in the liquid phase for limited tempera-
ture ranges between the melting points and the boiling points. 

On the other hand, compared to various non-commercial PCM can-
didates available at all temperature ranges, the lowest melting temper-
ature reported for commercial PCM products is − 114 ◦C, and the 
thermal conductivities of commercial PCM products decrease signifi-
cantly if the melting temperature is around − 100 ◦C. Moreover, similar 
to non-commercial PCMs, the inorganic commercial PCMs generally 
have a higher heat of fusion and thermal conductivities. Although many 
organic materials have the potential to be used as PCMs, more inorganic 
PCMs have been developed commercially, many of which are eutectic 
water-salt solutions with additives. 

Furthermore, the energy density of the existing PCMs below − 150 ◦C 
is not obviously higher than sensible materials anymore. New PCMs with 
higher heat of fusion and thermal conductivity in low-temperature 
ranges can be the directions for future research in CTES material 
development. 

2.2.4. Macroencapsulated PCM 
Macroencapsulation refers to confining PCMs in containments from 

several milliliters to several liters. It can be used standalone as a ther-
mocline CTES unit in an active or passive refrigeration system or as the 
filler of a packed-bed CTES system. Macroencapsulation is, by far, the 
most widely used PCM encapsulation technique [136]. It incorporates 
large amount of PCM in a low-cost way [136], protects the PCM from 
contamination and volume change from the outside [137], helps 
enhance the heat transfer by providing a larger heat transfer surface and 
reduced thermal resistance due to limited thickness [138]. 

Various research groups and companies have developed macro-
encapsulation containment concepts for sub-zero temperature. A mac-
roencapsulation containment always includes an air cushion to 
compensate for the material volume change, especially for rigid cap-
sules, which also enhances the mechanical stability of the storage system 
[139,140]. The containment shapes can be spherical, rectangular, cy-
lindrical, pouches, flat-plate, and other specially made shapes to fit 
specific uses [8,140–142]. Examples of some typical 

macroencapsulation containment are illustrated in Fig. 5. 
Materials for the macroencapsulation containment can be both 

metallic or plastic [140]. Since the containment is in direct contact with 
the PCMs, and sometimes with the HTFs as well, the containment ma-
terials should be carefully selected to avoid potential corrosion problems 
for each application. Oró et al. [143] tested the corrosion effect of four 
metals (copper, aluminum, stainless steel, carbon steel) and four poly-
mers (polypropylene (PP), high-density polyethylene (HDPE), poly-
ethylene terephthalate (PET) and polystyrene (PS)) against three 
commercial PCM materials and six PCM materials developed at the 
University of Lleida (PCT between − 22 ◦C and − 16 ◦C). Some materials 
used oxyethylmethylcellulose (CMC), AlF3, NaCl, and NH4Cl as the ad-
ditives. After one, four, and twelve weeks of testing, stainless steel 316 
showed a low corrosion rate and was the only metallic material rec-
ommended for long use by the authors. Copper and carbon steel showed 
high corrosion rates as well as the presence of precipitates and pH 
changes; therefore, they cannot be used as the containment material. 
Aluminum has already been used in several macroencapsultion appli-
cations [144–146]. However, in this study, pitting and bubbles appeared 
on the surfaces of the aluminum samples, indicating that holes may form 
if the containment is made by aluminum for these PCMs. On the other 
hand, all four polymers – PP, PS, PET, and HDPE – turned out to be 
suitable materials for macroencapsulation containment. Other advan-
tages of polymers include lost cost, low density, and easy shaping. The 
results are summarized in Table 6. 

2.2.5. Microencapsulated PCM 
Microencapsulation, on the other hand, refers to containing the PCM 

in capsules at a micro-scale (a few millimeters or less) that hold the 
material inside and avoids changing the composition of the material due 
to contact with the environment [140]. The capsule shells are usually 
made from polymers such as polyamides, polyurethanes, polyureas, and 
polyesters [147,148]. Microencapsulation creates a large surface area, 
improves the heat transfer and mechanical stability, diminishes 
agglomeration, minimizes phase separation, and improves cycling sta-
bility [7,25,140,149]. 

However, there is limited literature regarding the long-term thermal 
performance of microencapsulated PCM. This method needs improve-
ments to avoid the destruction of the capsules during thermal cycles 
[150]. Microencapsulation techniques have also been shown to increase 
the subcooling effect in PCMs, which is a major drawback for its appli-
cation as CTES materials [151]. Methods to solve the problem include 
adding nucleating agents as well as changing the composition and 
structure of the shell. Future work can also be done to develop stan-
dardized procedures to test the leakage and stability performance of 
microcapsules, which is crucial for further commercial development and 
acceptance [152]. 

Regarding the microencapsulation manufacturing processes, both 
physical and chemical methods are still too complicated, which should 
be improved to reduce the production costs [149]. If using the physical 
methods, there can be a considerable decrease in the PCM’s energy 
storage capacity [25]. 

A qualitative comparison of macroencapsulation and microencap-
sulation of PCMs is presented in Table 7 with their advantages and 
disadvantages. 

2.2.6. Slurry PCM 
The slurry is a unique type of PCM, which is a stable suspension of 

PCM particles in a carrier fluid. The energy stored is the combination of 
the PCM’s latent heat and the sensible heat of the carrier fluid. The 
slurry performs like a liquid at all times; therefore, it can be pumped, 
stored in tanks, discharged directly, and passed through a heat 
exchanger to work as the storage material and HTF simultaneously 
[153,154]. Among various types of phase-change slurries (PCS), ice 
slurry, dry ice slurry, and microencapsulated PCS can be or has the 
potential to be used for sub-zero temperature applications [149,155]. 
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Table 4 
Existing and potential homogenous mixture/nanoadditive and composite PCMs for sub-zero temperatures.  

Composition Type Melting 
Temperature (◦C) 

Heat of fusion 
(kJ/kg) 

Thermal 
conductivity  
(W/(m∙K)) 

Density  
(kg/m3) 

Application(s) 
mentioned in  
the literature 

Refs. 

24.8 wt% HCl Eutectic water-salt 
solution 

− 86 73.77 (kJ/mol)    [8] 

24 wt% LiCl Eutectic water-salt 
solution 

− 67 36.26 (kJ/mol)    [8] 

51 wt% ZnCl2 Eutectic water-salt 
solution 

− 62 116.84    [7] 

33.1 wt% FeCl3 Eutectic water-salt 
solution 

− 55 155.52    [7] 

29.8 wt% CaCl2 Eutectic water-salt 
solution 

− 55 164.93    [7] 

30.5 wt% CaCl2 Eutectic water-salt 
solution 

− 49.5 76.81 (kJ/mol)    [8] 

Sodium lactate/H2O 
(85.15:14.85 wt%) 

Multicomponent organic 
mixture 

− 49 28.3    [7] 

Sodium acetate/H2O 
(23.96:76.04 wt%) 

Multicomponent organic 
mixture 

− 43 29.7    [7] 

36 wt% CuCl2 Eutectic water-salt 
solution 

− 40 166.17    [7] 

Ethylene glycol/H2O (50:50 wt 
%) 

Multicomponent organic 
mixture 

− 37.1 41.59    [110] 

39.6 wt% K2CO3 Eutectic water-salt 
solution 

− 36.5 165.36    [7] 

17.1 wt% MgCl2 Eutectic water-salt 
solution 

− 33.6 221.88    [7] 

21.01 wt% MgCl2 Eutectic water-salt 
solution 

− 33.5 36.30 (kJ/mol)    [8] 

30.5 wt% Al(NO3)3 Eutectic water-salt 
solution 

− 30.6 131–207.63  1283 (l)  [7,8] 
1251 (s)  

34.6 wt% Mg(NO3)2 Eutectic water-salt 
solution 

− 29 186.93    [7] 

39.4 wt% Zn(NO3)2 Eutectic water-salt 
solution 

− 29 169.88    [7] 

32.3 wt% NH4F Eutectic water-salt 
solution 

− 28.1 187.83–199.1    [7,107] 

40.3 wt% NaBr Eutectic water-salt 
solution 

− 28 175.69    [7,119] 

NaCl-NaNO3-H2O Eutectic water-salt 
solution 

− 27 50–150    [120] 

Corn-oil ester/Tap water 
(35:65 vol%) 

Multicomponent organic 
mixture 

− 27 68.7    [94] 

Ethylene glycol/Sodium 
formate/H2O (1:1:8 wt%) 

Multicomponent organic 
mixture 

− 25 173.1    [7] 

27.9 wt% Li2SO4 Eutectic water-salt 
solution 

− 23 26.10 (kJ/mol)    [8] 

NaCl-KCl-H2O Eutectic water-salt 
solution 

− 23 260    [120] 

Glycerol/Sodium formate/H2O 
(1:1:8 wt%) 

Multicomponent organic 
mixture 

− 23 174.5    [7] 

Corn-oil ester/Tap water 
(30:70 vol%) 

Multicomponent organic 
mixture 

− 23 78.6    [94] 

21.5 wt% KF Eutectic water-salt 
solution 

− 21.6 225.2–227.13    [7] 

22.4 wt% NaCl Eutectic water-salt 
solution 

− 21.2 222–235 0.57 1165 (l)  [7,8,107,119] 
1180 (s)  

NaCl-Na2SO4-H2O Eutectic water-salt 
solution 

− 21 200    [120] 

34% Ethylene glycol/H2O (vol. 
%) 

Multicomponent organic 
mixture 

− 20.3 164 0.482 1481 (l)  [112] 

Polyethylene glycol 200/ 
Polyethylene glycol 300 
(4:96 wt%) 

Multicomponent organic 
mixture 

− 20    Household freezer [121] 

Corn-oil ester/Tap water 
(25:75 vol%) 

Multicomponent organic 
mixture 

− 19.5 85    [94] 

25 wt% MgCl2 Eutectic water-salt 
solution 

− 19.4 223.1    [7] 

Ethylene glycol/Sodium 
acetate/H2O (1:1:8 wt%) 

Multicomponent organic 
mixture 

− 19 118.5    [7] 

18% NaCl/5% super absorbent 
polymer (SAP)/0.03% 
diatomite/H2O 

Eutectic water-salt 
solution 

− 19 120.6 0.48  Freezer [122,123] 

39.7 wt% (NH4)2SO4 Eutectic water-salt 
solution 

− 18.5 187.75–269    [7,107] 

(continued on next page) 
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Table 4 (continued ) 

Composition Type Melting 
Temperature (◦C) 

Heat of fusion 
(kJ/kg) 

Thermal 
conductivity  
(W/(m∙K)) 

Density  
(kg/m3) 

Application(s) 
mentioned in  
the literature 

Refs. 

Sodium formate/H2O  
(1:4 wt%) 

Multicomponent organic 
mixture 

− 18 250.2    [7] 

36.9 wt% NaNO3 Eutectic water-salt 
solution 

− 17.7 187.79    [7] 

41.2 wt% NH4NO3 Eutectic water-salt 
solution 

− 17.4 186.29    [7] 

35 wt% Ca(NO3)2 Eutectic water-salt 
solution 

− 16 199.35    [7] 

19.5 wt% NH4Cl Eutectic water-salt 
solution 

− 16 248.44–289   Freezer [7,107] 

Polyethylene glycol 200/ 
Polyethylene glycol 300 
(20:80 wt%) 

Multicomponent organic 
mixture 

− 15    Household freezer [121] 

Ethylene glycol/Sodium 
propionate/H2O (1:1:8 wt%) 

Multicomponent organic 
mixture 

− 15 127.8    [7] 

Corn-oil ester/Tap water 
(20:80 vol%) 

Multicomponent organic 
mixture 

− 15 107.3    [94] 

Glycerol/Sodium acetate/H2O 
(1:1:8 wt%) 

Multicomponent organic 
mixture 

− 14 156    [7] 

Glycerol/Sodium propionate/ 
H2O (1:1:8 wt%) 

Multicomponent organic 
mixture 

− 14 123.2    [7] 

36.8 wt% K2HPO4 Eutectic water-salt 
solution 

− 13.5 189–197.79    [7,107] 

Ethylene glycol/Sodium 
lactate/H2O (1:1:8 wt%) 

Multicomponent organic 
mixture 

− 12 157.4    [7] 

30 wt% Na2S2O3 Eutectic water-salt 
solution 

− 11 219.86    [7] 

19.5 wt% KCl Eutectic water-salt 
solution 

− 10.7 253.18    [7] 

32.2 wt% MnSO4 Eutectic water-salt 
solution 

− 10.5 213.07    [7] 

Corn-oil ester/Tap water 
(15:85 vol%) 

Multicomponent organic 
mixture 

− 10.5 125.0    [94] 

22% Ethylene glycol/H2O  
(vol.%) 

Multicomponent organic 
mixture 

− 10.3 252 0.523 (l) 1313 (l)  [112] 

Dodecane encapsulated in zein Multicomponent organic 
mixture 

− 10 34.5–30.7   Food packaging [124] 

Glycerol/Sodium lactate/H2O 
(1:1:8 wt%) 

Multicomponent organic 
mixture 

− 10 159.3    [7] 

Polyethylene glycol 200/ 
Polyethylene glycol 300 
(30:70 wt%) 

Multicomponent organic 
mixture 

− 10    Household freezer [121] 

20 wt% KCl Eutectic water-salt 
solution 

− 10 284   Household 
refrigerator 

[125] 

32.4 wt% NaH2PO4 Eutectic water-salt 
solution 

− 9.9 214.25    [7] 

40:60 Tridecane:Dodecane  
(wt.%) 

Paraffin mixture − 9.7 159    [7] 

n-Dodecane (C12H26) Alkane (Paraffin) 
(Microencapsulated) 

− 9.5 216.2 2.21 (l) 748–764.84 
(l)  

[7,8,22,77] 

50:50 Tridecane:Dodecane  
(wt.%) 

Paraffin mixture − 9.1 145    [7] 

TiO2/BaCl2/H2O  
(TiO2 0.283 vol%) 

Nanofluid PCM − 8.6 258.3    [7] 

TiO2/BaCl2/H2O  
(TiO2 1.13 vol%) 

Nanofluid PCM − 8.5 254.2    [7] 

TiO2/BaCl2/H2O  
(TiO2 0.167 vol%) 

Nanofluid PCM − 8.5 279.5    [7] 

TiO2/BaCl2/H2O  
(TiO2 0.565 vol%) 

Nanofluid PCM − 8.2 257.4    [7] 

60:40 Tridecane: 
Dodecane (wt.%) 

Paraffin mixture − 8 147    [7] 

22.5 wt% BaCl2 Eutectic water-salt 
solution 

− 7.8 246.44    [7] 

Corn-oil ester/Tap water 
(10:90 vol%) 

Multicomponent organic 
mixture 

− 7.5 171.7    [94] 

27.2 wt% ZnSO4 Eutectic water-salt 
solution 

− 6.5 208–235.75    [7,107] 

Corn-oil ester/Tap water 
(7.5:92.5 vol%) 

Multicomponent organic 
mixture 

− 6.0 222.7    [94] 

24.5 wt% Sr(NO3)2 Eutectic water-salt 
solution 

− 5.75 243.15    [7] 

16.95 wt% KHCO3 Eutectic water-salt 
solution 

− 5.4 268.54    [7] 

(continued on next page) 
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Ice slurry is the most common kind of slurry for cooling applications 
and the food industry [149,156]. It is formed by liquid water as the 
carrier liquid and ice particles as the dispersed phase. During the melting 
process, the dispersed phase disappears and has to be reintroduced by an 
ice slurry generator. Freezing point depressants can reduce the freezing 
point of the ice slurry from 0 to − 30 ◦C and lower [157,158]. Theoret-
ically, any organic or inorganic material that can form a water solution 
(as listed in Table 4) can be used as a freezing depressant to generate an 
ice slurry [159]. The most commonly used freezing point depressants are 
sodium chloride, ethanol, ethylene glycol, and propylene glycol [158], 
while methanol, glycerol, ammonia, potassium carbonate, calcium 
chloride, magnesium chloride, potassium acetate, and potassium for-
miate were also studied [159,160]. However, an ice slurry’s energy 
density is more related to the ice fraction than the type of freezing point 
depressants [157]. The enthalpies of various ice slurries have been 
calculated and plotted in enthalpy-phase diagrams by Melinder et al. 
[161]. 

Similar to ice slurry, dry ice slurry contains liquid carbon dioxide and 
dry ice particles. The theoretical temperature range is between − 56 and 
− 80 ◦C, which is suitable for low-temperature refrigeration [155,162]. 

A microencapsulated slurry is a stable solid–liquid suspension con-
sists of a carrier liquid and microencapsulated PCMs. It contains the 
PCM in small droplets by microencapsulation made from polymers 
[149]. The microencapsulation helps avoid the PCM dispersion in the 
carrier liquid, avoid the agglomeration of PCM particles, protect the 
PCM from the environment, and improve mechanical stability. How-
ever, they usually have high cost, relatively low thermal conductivity, 
and their performances tend to deteriorate after long-term operation 
[149,163]. 

In general, slurry systems with additives can offer promising op-
portunities for CTES applications, especially for refrigeration and air 
conditioning [8,163]. Future research still needs to understand the basic 
physical properties of the slurries for system design; new additives 
should also be tested for sub-zero temperature applications [155]. 

2.3. Thermochemical energy storage materials 

Thermochemical materials (TCMs) store and release thermal energy 
through chemical reactions. The energy stored through a solid–gas re-
action can be described using Equation (3): 

S’ +HEAT ↔ S+G (3)  

where S’ and S are solid, and G is a gas. 
These materials’ heat storage capacity can be between 5 and 15 times 

higher than sensible materials, but the system complexity is the highest 
among all thermal storage technologies [156]. 

Chemical sorption storage is the most widely investigated type of 
thermochemical storage for CTES. There are two kinds of sorption 
storage: absorption (on liquid materials) and adsorption (on solid ma-
terials) [164]. Both absorption and adsorption involve two kinds of 
materials – a sorbent and a refrigerant known as a working pair – to 
transfer cold energy through an absorption or adsorption process per-
formed in a sorption cycle. The working principle of sorption storage is 
discussed in detail by Hauer [164] and Li et al. [7]. 

Several working pairs have been investigated for absorption storage 
at sub-zero temperatures, and the most commonly used working pair is 
water and ammonia (H2O/NH3) since NH3 can evaporate below 0 ◦C 

Table 4 (continued ) 

Composition Type Melting 
Temperature (◦C) 

Heat of fusion 
(kJ/kg) 

Thermal 
conductivity  
(W/(m∙K)) 

Density  
(kg/m3) 

Application(s) 
mentioned in  
the literature 

Refs. 

80:20 Tridecane:Dodecane  
(wt.%) 

Paraffin mixture − 5.4 126    [7] 

10 wt% NaCl Eutectic water-salt 
solution 

− 5 289   Household 
refrigerator 

[125] 

12% Ethylene glycol/H2O  
(vol.%) 

Multicomponent organic 
mixture 

− 4.9 281 0.558 (l) 1172 (l)  [112] 

20.6 wt% NiSO4 Eutectic water-salt 
solution 

− 4.15 258.61    [7] 

Tetradecane/octadecane Paraffin mixture − 4.02 227.52    [8] 
19 wt% MgSO4 Eutectic water-salt 

solution 
− 3.9 264.42    [7] 

12.7 wt% Na2SO4 Eutectic water-salt 
solution 

− 3.55 284.95    [7] 

3.9 wt% NaF Eutectic water-salt 
solution 

− 3.5 309.2–314.09    [7,107] 

Corn-oil ester/Tap water  
(5:95 vol%) 

Multicomponent organic 
mixture 

− 3.5 227.8    [94] 

Propylene glycol/H2O  
(10:90 vol%) 

Multicomponent organic 
mixture 

− 3    Chilled food 
refrigerated 
cabinet 

[126] 

19 wt% NaOH Eutectic water-salt 
solution 

− 2.8 265.98    [7] 

9.7 wt% KNO3 Eutectic water-salt 
solution 

− 2.8 296.02    [7,119] 

5.9 wt% Na2CO3 Eutectic water-salt 
solution 

− 2.1 281–310.23    [7,107] 

13.04 wt% FeSO4 Eutectic water-salt 
solution 

− 1.8 286.81    [7] 

11.9 wt% CuSO4 Eutectic water-salt 
solution 

− 1.6 290.91    [7] 

6.49 wt% K2SO4 Eutectic water-salt 
solution 

− 1.55 268.8    [107] 

80:20 Tridecane:Tetradecane 
(wt.%) 

Paraffin mixture − 1.5 110    [7] 

60:40 Tridecane:Tetradecane 
(wt.%) 

Paraffin mixture − 0.5 138    [7]  
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Table 5 
Commercial Latent thermal energy storage materials.  

Material Producer Density (kg/ 
m3) 

Transition temperature 
(◦C) 

Specific heat capacity (J/ 
(kg∙K)) 

Thermal conductivity (W/ 
(m∙K)) 

Latent heat (kJ/ 
kg) 

Reference 

E-114 PlusIce 782 − 114.0 2390 0.170 107 [127] 
E-90 PlusIce 786 − 90.0 2560 0.140 90 [127] 
E-78 PlusIce 880 − 78.0 1960 0.140 115 [127] 
E-75 PlusIce 902 − 75.0 2430 0.170 102 [127] 
E-65 PlusIce 1180 − 65.0 3280 0.560 240 [127] 
E-62 PlusIce 1300 − 62.0 4010 0.580 180 [127] 
E-60 PlusIce 1280 − 60.0 2900 0.440 172 [127] 
SP − 50 Rubitherm 1300 − 50.0 2000 0.600 200 [128] 
E-50 PlusIce 1325 − 50.0 3280 0.560 175 [127] 
– TEAP – − 50.0 – – 325 [129] 
E-46 PlusIce 1205 − 46.0 3050 0.540 240 [127] 
va-Q-accu 
− 37G 

Va-Q-Tec 1500 − 37.0 3150 – 213 [130] 

E-37 PlusIce 1500 − 37.0 3150 0.540 225 [127] 
Puretemp − 37 Puretemp 880 − 37.0 1990 0.150 145 [131] 
E-34 PlusIce 1205 − 34.0 3050 0.540 200 [127] 
SN 33 Cristopia 1240 − 33.0 – – 245 [132] 
HS 30 N Pluss 1425 − 33.0 2700 – 224 [134] 
va-Q-accu 
− 32G 

Va-Q-Tec 1300 − 32.0 2950 – 243 [130] 

E-32 PlusIce 1290 − 32.0 2950 0.560 225 [127] 
TH 31 TEAP – − 30.5 – – 131 [129] 
PCM − 30 Microtek 730 − 30.0 – – 150 [133] 
E-29 PlusIce 1420 − 29.0 3690 0.640 250 [127] 
SP − 30 Rubitherm 1200 − 28.5 2000 0.600 250 [128] 
SP − 28 Rubitherm 1300 − 28.5 2000 0.600 260 [128] 
SN 29 Cristopia – − 29.0 – – 233 [132] 
SN 26 Cristopia – − 26.0 – – 268 [132] 
E-26 PlusIce 1250 − 26.0 3670 0.580 265 [127] 
HS 26 N Pluss 1200 − 25.0 3600 – 272 [134] 
– TEAP – − 23.0 – – 330 [129] 
SP − 24 Rubitherm 1300 − 22.5 2000 0.600 250 [128] 
Climsel C-21 Climator 1100 − 22.5 – 0.330 285 [135] 
E-22 PlusIce 1180 − 22.0 3340 0.570 305 [127] 
HS 23 N Pluss 1140 − 22.0 3400 0.702 262 [134] 
TH 21 TEAP – − 21.0 – – 222 [129] 
SN 21 Cristopia 1120 − 21.0 – – 240 [132] 
va-Q-accu 
− 21G 

Va-Q-Tec 1150 − 21.0 3300 – 234 [130] 

E-21 PlusIce 1240 − 21.0 3130 0.510 285 [127] 
Puretemp − 21 Puretemp 1060 − 21.0 3430 0.550 239 [131] 
Climsel C-18 Climator 1150 − 20.5 – 0.560 288 [135] 
SP − 21 Rubitherm 1200 − 20.0 2000 0.600 285 [128] 
E-19 PlusIce 1125 − 19.0 3290 0.580 300 [127] 
HS 18 N Pluss 1095 − 18.0 3480 0.440 242 [134] 
SP − 17 Rubitherm – − 17.5 2000 0.600 300 [128] 
SN 18 Cristopia 1210 − 17.5 – – 268 [132] 
– TEAP  − 16.0   330 [129] 
HS 15 N Pluss 1070 − 15.0 3400 0.530 308 [134] 
TH 16 TEAP – − 15.5 – – 289 [129] 
E-15 PlusIce 1060 − 15.0 3870 0.530 320 [127] 
Puretemp − 15 Puretemp 1030 − 15.0 2060 0.550 301 [131] 
E-14 PlusIce 1220 − 14.8 3510 0.530 243 [127] 
AN 15 Cristopia – − 15.44 – – 311 [132] 
E-12 PlusIce 1110 − 12.3 3470 0.560 250 [127] 
E-11 PlusIce 1090 − 12.0 3550 0.570 310 [127] 
SP − 11 UK Rubitherm 1200 − 11.5 2000 0.600 330 [128] 
SP − 11 Rubitherm 1200 − 11.5 2000 0.600 290 [128] 
AN 12 Cristopia – − 11.72 – – 306 [132] 
AN 10 Cristopia – − 10.41 – – 310 [132] 
PCM − 10 Microtek 750 − 10.0 – – 180 [133] 
E-10 PlusIce 1140 − 10.0 3330 0.560 286 [127] 
HS 10 N Pluss 1125 − 10.0 3400 0.602 290 [134] 
TH 10 TEAP – − 10.0 – – 283 [129] 
MPCM (− 10) Microtek – − 9.5 – – 150–160 [133] 
RT − 9 HC Rubitherm 760 − 9.0 2000 0.200 250 [128] 
SP − 7_2 Rubitherm 1200 − 6.0 2000 0.600 290 [128] 
E-6 PlusIce 1110 − 6.0 3830 0.560 300 [127] 
HS 7 N Pluss 1120 − 7.0 3500 0.550 296 [134] 
AN 06 Cristopia – − 5.5 – – 284 [132] 
RT − 4 Rubitherm 760 − 4.0 2000 0.200 180 [128] 
E-3 PlusIce 1060 − 4.0 3840 0.600 330 [127] 
E-4 PlusIce 1060 − 3.9 3780 0.580 282 [127] 

(continued on next page) 
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[7,165]. The disadvantages of H2O/NH3 are: ammonia is toxic, and the 
system requires high operating pressures. Other working pairs proposed 
are LiNO3/NH3, NaSCN/NH3, SrCl2/NH3, MgCl2/NH3, CaCl2/NH3, 
MnCl2/NH3, FeCl2/NH3, and NiCl2/NH3 as listed in Table 8 [7,165]. 
Among them, SrCl2/NH3 delivers the highest storage capacity. For the 
adsorption process, CaCl2/NH3 has a high adsorption capacity, but it has 
problems such as expansion, corrosion, and deterioration [7]. Im-
provements in sorption storage can be made by enhancing the heat and 
mass transfer of the reactors, looking for more working pairs, and using 
composite materials [166]. 

Since chemical sorption storage involves a sorption cycle, which is an 
energy conversion process different from the other CTES materials, and 
thermochemical storage based on reversible reactions is rarely 
mentioned in the literature for sub-zero temperatures, the rest of this 

paper will mainly focus on CTES technologies using sensible and latent 
thermal energy storage materials. 

2.4. Summary and outlook of CTES material studies 

The selection of a suitable thermal energy storage material is the 
foremost step in CTES design. The materials that can be used for cold 
storage applications are mainly sensible thermal energy storage mate-
rials and PCMs. However, many of the listed materials present corrosion, 
safety, and phase separation issues (in the case of PCMs) to be overcome 
before considering them as proper CTES material candidates. For 
example, fire retardants can be added to suppress the flammability of 
organic materials used for low-temperature applications [167,168]. 

A series of comprehensive lists of existing and potential materials are 
presented in this section and summarized in Table 9. The development 
stage of each type of material is summarized according to the Tech-
nology Readiness Level (TRL) defined by the National Aeronautics and 
Space Administration (NASA) of the United States of America [169]. 
TRL of 1 represents the most fundamental research, and TRL of 9 denotes 
actual systems deployed in real applications. Suitable applications are 
summarized from existing literature and suggested according to the 
characteristics of the materials. 

Sensible materials are low cost, reliable, and have been used in 
various commercial applications. For sensible solid materials, future 
research can pay attention to the use of locally available materials and 
recycled materials. On the other hand, sensible liquid materials need to 
overcome corrosion and safety issues before being used for CTES. 

The amount of the PCMs investigated is significant compared to 
sensible thermal energy storage materials. Among the lists of PCMs, 
chemical elements, compounds, and homogenous mixtures are the ma-
jority. There are also new materials under development, such as 
microencapsulated PCMs and PCMs with improved thermal properties 
based on additives. Off-the-shelf availability of the complete lists of 

Table 5 (continued ) 

Material Producer Density (kg/ 
m3) 

Transition temperature 
(◦C) 

Specific heat capacity (J/ 
(kg∙K)) 

Thermal conductivity (W/ 
(m∙K)) 

Latent heat (kJ/ 
kg) 

Reference 

TH 4 TEAP – − 4.0 – – 386 [129] 
HS 3 N Pluss 1060 − 2.5 3980 0.350 346 [134] 
AN 03 Cristopia – − 2.6 – – 328 [132] 
E-2 PlusIce 1070 − 2.0 3800 0.580 325 [127] 
Puretemp − 2 Puretemp 1020 − 2.0 4020 0.600 277 [131]  

Fig. 4. (a) The heat of fusion of 95 non-commercial PCM compositions 
mentioned in the literature (taken from Table 3 and Table 5). (b) The heat of 
fusion and thermal conductivity of 50 commercial PCM products claimed by the 
suppliers (taken from Table 6). In general, the heat of fusion decreases with the 
melting temperature. Inorganic PCMs have larger heat of fusion, but organic 
PCMs cover a wider temperature range. Most commercial PCM products are 
inorganic, while no commercial product is available for temperatures lower 
than − 114 ◦C. 

(a) (b) 

(c) (d) 

Fig. 5. Schematics of PCM macroencapsulation shapes: (a) spherical; (b) rect-
angular; (c) cylindrical; (d) pouches. 
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materials with their corresponding thermo-physical properties in low- 
temperature ranges allows readers to start evaluating the overall stor-
age capacity of CTES and further select the appropriate CTES design. A 
significant portion of PCMs have already been applied mostly to the 
refrigeration sector, yet the rest are experimentally and numerically 
tested with various cold storage designs. There is a selection of com-
mercial and non-commercial PCMs, with good and moderate thermo-
physical properties, currently clustered in a temperature range of 
− 50 ◦C to 0 ◦C. Due to the lack of options among current PCMs available 
for cryogenic applications, one clear future research direction in cold 
storage materials using PCMs should move towards cryogenic temper-
ature ranges to explore new materials with high thermal storage ca-
pacity. Besides, one should prioritize the energy density and the cost 
when developing PCMs for cryogenic cold storage applications to 
replace earth-abundant rock-like sensible thermal energy storage ma-
terials, which are currently used for cryogenic cold storage applications. 
More methods to resolve subcooling and phase separation effects should 
also be investigated, including a deeper understanding of the mecha-
nisms of heat transfer, transport characteristics, and stability of micro-
encapsulation and nanoparticle additives [7]. It is also important to 
search for more additives that allow for easy adjustment of the melting 
temperatures and evaluate the long-term performance of nanoadditive 
and composite materials [8]. 

For thermochemical energy storage, the sorption cycle is the only 
type that has been widely studied. Ammonia/water is the most 
commonly used working pair. Due to the toxicity and high-pressure 
requirement on the systems based on ammonia, other alternative pairs 
of sorbents and refrigerants should be investigated. Future research can 
also optimize the sorption system, reduce the system cost [7], and search 
for more sorption and reversible reaction materials. 

3. Numerical studies of CTES containment and heat transfer 

Using numerical modeling tools before prototype construction for a 
detailed analysis is an essential part of any TES system design. Usually, 
parameters like storage capacity, operating conditions (mainly tem-
peratures and pressures) of the storage are estimated firstly. Subse-
quently, the storage materials and storage types are selected. The 
subcooling effect should also be considered in the case where PCM is 
used as the storage material. Finally, mechanical properties of materials 
such as elasticity, plasticity, and transition to glassy state at sub-zero 
temperatures also need special attention in the numerical models to 
better understand the full CTES system. 

Regarding the existing literature, almost all of the numerical studies 
found are limited to simple rectangular, cylindrical, or spherical forms of 
cold storage containers, while computational domains were mainly 1-D, 
2-D, and 2-D axisymmetric, meaning that the geometries of storage 
devices were purposefully simplified to reduce computational costs and 
complexity of the model. 

This part of the review presents the up-to-date available research 
papers related to the numerical modeling of CTES, which are classified 
according to their storage design, together with information about the 
numerical method and dimension of the simulation domain, software 
used, temperature range, and storage material. 

An exception is made on numerical studies related to materials, 
where heat transfer analysis is carried out to understand the funda-
mentals of thermal energy storage process in a small amount of cold 
storage material effectively encapsulated. 

3.1. Packed-bed and thermocline CTES 

A packed-bed system consists of a single tank of storage material, 
also called filler material, which takes profit of the thermocline effect. 
The filler materials can be solid, like rocks, quartzite, ceramic pebbles 
[175], or PCMs contained in macroencapsulated containments. To 
charge and discharge the energy to and from the system, a liquid or gas is 
used as HTF to transfer the energy from the heat/cold source to the filler 
material. 

Together with experimental studies, numerical analyses – mostly in 
1-D computational domains – have been conducted to estimate the cold 
storage performance of packed-bed technology. 

Table 6 
Stability of metallic containment materials by Oró et al. [143].   

Copper Aluminum Stainless steel Carbon steel 

PCM-A: C-18 Not recommended Not recommended Recommended Not recommended 
PCM-B: E-21 Not recommended Not recommended Recommended Caution recommended 
PCM-C: PCM-B + 1% CMC Not recommended Not recommended Recommended Caution recommended 
PCM-D: 19% NH4Cl + H2O Not recommended Not recommended Recommended Not recommended 
PCM-E: PCM-D + 1% CMC Not recommended Caution recommended Recommended Not recommended 
PCM-F: PCM-D + 3% AlF3 Not recommended Not recommended Recommended Not recommended 
PCM-G: PCM-F + 1% CMC Not recommended Not recommended Not recommended Not recommended 
PCM-H: PCM-D + 3% NaCl Not recommended Not recommended Recommended Not recommended 
PCM-I: PCM-H + 1% CMC Caution recommended Recommended Recommended Caution recommended  

Table 7 
Advantages and disadvantages of macroencapsulation and microencapsulation.  

Advantages Disadvantages Suitable CTES 
type(s) 

Macroencapsulation 
Lower cost 

Large surface area and limited 
thickness to enhance heat transfer 
Avoidance of contamination of 
PCM and change of properties 
Various shapes available with 
flexible or rigid materials 
Rigid macroencapsulation 
enhances the mechanical stability 
of the storage system 

There could be corrosion 
between the PCM and 
the container  

Packed-bed and 
thermocline 

Microencapsulation 
Large surface area to enhance heat 

transfer 
Improve cycling stability 
Avoid the agglomeration of PCM 
particles 
Avoid contamination of PCM and 
change of properties 

Higher cost 
Increase the subcooling 
Possible destruction of 
the capsules 

Shell-and-tube 
Slurry-based  

Table 8 
Energy storage capacity for working pairs [7,165].  

Working Pairs Evaporator temperature (◦C) Energy stored (kJ/kg) 

H2O/NH3 − 20 122.4 
LiNO3/NH3 − 20 129.6 
CaCl2/NH3 − 20 295.2 
SrCl2/NH3 − 20 432.0 
MgCl2/NH3 − 20 360.0* 
FeCl2/NH3 − 20 316.8* 
NiCl2/NH3 − 20 313.2* 
MnCl2/NH3 − 20 324.0*  

* Approximate values from Fig. 3 of [165]. 
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1-D numerical studies of packed-bed technology are often carried out 
using two phase models including Schumann’s model, one and two- 
dimensional continuous solid phase models, and concentric dispersion 
model, where HTF and storage materials have separate energy equations 
to model their temperature profiles, while in one and two-dimensional 
single phase models, the temperature profiles of both HTF and storage 
materials are assumed to be the same and evaluated using a single en-
ergy equation. The latter model is applicable and able to provide 

reasonably accurate numerical results provided that the storage mate-
rials are highly thermal conductive that it can resemble the HTF tem-
perature. Otherwise, two phase models are reliable, yet it requires stiffer 
control on the grid size and time step of the solver or numerical scheme 
compared to single-phase models. 

Several studies have been devoted to assessing the storage perfor-
mance of sensible packed-bed technology for cold storage purposes. 
Hüttermann et al. [17] numerically studied and compared packed-bed 

Table 9 
Summary of CTES materials.  

Material type Temperature 
range 
mentioned in 
the literature 
(◦C) 

Compatible 
CTES types 

Current development stage 
and Technology Readiness 
Level (TRL) 

Pros Cons/technical challenges Suitable 
applications 

Sensible materials 
(solids) 

− 170 to 0 Packed-bed and 
thermocline 

Commercially available for 
some applications 
TRL: 8–9 [19,20] 

Low cost and high 
reliability, materials 
widely available, wide 
temperature range, 
suitable for large scale 
storage, environmentally 
friendly 

Lower energy and exergy 
density, larger pressure 
drop 

Large-scale 
electricity storage*, 
large-scale 
refrigeration, large- 
scale waste cold 
recovery 

Sensible materials 
(liquids) 

− 153 to 0 Packed-bed and 
thermocline 

Some candidate materials 
selected but have not been 
widely applied 
TRL: 2–5 [18,44,170] 

Can act as the HTF and the 
thermal energy storage 
material at the same time 

Working temperature 
range limited by freezing 
and boiling point, low 
energy and exergy density, 
can be flammable, 
corrosive and toxic, 
become viscous at 
cryogenic temperatures 

Large-scale 
electricity storage*, 
large-scale 
refrigeration, large- 
scale waste cold 
recovery 

Pure substances 
PCMs 

− 210 to 0 Packed-bed and 
thermocline, 
shell-and-tube, 
plate-shaped 

Some materials are already 
deployed commercially 
TRL: 5–9 [59,60] 

High energy and exergy 
density, wide temperature 
range 

Can be flammable, 
corrosive, and toxic, need 
to be stored in pressurized 
or open containers for 
solid–gas/liquid–gas phase 
transition, need to handle 
subcooling and volume 
change 

Small- and large- 
scale active and 
passive 
refrigeration*, 
large-scale waste 
cold recovery*, 
small- and large- 
scale electricity 
storage* 

Homogeneous 
mixture PCMs 

− 86 to 0 Packed-bed and 
thermocline, 
shell-and-tube, 
plate-shaped 

Many eutectic solutions are 
commercially available, more 
under development 
TRL: 5–9  
[121,144,145,171,172] 

High energy and exergy 
density, tunable freezing 
point 

Need to handle subcooling, 
volume change, and phase 
separation due to 
incongruent melting 

Small-scale active 
and passive 
refrigeration*, 
small-scale waste 
cold recovery*, 
small-and large- 
scale refrigeration 

Nanoadditive and 
composite PCMs 

− 114 to 0 Packed-bed and 
thermocline, 
shell-and-tube, 
plate-shaped 

Additives for salt mixture and 
paraffin available, more 
under development 
TRL: 3–9 [123,173,174] 

Improves the thermal 
conductivity, avoids 
phase separation, reduces 
of subcooling effect, 
increases the growth rate 

Reduces latent heat, 
increases cost, particles 
tend to agglomerate over 
time 

Small- and large- 
scale active and 
passive 
refrigeration*, 
small- and large- 
scale waste cold 
recovery* 

Microencapsulation 
and other slurry 
PCMs 

− 140 to 0  Packed-bed and 
thermocline, 
shell-and-tube, 
plate-shaped, 
slurry-based 

Ice slurry for refrigeration 
commercially available, dry 
ice slurry in a conceptual 
phase, more 
microencapsulation under 
development 
TRL: 3–6 [149,155–157] 

Better heat capacity and 
heat transfer coefficient, 
avoids agglomeration, 
slurries can be used as the 
storage and HTF at the 
same time, able to be 
pumped and have the 
combined energy density 
of the PCM latent heat and 
sensible heat of the carrier 
fluid  

Microcapsulation related: 
high cost, 
microcapsulation can be 
destroyed at mid/long 
term, increase subcooling 
Slurry related: 
stratification issue, heavy 
mechanical power 
required to generate small 
and smooth ice crystals 
and to maintain the ice 
slurry in the homogeneous 
state, lack of full 
understanding of the basic 
physical properties 

Small- and large- 
scale active 
refrigeration*, 
small- and large- 
scale waste cold 
recovery 

Thermochemical 
materials 

− 30 to 0 Absorption and 
adsorption 
cycles 

Ammonia absorption 
commercially available, other 
types in the early stages 
TRL: 1–9 [7,165] 

Higher energy and exergy 
density 

High system complexity, 
can be toxic and corrosive, 
may require high pressure 
to operate, low heat and 
mass transfers in adsorbent 
beds 

Small- and large- 
scale active 
refrigeration*  

* Mentioned in the literature. 

L. Yang et al.                                                                                                                                                                                                                                    



Applied Energy 288 (2021) 116555

18

storages based on nine different sensible storage materials: 4 metals – 
lead, aluminum 6061, zinc, stainless steel 304; 1 ceramic – aluminum 
oxide; 2 minerals – quartz, sodium chloride; and 2 plastics – poly-
propylene (PP) and polyethylene (PE). The influence of the temperature- 
dependent heat capacity of these nine materials at the cryogenic tem-
perature range (i.e., charging at − 150 ◦C and discharging at 20 ◦C) on 
the efficiencies of the storages with different materials under constant 
boundary conditions were compared. The materials are assumed to be 
spherical in shape, with the diameter and bed porosity assumed to be 10 
mm and 0.4, respectively, while the mass flow rate at the inlet was set at 
10 kg/s. Based on these parameters, the calculated Biot number was 
below 0.1, meaning that homogeneous temperature distribution within 
a particle could be a reasonable approximation. 1-D continuous solid 
phase model was adopted to consider the heat transfer between HTF and 
storage materials within the packed-bed along the flow direction. The 
equations were numerically solved, applying an explicit Lax-Wendroff 
scheme with second-order accuracy in time and space. According to 
the numerical results and calculation of the energy storage efficiency, 
materials such as PP, PE, sodium chloride, and quartz were promising 
candidates in terms of storage capacity, feasibility, and cost. 

Sciacovelli et al. [19] numerically studied packed-bed cold storage as 
a component of a LAES system (shown in Fig. 6). The results were 
compared with the experimental data obtained from charging studies of 
the modular packed-bed comprising 4 U-shaped cells filled with 
quartzite pebbles. 1-D continuous solid phase model was adopted to 
estimate the performance of the packed-bed numerically. It was 
assumed that the heat transfer is significant along the flow direction 
only; therefore, the radial component of the model was neglected. Thus, 
the energy equations for HTF and storage materials were solved using 
Comsol Multiphysics software. The diameter and height of the storage 
were 12 m and 13.65 m, respectively. Furthermore, the average diam-
eter of pebbles and the porosity of the bed were assumed to be 5 mm and 
0.38 accordingly. The numerical results showed a good correspondence 
with the experimental temperature measurements at locations of 0.27, 
1.7, and 3.13 m along the packed-bed axis during the charging studies. 
The actual packed-bed storage consisted of six identical partitioned 
cells, with equally distributed mass flow rate along with the cells. Nu-
merical studies considered only one of the cells, where heat exchange 
between cells was also neglected. 

Davenne et al. [18] compared the performance of a packed-bed and a 
liquid thermocline (as shown in Fig. 7) as cold storages for an off-shore 
wind driven pumped thermal energy storage system using a 1-D nu-
merical modeling approach. The packed-bed was assumed to consist of 
concrete spheres with nitrogen gas as the HTF, while isopentane was 
considered as the storage/HTF medium in the liquid thermocline. 
Balancing the energy between convective HTF and storage materials and 
evaluating the rate of energy change within the elements of the liquid 
thermocline, 1-D single-phase convection–diffusion equations were 
developed for both storage types, where the equations included the 
speed of the thermal front and the effective diffusivity coefficient in the 
storage. Based on the numerical studies, it was found that the stratified 
liquid thermocline had significantly lower thermal diffusivity than the 
effective diffusivity of the packed-bed, giving it correspondingly lower 
heat transfer losses during the charging and discharging. Furthermore, 
the optimum radius of the packed-bed spheres and the aspect ratio of the 
storage tank was calculated based on the simulation results and calcu-
lations of exergy losses. The simulation results of the thermocline based 
thermal storage filled with liquid isopentane showed that the exergy loss 
could be reduced with increasing aspect ratio. The exergy loss for the 
thermocline was also calculated over the same example duty cycle with 
the packed-bed, and it was found to be significantly lower than the 
packed-bed with the exergy loss of 3.7 kW. 

When encapsulated PCM is considered as the storage medium in 
packed-bed, enthalpy method is most commonly applied to capture both 
latent heat of fusion and sensible heat capacity in PCM capsules when 
solving for temperature profiles using the energy equations. The 

simplicity of the method allows using the same energy equation for both 
HTF and PCM storage, while introducing a “mushy zone” at the PCM 
phase transition range to disregard sharp discontinuities, which other-
wise can create numerical instabilities. Besides, the necessity for 
tracking the phase transition front using computationally expensive 
adaptive mesh methods is diminished; therefore, a simplified fixed grid 
approach is applicable together with the enthalpy method to address the 
phase transition simulation in PCM storage containers with a reduced 
computational cost. 

Thus, a few numerical studies have been conducted on the applica-
tion of packed-bed technology filled with PCM capsules for cold energy 
storage below 0 ◦C. One of them belongs to Bejanaro et al. [176], where 
the authors proposed to improve the energy efficiency of the vapor- 
compression system integrating a PCM based packed-bed cold storage 
(Fig. 8a). Since the operation of the vapor-compression system is based 
on the circulation of two different fluids: refrigerant and secondary 
fluid, the standard packed-bed storage device was modified. Thus, the 
cold storage included PCM spheres bathed into an intermediate fluid and 
two bundles of pipes installed separately on the sides of the storage to 
circulate the refrigerant and secondary fluid. The ad hoc designed 
vegetable oil with the PCT of − 30 ◦C was used as the PCM, and it was 
enclosed into spherical polymer capsules made of high-density poly-
ethylene. An aqueous solution of 60% v/v ethylene glycol was used as 
the intermediate fluid, which transferred the thermal energy between 
the refrigerant and PCM capsules during the charging mode or between 
PCM capsules and the secondary fluid during the discharging mode. The 
pipe bundle in the storage system was assumed to be made of carbon 
steel. The preliminary results were obtained using only numerical 
studies since the proposed storage design had not been built. Thus, the 
numerical studies regarding the charging and discharging of the storage 
were carried out between the refrigerant (R404a) temperature − 41 ◦C 
and secondary fluid (60% v/v propylene glycol) temperature − 20 ◦C. 
The proposed discrete model, which considered the enthalpy method to 
model the heat transfer in the PCM, allowed to numerically simulate the 
full charging and discharging modes as well as series of partial charging 
and discharging modes. 

Khor et al. [177] numerically studied the cascaded packed-bed 
storage containing three different encapsulated PCMs with cascaded 
phase change temperature values (PCT) along with the storage tank 
(Fig. 8(b)). Thus, the high-grade PCM had the lowest PCT with the value 
of − 49 ◦C, while medium-grade and low-grade PCMs had PCTs equaled 
to − 19.5 and 6.5 ◦C, respectively. The 1-D numerical approach based on 
the two-phase model was adopted to study the cascaded packed-bed 
numerically. The temperature change is assumed to be along the axial 
direction of the packed-bed only. The concentric dispersion model, 
together with the enthalpy method, was used to numerically study the 
heat transfer and resulting phase-change processes in the PCM capsules 
in a one-dimensional manner along the capsule radius. The results of the 
numerical studies could provide several performance maps of the 

Fig. 6. Schematic of modular packed-bed high grade cold storage [19].  
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cascaded packed-bed storage, where different storage capacities within 
each temperature region depending on the amounts of the PCMs and 
various diameters of the encapsulated PCM particles showed a signifi-
cant effect. Numerical simulation of packed-bed technology in higher 
dimensions (i.e., 2-D and 3-D) has been carried out so far only for above- 
zero thermal energy storage applications. However, the same approach 
is easily acceptable for the simulation of packed-bed technology 
designed for cold/cryogenic storage. Some of the advanced CFD studies 
on packed-beds can be found in the references [178,179]. 

Furthermore, Khor et al. [180] numerically studied the effect of 
granular material addition into voids of packed-bed storage filled with 
macroencapsulated PCM. Three different macroencapsulated PCM and 
four granular materials were considered, respectively. 1-D two-phase 
model was adopted, where heat transfer in macroencapsulated PCM 
was evaluated using the concentric dispersion model. Once validated 
with an experimental study, the 1-D model was used for the parametric 
analysis carried on a scaled-up cold storage tank. The parametric anal-
ysis included different macroencapsulated PCMs, types of granular 
materials, encapsulation sizes, and flow rates. The results showed that 
alumina particles resulted in the highest overall increment in the 
amount of the stored thermal energy due to their large density and heat 

capacity. Microencapsulated n-decane particles provided the highest 
overall enhancement on the cyclic efficiency of the packed-bed storage. 

Macroencapsulation of PCMs in rectangular plate-shaped containers 
can be used standalone as a thermocline CTES unit in an active or pas-
sive refrigeration system. Zarajabad and Ahmadi [181] (Fig. 9) numer-
ically studied the plate type PCM-based cold storage with various 
thicknesses (0.5, 1, 2, 3, 4, 5, and 6 cm), but with the constant surface 
area (28 × 43.5 cm2) mounted in the freezer with the dimensions of 28 
× 31.5 × 43.5 cm3 to evaluate the effect of the stored cold in the PCM 
plate on the cooling efficiency of the freezer when the compressor of the 
refrigeration cycle was off. The eutectic solution of NaCl-H2O with the 
PCT of − 21 ◦C was chosen as the PCM. The numerical simulation was 
based on the enthalpy method, and it was carried out in a 2-D rectan-
gular domain with appropriate initial and boundary conditions. The 
results of the numerical study estimated that 3 cm thick PCM plate was 
the most appropriate one for this particular application. 

Xu et al. [184] numerically studied the temperature development 
inside the refrigerated truck (3.8 × 1.75 × 1.75 m3) due to the place-
ment of the cold PCM plates to the walls. The eutectic salt-based cold 
storage PCM was said to have its melting point of around – 21.2 ◦C, 
which was cooled down to − 30 ◦C, and the latter was considered in the 
numerical studies as the initial condition for the PCM plates in the 
refrigerator. On the other hand, three different temperature values were 
taken as the initial conditions of the refrigerator space: 20 ◦C, 25 ◦C, and 
30 ◦C. Due to these temperature differences in the PCM plates and the 
refrigerating space, buoyancy forces driven flow takes place in the 
refrigerating space, and it was numerically studied using ANSYS soft-
ware, where phase change processes in the PCM plates were modeled 
using the enthalpy method. The results showed that the complete dis-
charging of the cold from the eight PCM plates by the natural convection 

Fig. 7. CTES system for a pumped thermal energy storage system: (a) Packed- 
bed and (b) Liquid thermocline [18]. 

Fig. 8. Packed-bed type latent heat cold storage systems: (a) PCM spheres 
submerged into the intermediate fluid; [176] and (b) column of spheres with 
cascaded PCTs [177]. 
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lasted up to nearly 82 h, leading to the stabilized temperature of the 
refrigerating space around 0 ◦C. 

3.2. Shell-and-tube CTES 

The operation principle of this type of TES system is similar to a shell- 
and-tube heat exchanger, where the thermal energy storage material 
locates on the shell side and the HTF on the tube side. During the 
charging phase, cold energy will be transferred to the thermal energy 
storage material; and during discharging, thermal energy storage ma-
terial is heated by the HTFs inside the pipes. For systems using PCMs, the 
melted liquid will flow around the solid parts to enhance the heat 
transfer due to natural convection. The number of tubes in the heat 
exchanger, as well as their diameter and length, is going to determine 
the heat exchange coefficient for a given HTF flow rate, which is one of 
the more relevant parameters to optimize in models and simulations. 

Several numerical studies have been conducted on shell-and-tube 
systems, where the PCM is water – mostly without any additives to 
lower the phase change temperature sub-zero. In the following refer-
ences, attention should be paid to the extremely low values of the 
charging temperature, even though the PCM is water with a PCT of 0 ◦C. 

Torras et al. [185] numerically studied the shell-and-tube CTES 
designed for a low thrust cryogenic propulsion system with a commer-
cial software called TermoFluids. The numerical model was based on the 
coupling of the three subroutines: 1-D single-phase/two-phase flow 
model inside the heat transfer tube; 2-D axisymmetric heat conduction 
model in the solid parts; and 3-D solid–liquid two-phase flow model for 
the PCM storage, taking into account the turbulence convection 
modeling from the liquid side. Water is considered as the PCM, and the 
operating temperature range of the storage was taken to be from 
− 195.0 ◦C up to 7.74 ◦C. 

In another study, Tan et al. [186] simulated the operation of a 
rectangular container filled with water as the PCM and equipped with a 
copper tube for cryogenic gas (nitrogen) flow as the HTF in FLUENT. 2-D 
numerical studies were adopted, which included the enthalpy-porosity 
method for phase change modeling, and the results of the simulation 
could provide the temperature development (from − 120 to 7 ◦C) from 
the side view of the tank. 

Sang et al. [182] studied phase change processes of the full-scale 
vertical ice-on-coil type CTES using a numerical approach (Fig. 10). 
To reduce the pressure drop, tubes were partitioned into 8 passes, where 
each pass consisted of 92 series of tubes having an external diameter of 
12.75 mm. Since these copper tubes were arranged into a staggering 
array and assuming that there was no thermal interaction between these 
tubes, the numerical problem was simplified to heat transfer simulation 
of 92 hexagonal 3-D tubes, numerically connected by using the outlet 
temperature of one tube to the inlet condition to the neighboring tube. 
The heat transfer and ice formation/melting around the coils were 
estimated using the enthalpy method, incorporated into the commercial 
software STAR-CCM. 

3.3. Plate-shaped CTES 

This type of CTES system uses plate-shaped storage materials. 
Thermal energy storage materials and the HTFs are separated by large 
plates parallels aligned in the storage unit. The plates are used to store 
energy in the form of latent heat, and are placed in a container tank, 
usually with a rectangular cross-section, separated with a fixed distance. 
The HTF circulates through the free room between the plates, allowing 
for the heat exchange between the storage materials and the HTF. The 
dimensions of the plates (thickness, height, and length) and the distance 
between the plates determine the final dimensions of the storage tank, 
which should be optimized according to the application requirements 
and the material thermo-physical properties. 

Liu et al. [183] numerically and experimentally studied PCM slabs 
with dimensions of 0.26 m × 1.70 m × 0.025 m bundled together with 

the uniform gap of 0.6 cm into the container as the cold storage for the 
refrigerated enclosure (Fig. 11). The developed mathematical model was 
1-D, where only the half-thickness of the PCM slab and the HTF passage 
(the gap between slabs) were numerically studied along the flow di-
rection since slabs were bundled parallel to each other. Consequently, 
the heat transfer in the PCM slab along the axial direction, as well as the 
temperature variation of the HTF in the normal direction to the flow 
were ignored. Thus, considering the energy balance for the HTF along 
the flow direction between PCM slabs, and taking into account the 
convective heat transfer between HTF and PCM through the slab walls, 
the charge or discharge duration of the storage were numerically stud-
ied, and the accuracy of the model was validated through experimental 
studies. 

This model was later used for the optimization of the storage effec-
tiveness of such CTES systems by Amin et al. [187]. The results showed 
that the storage density coefficient decreases with increasing gap 
thickness between the plates and mass flow rates. An optimized plate 
thickness can be found for a gap thickness and mass flowrate. 

3.4. Microencapsulated PCM 

Yu et al. [188] numerically described the thermo-mechanical 
behavior of microencapsulated phase change material slurries using 
spherical microcapsules filled with a commercial HTF, Dowtherm J as 
the core material with the PCT of − 81 ◦C for dynamic and static cryo-
genic cold storage applications (Fig. 12). The numerical model is 
composed of energy conservation equations, pressure-dependent solid-
–liquid equilibria, Lamé’s equations, and buckling theory. While mi-
crocapsules were charged with cryogenic cold, the PCM solidification 
resulted in the volume shrinkage and pressure decrease in the capsules. 
Due to the pressure difference between outside and inside media of the 
capsules, the deformation of the shell, made of melamine–formaldehyde 
(MF), was considered to take place. The shell thickness of microcapsules 
was optimized for mechanical stability using the thermo-mechanical 
model, as it was observed that the shell thickness had a negligible ef-
fect on the solidification of the PCM. Resistance to the buckling of the 
shell due to the pressure difference was increased by adding Al2O3 
nanoparticles and electroless Cu plating on the shell surface. Thus, the 
thicknesses to avoid buckling of materials MF, MF-Cu, and MF-Cu-Al 
during the solidification of the PCM were optimized, and the ratio of 
the core radius to the shell thicknesses was suggested to be less than 72, 
92, and 160, respectively. 

3.5. Slurries-based CTES 

In a slurry-based CTES system, ice-slurries or microencapsulated 
slurries are used as both the thermal energy storage material and the 
HTF. The numerical analysis carried out on CTES based on slurries are 
mostly divided into two types: (i) the development of slurries within 

Fig. 9. Macroencapsulation used as a thermocline CTES installed on top of a 
freezer [181]. 
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slurry generating units or heat exchangers; and (ii) the flow of slurries 
within pipes or channels under forced convection – pumping process to 
deliver generated slurry mass for certain applications. The flow and 
thermal behavior of slurries within pipes/channels are complex phe-
nomena due to the simultaneous flow of ice particles and carrier fluid, 
especially under conditions of non-isothermal heat transfer with 
ambient. 

The numerical studies that have been conducted regarding the latter 
so far have been mostly dedicated to understanding how flow regime 
(laminar or turbulent), rheological behavior, inlet slurry concentration, 
velocity, particle diameter, and particle volume fraction within the flow 
could affect the pressure drop along pipe/channels, mass transfer rate 
and eventually the quality of the slurry to be delivered for required 
applications. Since the transport of slurry is out of the scope of the 
current studies, only numerical studies of slurry generation (i.e., 
charging/discharging) and storage are reviewed. The reader may refer 
to [189] to get acquainted with the review studies on the transportation/ 
flow of ice slurries. 

A number of studies have been conducted to numerically study the 
generation of slurry mass. The hypereutectic binary aqueous ammonium 
chloride (H2O + NH4Cl) solution was proposed as the slurry for cold 
energy storage by Kumar et al. [190], and the process of the slurry 
generation was numerically modeled. The sidewalls of the cylindrical 
cavity – the slurry generating unit, which was assumed to have an initial 
temperature of 25 ◦C, was maintained below the eutectic temperature of 
the solution (− 15.4 ◦C) for slurry development. The top and bottom 
surfaces of the unit were assumed to be insulated; therefore, the adia-
batic boundary condition was assigned for these boundaries in the nu-
merical studies. Different configurations and conditions such as cold 
boundary temperature, the initial concentration of the depressant, and 
the geometry (H:D ratio) of the cavity were set up as initial conditions in 
the numerical model to analyze the cold storage and effectiveness of the 
system (Fig. 13). The numerical studies were based on the fixed-grid 
continuum media formulation with the multiphase model, where three 

zones – a fixed solid region, a coherent mushy zone (immobile mushy 
region) and a non-coherent mushy zone (mobile mushy region) – were 
distinguished by the value of the so-called “critical ice fraction” or 
“packing fraction”. In the vertical component of the momentum equa-
tion, three important terms were considered: Darcy effect in the porous 
packed region in the coherent zone with the permeability coefficient 
determined by Carman-Kozeny model; the sedimentation of the solid ice 
(i.e., gravity-related term); and the density change due to the concen-
tration and temperature gradients (i.e., buoyancy related term), where 
the latter coupled the momentum equations with the energy and con-
centration equations. The 2-D axisymmetric computational domain was 
used to carry out the simulations, and the results provided time- 
dependent evolution of ice fraction, temperature, and concentration 
fields in the slurry generator, including the solid–liquid drift velocity 
field under the aforementioned configurations and initial conditions. 
The optimum slurry generating conditions were achieved at the values 
of 0.75H/D aspect ratio, 0.1527 Stefan number, and 24% depressant 
concentration. 

The same numerical approach was further used to study the incli-
nation effect of the generator to the improvement of the slurry formation 
in the unit [191]. According to the experimental as well as numerical 
analysis, the inclination of the slurry generation unit could improve ice 
particle detachment from the solidifying mushy zone, consequently 
increased the ice slurry production (Fig. 14). It was concluded that the 
optimum generation of the ice slurry could be achieved under 60 
inclination angle, 0.150 Stefan number, and 24% depressant 
concentration. 

3.6. Material scale simulation 

To complement the achieved results of the numerical studies of 
CTES, a summarized review focused on materials modeling at contin-
uum levels under-zero temperature is presented in this part. 

Ismail et al. [192] reported numerical studies carried out on the 
solidification of certain PCMs encapsulated in spherical and cylindrical 
shells made of glass and plastic materials with the diameters of 0.035, 
0.076, 0.106, and 0.131 m subject to different constant surface tem-
peratures − 5, − 10, − 12, − 15, − 18, − 20 and − 25 ◦C (Fig. 15). The 
evaluated PCMs were pure water and mixtures of water with 3.75%, 
7.5%, 15%, 25%, 30%, 40% and 50% glycol content. The heat 

Fig. 10. Ice-on-coil type CTES: (a) overall design; (b) tube array; (c) simplifi-
cations for numerical modeling [182]. 

Fig. 11. Plate-shaped CTES equipped in the cold storage tank [183].  

Fig. 12. a) Cryo-SEM image of MF-Cu-Al microcapsules; b) Representation of 1- 
D numerical domain [188]. 
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conduction equation in spherical coordinates, which considered the 
temperature change over the time and radial direction of the sphere, was 
used to simulate the phase change. Considering the heat balance be-
tween solid and liquid regions, as well as the thermal resistance across 
the layers in the radial direction, the front of the solidification was 
tracked numerically. The validity of the numerical approach was 
confirmed with the experimental results. It was found that for up to 
0.076 m diameter of the PCM encapsulation, the increase of the phase 
transition completion was relatively small, yet it significantly increased 
due to the larger diameters, which lead to the dominance of the natural 
convection on the heat transfer efficiency in the liquid region. 

Song et al. [193] developed the shape-stabilized PCM based on 
dodecane mixed with expanded graphite as the skeleton with the PCT of 
− 9.57 ◦C and latent heat of 151.7 kJ/kg. The developed material was 
experimentally studied to characterize its thermal properties. Subse-
quently, these thermal properties were introduced into the numerical 
model, which simulated the charging and discharging of the shape- 
stabilized PCM filled in the hollow cylinder-shaped encapsulation. 
ANSYS was used to simulate the heat transfer, where the enthalpy- 
porosity model was applied to capture the phase change process in the 
encapsulation. The simulation results, which were experimentally vali-
dated, showed a significant reduction of the charging/discharging time 
of the cylindrical encapsulation when the PCM contained the expanded 
graphite. 

3.7. Summary and outlook of CTES numerical studies 

As illustrated in Table 10, the number of research works that 
included numerical simulations on CTES at sub-zero temperature ranges 
is still few. However, the majority was published within the last years, 
indicating the increasing interest in CTES systems. 

Among the storage types, most of the numerical analysis focused on 
developing sensible materials or PCMs (as slurry-based, slurry mixtures, 
and microencapsulated) based CTES with the following design 
configurations. 

The packed-bed and thermocline type CTES system is the most 
numerically studied design configuration, and the purpose of the 

numerical study regarding the final application can be seen from the 
inter-related graph. From the review, it is explicit that 1-D numerical 
models are primarily applied to simulate this type of storage design. 
Liquid thermocline type CTES system has been studied only once 
together with a packed-bed type CTES as a comparative analogy. Other 
studies used macroencapsulation type of CTES for refrigeration 
applications. 

For shell-and-tube type CTES, water was considered as one of the 
main storage materials, and the charging temperature values achieved 
the cryogenic region. Several shell-and-tube units filled with PCMs in 
the cylindrical, plate, and box-shaped containers have been tested or 
commercially deployed. 

The development of plate-shaped CTES is at an early stage. Few 
numerical and optimization studies were conducted for plate-shaped 
CTES at sub-zero temperatures. More designs and applications can be 
explored. 

Overall, the research stage of numerical studies for CTES systems has 
not reached the maturation level yet. Thus, there are potential pathways 
to research in the numerical analysis of CTES, especially in terms of 
developing advanced numerical methods or using available multi- 
physics software to develop new designs of CTES systems. There is a 
need to improve the heat transfer in all of the cases to increase the 
overall efficiency of the energy systems in which the CTES units are 
used. It is also worth noticing that system-level simulation may involve a 
large number of assumptions and reduce the accuracy of the results 
[194]. The thermo-mechanical simulation should also be carried out for 
better thermal design. Particular attention should be paid to the slurry, 
which is becoming a promising material for CTES systems. 

4. Experimental studies of CTES containment and heat transfer 

Despite intensive studies carried out in the containment and heat 
transfer design of CTES systems using water/ice as the storage material, 
only a few experimental or commercial systems have been built or 
experimented with for the sub-zero temperature applications. Some of 
these systems are developed on a lab-scale for new technology devel-
opment or validation of numerical simulations; some have already 
served in the industry for years. 

According to how CTES materials are contained and how heat is 
transferred, thermal energy systems can be categorized into many types. 
Although most of these designs have the potential to be used for sub-zero 
temperature applications, existing CTES systems mainly contain four 
types: packed-bed, shell-and-tube, plate-shaped, slurry-based. 

Designs of these types are mostly similar to the TES systems used for 
higher temperature ranges but have taken into account some unique 
requirements for sub-zero applications, including moisture control, the 
volume change of the thermal energy storage material and the 
containment structure, and component material selection. 

Fig. 13. Ice slurry generator and simulation result at 600 s [190].  
Fig. 14. Slurry generation container: a) inclined for better mixing; b) simula-
tion and experimental results after 1500 s of charging [191]. 
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4.1. Packed-bed CTES 

The packed-bed concept is one of the most commonly used thermal 
energy storage technologies. It is also widely used for sub-zero tem-
perature applications. This technology’s advantage is its simplicity in 
design and manufacturing, low cost, and reliability over thermal 
charging and discharging cycles [195–197]. The larger heat exchange 
area of a packed-bed system can make its charging and discharging rates 
1.8–3.2 times of a shell-and-tube system [198]. However, the drawbacks 
of packed-bed systems are also apparent; for example, larger pressure 
loss on the HTF side, high void fraction/less compact resulting in lower 
energy density. 

If the packed-bed system directly uses sensible materials as the 
fillers, the system can be simple, low-cost, and reliable over extended 
thermal charging and discharging cycles [13,197]. Since the HTF and 
the fillers are in direct contact, corresponding corrosion and compati-
bility studies are needed to avoid the mid- or long-term chemical reac-
tion causing degradation of the materials of the fillers, the tank shell, 
and the fluids [199]. Morgan et al. [196]described a modular packed- 
bed concept of CTES system used in a LAES pilot plant (Fig. 16). The 
cold storage unit consists of eight identical cells, each filled with low- 
cost quartzite based river gravels. The packed-beds are installed in a 
shipping container and insulated by perlite. Due to the significantly 
different flow rates during the operation of the LAES system, a proper 
pipe arrangement allowing switching between parallel and series 
operation is adopted to optimize the cold recovery efficiency and 
minimize pressure drop. The cellular design showed high thermal effi-
ciency of above 85%, and the quartzite gravel material remained good 
thermal stability after two years of operation with 100 thermal cycles 
from ambient to cryogenic temperatures. 

The fillers can also be macroencapsulated containers aligned and 
piled up in the storage facilities. In this case, PCMs can be used to in-
crease the energy density of the storage system. However, there is a 
trade-off between the size of the macroencapsulation and the overall 
cost. Smaller encapsulation size leads to a lower void fraction (higher 
storage capacity), better heat transfer, but higher overall cost. The 
macroencapsulation should also handle the volume change during the 

phase transition and the pressure applied to the spheres due to the 
heavyweight caused by stacking. Therefore, the cost of the macro-
encapsulation, as well as the overall cost of the system, will increase. 

To further increase the storage capacity of the packed-bed CTES 
system, Khor et al. [180] proposed a packed-bed CTES design that 
contains two types of fillers: macroencapsulated spheres filled with PCM 
(Fig. 17a); and granular materials inserted in between the macro-
encapsulated spheres (Fig. 17b). Each stainless-steel sphere is filled to 
only 85% to avoid the stress due to the volume change of the PCM. By 
filling the gaps between the macroencapsulated spheres with quartzite 
pebbles, the void fraction of the CTES unit decreased from 0.559 to 
0.332. Three other granular materials were also analyzed: aluminum 
particles, alumina particles, and microencapsulated n-decane. Results 
showed that the storage capacity and the cyclic efficiency of the CTES 
unit could increase up to 46.2% and 25.0%, respectively. Moreover, the 
study showed that the size of the macroencapsulated spheres could be 
increased to reduce the overall cost while inserting granular materials to 
maintain the storage efficiency. 

4.2. Shell-and-tube CTES 

Shell-and-tube (or ice-on-coil) is another commonly used storage 
type for CTES applications. Compared to the packed-bed, the shell-and- 
tube system has a higher packed factor and higher storage capacity. 
Moreover, this technology can easily handle the expansion of the PCM 
by not filling the shell side by leaving some void space in the tank and 
not taking up all of the volumes. 

Castell et al. [200] and Tay et al. [201] demonstrated that the shell- 
and-tube system enables effective heat transfer and high energy density 
with a large heat exchange area and high compactness. In their designs, 
HTF flows through one, two, or four coils of tubes in a cylindrical tank 
(Fig. 18). The packed factors (or compactness factors) of the three de-
signs are 90%, 95%, and 98%, respectively. The tanks are filled with a 
PCM that freezes at − 27 ◦C. By considering the shell-and-tube system as 
a heat exchanger that exchanges heat between the fluid and a constant 
temperature heat sink, the effectiveness of the designs, which is defined 
as the actual heat exchanged compared to the theoretical maximum heat 
that can be exchanged, was analyzed and compared. Experiments found 
out that, with sufficient heat transfer area, the shell-and-tube system can 
achieve an average effectiveness of 70%. The mass flux was found to be 
the most dominant factor for the effectiveness, and the melting and 
freezing processes have the similar effectiveness. For shell-and-tube 
systems with a factor higher than 90%, the impact of the packed fac-
tor to the average effectiveness is also small. Equations were developed 
for future design and optimization of similar systems. 

Some commercial CTES systems also adopt the shell-n-tube config-
uration. FIC S.p.A. [202] developed a eutectic plate for the passive 
cooling of cargo trucks. The plate is made up of two steel sheets welded 
together with a steel pipe coil inside the plate. The plate is then filled 
with PCM and sealed. During the charging phase, the coil allows fast 
freezing of the PCM; during the discharging phase, cold energy dissi-
pates through the plates’ outer surface. 

However, the heat transfer coefficient of a shell-and-tube system is 
limited due to the smaller heat transfer area. Heat transfer enhancement 
techniques are usually needed, among which using finned-tubes is rec-
ommended to be an easy and most promising technique [203]. Yama-
shita et al. [59] designed and experimented with a prototype of a fin- 
tube CTES system to store and release the cold energy of liquefied nat-
ural gas (LNG) for re-liquefaction of the boil-off gas (BOG). The vessel is 
made of stainless steel, and the fin tubes are made of aluminum. A 25 m3 

of n-pentane (n-C5H12) with a purity of 98.2%, whose freezing point is 
143.55 K, is used as the PCM. Stays are used to stack the fin tubes; 
therefore, they can move along the axial direction to release the thermal 
stress. During the charging phase, LNG flows through the tubes to freeze 
the PCM outside the tubes; during the discharging phase, the PCM melts 
and converts the LNG/BOG two-phase flow into liquid LNG. 

Fig. 15. Layout of the solidification problem of PCM confined in a spherical 
shell. re and ri are the external and internal radius, and s(t) is the position of the 
interface between the solid and liquid region [192]. 
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4.3. Plate-shaped CTES 

The plate-shaped system is similar to the plate heat exchanger. 
Compared to shell-and-tube CTES, the plate-shaped CTES system can 
work with both liquid and gaseous HTFs with a larger heat transfer area 
with a small pressure loss [187]. Since the TES unit is assembled from a 
certain number of rectangular plates, flexible operation with different 
PCMs and thermal loads can be achieved by adjusting the distance be-
tween the plates [204] and arranging several plate-shaped CTES units in 
serial or in parallel [204,205]. The possibility of mass production of the 
plates can also lead to the economy of scale of manufacturing and 
decrease the cost. However, similar to a packed-bed system, its void 
fraction is also larger comparing to the shell-and-tube system. Special 
attention should also be paid to handle the volume change of the thermal 
energy storage materials. 

Liu et al. [183,187,206] designed a plate-shaped CTES system 
(Fig. 19) that contains several flat slabs parallelly placed in layers. The 

HTF (air) passes through the gaps between the plates to charge or 
discharge the PCMs inside the plates. To handle the volume change 
during the phase change, the unit is built to be rigid and not deformable. 

Selvnes et al. [204,207] developed a pillow-plate based CTES system, 
which can withstand higher operating pressure of the HTF in CO2 
refrigeration systems (Fig. 20). PCM is filled directly into the CTES unit 
case. Stacks of stainless pillow-plates are immersed into the PCM. Each 
plate contains two thin metal sheets that are spot-welded and inflated to 
create the flow channels for the HTF with high operating pressure. The 
pattern of each plate and the distance between the plates can be changed 
to make the design flexible for different PCMs. A corresponding testing 
rig has been built to test the PCMs with PCTs ranging from − 45 ◦C to 
0 ◦C. 

4.4. Slurry-based CTES 

Slurries-based CTES uses phase-change slurry (PCS) as the storage 

Table 10 
Characteristics of main numerical models and simulations of packed-bed CTES systems reviewed.  

Storage material and type Numerical method Software/ 
code 

Temperature 
range 

Storage material Reference 

Packed-bed and thermocline 
Sensible thermal energy storage 

type 
1-D simulation: continuous phase 
model 

Ad-hoc code − 150 to 30 ◦C Materials: lead, aluminum 6061, zinc, 304 
stainless steel 

[17] 

Sensible thermal energy storage 
type 

1-D simulation: continuous phase 
model 

COMSOL − 150 to 20 ◦C Material: Quartzite rock [19] 

Sensible thermal energy storage 
type 

1-D simulation: Schumann’s model Ad-hoc code − 153 to 26 ◦C Material: Concrete spheres and extrudes for 
packed-bed 

[18] 

Latent heat type 1-D simulation: Enthalpy method 
together with a discrete model 

Ad-hoc code − 41 to − 20 ◦C PCM: Vegetable oil. 
Tpc = -30 ◦C 

[176] 

Cascaded latent type 1-D simulation: Enthalpy method with 
concentric dispersion model 

Ad-hoc code − 80 to 30 ◦C PCM 1: high-grade PCM 
Tpc = − 49 ◦C; 
PCM 2: medium-grade PCM 
Tpc = − 19.5 ◦C 

[177] 

Latent heat type with granular 
fillers 

1-D simulation: concentric dispersion 
model 

Ad-hoc code − 160 to 25 ◦C PCM 1: in-house-developed PCM; 
Tpc1 = − 118 ◦C 
PCM 2: E-75; 
Tpc2 = − 75 ◦C; 
PCM 3: E-65; 
Tpc3 = − 65 ◦C; 
Granular materials: 
Quartz pebbles, aluminum particles, aluminum 
particles, and Microencapsulated n-decane with 
Tpc = -30 ◦C. 

[180] 

Sensible thermal energy storage 
type 

1-D simulation: Convection-diffusion 
equation 

Ad-hoc code − 153 to 26 ◦C Material: isopentane [18] 

Latent type 2-D rectangular domain: Enthalpy 
method 

Not specified − 23 to 25 ◦C PCM: NaCl-H2O; 
PCT = − 21 ◦C 

[181] 

Latent type 2-D simulation: Enthalpy method ANSYS − 30 to 30 ◦C PCT = − 21.2 ◦C [184] 
Shell-and-tube 
Spherical PCM tank with central 

heat transfer tube 
3-D CFD with Enthalpy-porosity 
method 

TermoFluids − 195.0 to 
7.74 ◦C 

Ice/water [185] 

Horizontal rectangular tank with 
a copper tube in the middle 

A 2-D method with enthalpy-porosity 
method 

FLUENT − 120 to 7 ◦C Ice/water [186] 

Shell-and-tube type storage tank 2-D method with enthalpy method STAR-CCM − 5 to 44.5 ◦C Ice/water [182] 
Plate-shaped 
Latent type 1-D simulation: Enthalpy method Ad-hoc code − 36 to − 15 ◦C PCM: not specified 

PCT = − 26.7 ◦C 
[183] 

Microencapsulated PCM 
Microencapsulated PCM as slurry 1-D simulation: Enthalpy method, 

Lamé’s equations and buckling theory 
Ad-hoc code − 85 to − 80 ◦C Material: Dowtherm J. (commercial HTF) 

PCT = − 81 ◦C 
[188] 

Slurry-based 
Ice slurry generator 2-D axisymmetric simulation: Fixed 

grid continuum media approach with 
multiphase flow 

Not provided − 50 to 25 ◦C Hypereutectic binary aqueous ammonium 
chloride (H2O + NH4Cl) solution 
PCT = − 15.4 ◦C 

[190] 

Tilted container ice slurry 
generator 

2-D rectangular domain: Fixed grid 
continuum media approach with 
multiphase flow 

Not provided − 50 to 25 ◦C Hypereutectic binary aqueous ammonium 
chloride (H2O + NH4Cl) solution 
PCT = − 15.4 ◦C 

[188,191] 

Materials simulation 
Spherical encapsulation 1-D model with enthalpy method Ad-hoc code − 25 to 20 ◦C PCM: Various water and glycol mixture; 

PCT = 0 to − 10 ◦C 
[192] 

Hollow cylinder shaped 
encapsulation 

Enthalpy-porosity model ANSYS − 20 to 10 ◦C PCM: dodecane/ expanded 
graphite; 
PCT = − 9.67 ◦C 

[193]  
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Fig. 16. High grade cold storage used in a 350 kW/2.5 MW h LAES pilot plant at the University of Birmingham, UK [19].  

Fig. 17. A packed-bed CTES with two types of fillers: (a) macroencapsulated PCM; and b) granular (quartzite pebbles) inserted in the gaps between the sphere 
tiers [180]. 

Fig. 18. Schematic and photo of (a) one coil tank (high packing factor) and (b) two coils tank (high heat transfer surface) [200].  
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material. Comparing to packed-bed, shell-and-tube, and plate-shaped 
CTES systems, a secondary HTF is no longer needed. This leads to 
several advantages of the slurry-based CTES. First, the slurry can be 
pumped directly from the storage tank to the heat exchangers to receive 
or supply the cold energy, which improves efficiency, reduces 
complexity, and saves the overall system’s cost [209]. Second, compared 
to conventional HTFs that use sensible heat to transfer the energy, slurry 
also uses latent heat and therefore has a larger heat transfer capacity 
[140]. Hence, less flow rate is needed to deliver the same amount of cold 
energy, and the size of the pumping system can be reduced [209]. Third, 
it has the benefit of transferring the energy at the same volume rate and 
using the pipe system as part of the storage [140]. 

Extensive research has mentioned using ice slurry CTES systems for 
electrical load shifting while working with refrigeration systems. For 
ice-slurry CTES systems, the slurry should be generated before used as 
the thermal energy storage material or the HTF. Various ice-slurry 
generation technologies have been used or proposed [149,155], either 
using or not using moving parts. 

Meewisse [157,210] developed a fluidized ice slurry generator 
concept that uses fluidized solid particles to prevent the build-up of the 
solid ice layer on the heat exchanger walls. An experimental setup was 

built to determine the stable operation range for ice slurries using so-
dium chloride and ethylene glycol as the freezing point depressant. The 
author claims that such a system can be low cost and does not require 
large foot space since the setup should be vertical. 

Liu et al. [211] experimented with a scraped-surface method 
(Fig. 21) for ice slurry production. Two rotating blades were used to 
scrape the ice deposited on the cold surface. The authors tested with a 
series of sodium chloride concentrations (from 1% to 6%) and found out 
that the ice formation temperature is consistent with the theoretical 
freezing points (from − 0.6 to − 3.6 ◦C) without showing obvious sub-
cooling degree. Furthermore, ice formation will be accelerated by add-
ing nanosilica into the slurry. 

However, a slurry-based system can suffer from heavy mechanical 
power to generate small and smooth ice crystals and to maintain the ice 
slurry in a homogeneous state, as well as pump ice slurries with high ice 
fraction [149]. New methods for slurry generation and stratification 
prevention should be continually developed [155]. Recently, Tiwari 
et al. [191] experimented with a new concept of ice-slurry generation by 
using an inclined cavity (Fig. 22). The inclined surface provides a shear 
force, making it easier for the ice particles to detach from the solidifying 
mushy zone, and therefore increase the slurry production. The authors 

Fig. 19. The plate-shaped PCM-Air heat storage unit during the construction phase [187].  

Fig. 20. (a) Pillow-plate CTES unit, (b) PCM integration between the pillow plates, (c) and spot-welded sheets (d) stacks of pillow plates [208].  
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used H2O-NH4Cl solution as the slurry material. Temperature and ve-
locity are measured by thermocouples and Particle Image Velocimetry 
(PIV). Experimental results showed that the cold energy stored and 
generator efficiency increases along with the inclination angle. For 
selected inclination angles of 0◦, 30◦, and 60◦, the maximum cold energy 
and effectiveness were found for 60◦. The findings are useful for the 
design of future ice-slurry generators. 

4.5. Summary of CTES experimental studies and selection of CTES types 

Compared to numerical simulations, even less experimental work 
has been carried out for sub-zero temperature CTES. Generally, using 
packed-bed and thermocline, shell-and-tube, plate-shaped, and slurry 
based storage types for sub-zero temperature ranges are not too different 
from above-zero temperature ranges. However, special attention should 
be made for heat transfer enhancement, volume change control, and 
mechanical design during the designing phase. More experimental 
studies should be conducted to overcome the low thermal conductivity 

issue [203], explore more materials for more applications, and enhance 
system modularity [13]. 

A comparative summary (Table 11) of CTES type selection, including 
current TRLs, storage and heat transfer materials, temperature ranges, 
and pros/cons, is presented based on the research listed in this section. 
Suitable applications are summarized and recommended in Table 11 
based on the pros and cons of each type. 

Packed-bed and thermocline CTES is easy to design and simple to 
manufacture. Its advantages of large heat transfer area, low cost, and 
high reliability (if using sensible materials) enabled packed-bed and 
thermocline to be selected by a series of commercial applications. Future 
research work can therefore focus on overcoming its shortcomings, 
including large pressure loss, lower energy and exergy density due to 
larger void volume. Moreover, if using macrocapsulated PCMs as the 
fillers, besides experimenting with the compatibility of the containment 
materials, methods to reduce the cost and mechanical design challenges 
should be explored. Design and experimentation of thermoclines using 
sensible liquids should also be developed. 

Fig. 21. Schematic of a scraped surface ice slurry generator [211].  
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Shell-and-tube is another commercially available CTES type. 
Compared to the other storage types, shell-and-tube has the lowest void 
fraction and, therefore, the highest energy and exergy density. To 
overcome the limited heat transfer area, enhancement techniques are 
needed to increase the heat transfer coefficient, for example, using 
finned-tubes as recommended by various researchers [168]. 

No plate-shaped CTES has been massively produced. Although the 
void fraction of plate-shaped CTES facilities is large, it can work with 
both liquid and gaseous fluids and be flexible to different PCMs and heat 
loads. Early-stage experimental studies have been carried out for 
transportation and large-scale refrigeration applications. The most 
important term for designing plate-shaped CTES is to handle the thermal 
stress of the plates. More plate-shaped CTES designs and applications 
can be explored, and their long term operation reliability should be 
evaluated. 

Slurry-based CTES is a promising type for existing and future energy 
systems with the possibility of acting as both the heat storage material 
and HTF. Experimental research about slurry-based CTES focuses on the 
design of the slurry generators, both with and without moving parts. The 
most important consideration of designing and applying the generators 
is to reduce power consumption while producing high-quality homog-
enous slurry products. On the macro-level, proper slurry-based systems 
should be designed for more applications; on the micro-level, the 
physical properties of slurries should be better understood. 

Furthermore, the thermal storage efficiencies of the four storage 
types: packed-bed and thermocline [180,217], shell-and-tube [218], 
plate-shaped [219], and slurry-based [220], can all reach 80% and 
above without significant differences between each other merely due to 
the selection of the storage type. The thermal storage efficiency is more 
related to the design of the storage facility (for example, the shape of the 
storage tank, the diameter of the tubes, the size of the fillers, and the 
properties of the storage material and HTF) and the operation conditions 
(for example, the flow rate, temperature, and pressure of the HTF). 
Therefore, thermal storage efficiency is not a major concern for the type 
selection. As long as the CTES unit is well designed and operated, any 
CTES type is capable to achieve an efficiency of 85% and even more than 
90%. 

5. Applications of CTES technologies 

CTES technologies of sub-zero temperature ranges have been used or 

have the potential to be used in various applications that need genera-
tion, utilization, and storage of cold energy below 0 ◦C. Refrigeration 
systems operating at sub-zero temperature ranges, both active and 
passive, are able to adopt CTES to increase efficiency, reduce energy 
consumption, and shift the power load. CTES for small-scale refrigera-
tion units is commercially available, while its use in large-scale refrig-
eration systems has not been widely applied. CTES also has a unique use 
in space exploration. For some emerging electricity storage systems, 
which might be the key to renewable energy transitions in the future, the 
CTES is an indispensable part of the system or has the potential to 
enhance the performance of the overall system. Electricity storage sys-
tems that have used CTES include Liquid air energy storage (LAES), 
Pumped thermal energy storage (PTES), and Superconducting flywheel 
energy storage (SFES). The use of CTES in LAES is commercially avail-
able, while PTES and SFES equipped with CTES are in the prototyping 
stage. The CTES can also work with other energy systems for waste cold 
energy recovery to improve the performance of the whole system, 
including the re-gasification process of LNG terminals and the dis-
charging of high-pressure hydrogen storage tanks. 

5.1. Active and passive refrigeration 

Refrigeration is the most widely studied application of CTES. Ac-
cording to whether the cold energy is generated in situ when it is 
needed, refrigeration systems of CTES can be divided into types: active 
and passive. CTES applications in both active and passive refrigeration 
systems are summarized in this section. 

5.1.1. Active refrigeration 
Active refrigeration produces cold energy actively, mainly through 

refrigeration cycles. Extensive studies have been carried out using PCM- 
based CTES for active refrigeration systems [122,221–224]. For this 
application, the CTES units are usually placed near or around the 
evaporator, in the storage compartment (as shown in Fig. 23). The CTES 
unit can also be located between the refrigeration system and the 
refrigerated space. A slurry-based CTES system can act as part of a 
secondary cooling system (as shown in Fig. 24) where it captures and 
stores the cold energy generated by the primary loop before supplying 
the cold to the cooling load at another time or location. CTES for active 
refrigeration systems is summarized in the first part of Table 12. In 
general, equipping the active refrigeration systems with CTES of sub- 
zero temperature ranges has the following benefits: 

• enhance the performance of the system and decrease energy con-
sumption, especially during peak hours;  

• decrease the running time of the compressor;  
• achieve more accurate temperature control;  
• maintain system temperature at desired ranges for a longer time 

during a power outage;  
• reduce the noise level;  
• reduce GHG emission;  
• decrease the overall costs of the refrigeration system. 

However, the CTES unit reduces the volume of the storage space 
inside the active refrigeration systems. The temperature of the PCM 
should also be carefully selected. Higher PCT can lead to an increase in 
the COP due to reduced compressor work and enhanced evaporator heat 
transfer, but also an increase in the air temperature inside the 
compartment [224]. 

A CTES unit can also be applied to large-scale refrigeration systems 
for peak load shifting and renewable energy utilization. Ghorbani et al. 
[78] assessed a hybrid solar-driven water-ammonia absorption refrig-
eration system using CTES (Fig. 25). Concentrated solar dishes provide 
the system with 1649 kW of heat from the sun. The system produces 
373.7 kW of cold during the day. A portion of the cold energy is directly 
used in the refrigerator, while the rest is stored at − 23.51 ◦C in the CTES 

Fig. 22. Ice-slurry generation in the inclined cavity for CTES [212].  
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Table 11 
Summary of CTES storage types and suitable applications.  

CTES type Storage material type Temperature 
range 
mentioned in 
the literature 
(◦C) 

Compatible 
HTFs 

Development stage Pros Cons / technical 
challenges 

Suitable applications Current TRL 

Packed bed and 
thermocline 
CTES 

Sensible material 
(mostly solid), PCM 
with 
macroencapsulation 

− 170 to 0 Both gaseous 
and liquid 
fluids 

Packed-bed with solid sensible 
filler commercially available, 
packed-bed with 
macroencapsulated PCM in lab 
testing, small-scale thermocline 
(macroencapsulation) with PCM 
commercially available, 
thermocline with sensible liquids 
in conceptual phase available 

Easy to design and 
simple to 
manufacture, larger 
heat transfer area, 
low cost, and high 
reliability if using 
sensible materials 

Larger pressure loss, 
lower energy and exergy 
density due to larger void 
volume, higher cost, and 
mechanical design 
challenges if using 
macrocapsulated PCMs 

Small-scale active and 
passive refrigeration, 
Small-scale waste 
cold recovery*, large- 
scale active 
refrigeration*, large- 
scale electricity 
storage*, small-scale 
active and passive 
refrigeration* 

3–9 
[19,44,56,64,72,78,123,144,145,170 
–172,174,213–215] 

Shell-and-tube 
CTES 

Sensible material 
(mostly liquid), PCM 

− 210 to 0 Particularly 
suitable for 
liquid fluids 

Shell-and-tube with PCM 
commercially available 

Higher energy and 
exergy density due to 
the smaller void 
volume 

Less heat transfer area, 
need for heat transfer 
enhancement techniques 

Small-scale active and 
passive refrigeration*, 
large-scale waste cold 
recovery*, small-scale 
electricity storage*, 
small-scale waste cold 
recovery, large-scale 
electricity storage 

4–9 
[59,60,76,90,121] 

Plate-shaped 
CTES 

PCM − 45 to 0 Particularly 
suitable for 
gaseous 
fluids 

Various plate-shaped CTES have 
been tested 

Able to work with 
both gaseous and 
liquid HTFs, low- 
pressure drop, 
flexible design 

Lower energy and exergy 
density due to larger void 
volume, need to handle 
the thermal stress on 
plates due to the volume 
change of PCM, long term 
operation has not been 
evaluated yet 

Small- and large-scale 
active refrigeration*, 
small- and large-scale 
waste cold recovery 

3–8 
[146,204,216] 

Slurry PCM (in phase change 
slurry form) 

− 78.5 to 0 Slurry itself 
acting as the 
HTF 

Ice slurry for refrigeration 
commercially available, dry ice 
slurry in a conceptual phase 

The same material 
can be used as both 
storage material and 
HTF, higher heat 
capacity and heat 
transfer coefficient, 
can use the pipe 
system as part of the 
storage 

Stratification issues, 
high mechanical power to 
generate small and 
smooth ice crystals and to 
maintain the ice slurry in 
the homogeneous state, 
high pressure drop and 
pumping power of ice 
slurry with high ice 
fraction 

Small- and large-scale 
active refrigeration*, 
small- and large-scale 
waste cold recovery 

3–9 
[155,157]  

* Mentioned in literature. 
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unit. Diethylene glycol is used as the PCM, and ammonia is used as the 
HTF. The stored cold energy is used during night time. Selvnes et al. 
[146] analyzed an industrial NH3/CO2 cascade refrigeration system for a 
poultry processing plant integrated with six large-scale CTES modules. 
The CTES system uses a PCM that freezes at − 11 ◦C. Simulation results 
showed that the CTES system reduces the compressor work by 19% 
during discharging and a reduction of COP by up to 3%. 

Apart from domestic freezers, space exploration is another applica-
tion where CTES is used for active refrigeration. The NASA designed and 
experimented with a series of CTES technologies for space applications 
[56,228]. One of the technologies used PCM for cooling and temperature 
control of temperature-sensitive sensor components, such as focal 
planes, optics, mirrors, and telescopes (as illustrated in Fig. 26). The 
material used is 2-methyl pentane (or isohexane) with 3% acetone, with 
PCT at − 153 ◦C. Ground and orbit testing results showed that the 
technology has the capability of significantly reducing the weight of the 

cooling system of spaceborne infrared sensors. During the operation of 
the sensors, both electrical and environmental heating significantly in-
crease the cooling loads. The CTES system can be used to average the 
cooling load on the refrigeration system: the PCM melts and releases 
cold energy during operation to shave cooling loads, and is recharged 
during non-operating periods. The CTES also provides tighter temper-
ature control since the operating temperature can be maintained around 
the PCT. The sizes of refrigerators or radiators can be significantly 
reduced if working in series with the CTES. Power and weight savings 
are several times higher than the additional weight due to the CTES. 
Moreover, by replacing refrigerators that have moving mechanical 
parts, CTES also helps minimize the vibration of vibration-sensitive 
sensors. The refrigerators can be turned off during operation and turn 
on again during the non-operational periods to charge the CTES. 

Fig. 24. Slurry system as the secondary refrigeration loop.  

Fig. 23. Example of using PCM panels for a freezer [145]  
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Table 12 
Summary of CTES applications.  

Application CTES type TRL Storage material Material 
type 

Reason for the 
material selection 

Temperature 
range* (C◦) 

Latent 
heat 
(kJ/kg) 

Thermal 
conductivity 
(W/(m∙K)) 

Specific 
heat (kJ/ 
(kg∙K)) 

Role of CTES Reference 

Refrigeration 
Household refrigerator Packed-bed 

and 
thermocline 

7 Water with a 
eutectic mixture 

PCM Maintain a 
temperature lower 
than water 

− 3 310 – – Attached to the evaporator; realized 5–9 h 
of continuous operation without 
electrical supply (compared to 1–3 h 
without PCM) and a 10–30% increase of 
the COP; maintained the air in the 
refrigerated cell at proper temperature 
values. 

[171] 

Air-conditioning Slurry-based 3 Ice slurry with 6.5 
wt% of NaCl 

PCM High density, high 
heat conductivity, 
relatively low 
viscosity 

− 4 to − 5 – – around 65** Used in the secondary cooling system, 
achieved lower operational cost, smaller 
heat exchanger size and smaller storage 
tank size compared to non-phase change 
CTES systems; 

[157] 

Household refrigerator Shell-and- 
tube 

7 10 wt% NaCl 
water solution 

PCM – − 5 289 – – Located around the evaporator tubes; 
realized 20–27% of COP improvement; 
reduced the average compressor running 
time per cycle by 2–36%. 

[121] 

20 wt% KCl water 
solution 

– − 10 284 – – 

Domestic freezer Packed-bed 
and 
thermocline 

7 Potassium 
chloride aqueous 
solution (19.5% 
KCl) 

PCM Less corrosive against 
aluminum 
containment 

− 10 253 0.6 (l), 2.22 (s) 3.25 (l), 
2.108 (s) 

Attached to the internal walls of the 
freezer; replaced the high torque 
compressor with a low starting torque 
compressor powered by PV and held the 
inside freezer temperature at − 8◦C for a 
long time. 

[172] 

Household freezer Packed-bed 
and 
thermocline 

7 Eutectic solution 
of Poly-ethylene 
glycol 

PCM – − 10, − 15, – – – Located on top of the evaporator; 
decreased the energy consumption by up 
to 8.37%. 

[144]  
− 20 – – – 

Hybrid solar-driven 
water-ammonia 
absorption 
refrigeration system 

Packed-bed 
and 
thermocline 

3 Diethylene glycol PCM – − 10 247 – – Located in parallel with and connected to 
the refrigerator; stored the cold energy 
during the day and use it during the night. 

[78] 

Industrial NH3/CO2 
cascade refrigeration 
system 

Plate-shaped 3 AdBlue PCM – − 11 270 – – Integrated with the medium temperature 
CO2 circuit; considerably reduced the 
peak electricity use and reduced the 
required compression power by 19% 
during discharging. 

[146] 

Domestic freezer Packed-bed 
and 
thermocline 

7 Eutectic 
composition of 
water and 
ammonium 
chloride 

PCM – − 15.4 – – – Attached to the internal walls of the 
freezer; reduced the rate of temperature 
increase during power loss; achieved 
lower temperature fluctuations; led to 
better food quality. 

[145] 

Low-temperature food 
storage chambers 

Packed-bed 
and 
thermocline 

7 Climsel C-18 PCM – − 18 306 0.5–0.7 3.6 Located On top of the evaporator; 
minimized the temperature rise of the air 
and product in the chamber. 

[174,225] 
Cristopia E-21 PCM – − 21.3 233 – – 

Refrigerated 
warehouse 

Packed-bed 
and 
thermocline 

9 – PCM – – – – – PCM cells placed on top of the goods; 
allowed the chiller to run less frequently 
and kept the temperature around − 18 ◦C; 
saved 40% of refrigeration cost; helped 
protect food from spoilage during power 
outages. 

[226] 

Fresh food chamber Packed-bed 
and 
thermocline 

7 18% NaCl solution 
added with 5% 

PCM – − 19 120.6 0.48 – Located on the air duct foam opposite the 
evaporator and fan (evaporator); reduced 
the energy consumption by 18.6%. 

[123] 

(continued on next page) 
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Table 12 (continued ) 

Application CTES type TRL Storage material Material 
type 

Reason for the 
material selection 

Temperature 
range* (C◦) 

Latent 
heat 
(kJ/kg) 

Thermal 
conductivity 
(W/(m∙K)) 

Specific 
heat (kJ/ 
(kg∙K)) 

Role of CTES Reference 

SAP and 0.03% 
diatomite 

Household refrigerator Shell-and- 
tube 

7 Undecane shape- 
stabilized phase 
change material 

PCM Little shape change − 26 100 1.35 – Located around the evaporator tubes; 
increased the COP by 16% and 32% (if 
combined with a condenser CTES as 
well). 

[76] 

Refrigeration system of 
a refrigerated truck 

Plate-shaped 5 Inorganic salt- 
water solution 

PCM Lower cost compared 
to commercial PCM 
product 

− 26.8 154.4 – – Located outside of the refrigerated space, 
connected to a cooling unit inside the 
refrigerated space by HTF-circulating 
pipes; maintained the refrigerated space 
at − 18 ◦C for 10 h in the hottest summer 
climatic conditions of Adelaide, Australia; 
reduced the energy cost up to 86.4% 
compared with conventional systems; 
realized much lower local GHG emissions; 
improved temperature control; reduced 
noise level. 

[216] 

Passive storage device 
for vaccine 
transportation 

Packed-bed 
and 
thermocline 

9 Dry ice PCM High energy density − 78 574 0.011–0.14 – Placed inside a vacuum storage device 
and besides the vaccine vials; held the 
vaccine temperature at − 78 ◦C for around 
30 days (dry ice) and 5 days (E-78). 

[72] 
E-78 PCM Will be used if dry ice 

not available 
− 78 115 0.14 1.96 

Space exploration Packed-bed 
and 
thermocline 

9 Methanol PCM Appropriate 
temperature, 
adequate energy 
density, simple to 
implement 

− 97 99.2 0.210–0.206 (l) 2.21–2.40 
(l) 

Act as a thermal capacitor, absorb the 
heat loads during the imager operational 

[64] 

Packed-bed 
and 
thermocline 

9 2-methyl pentane 
with 3% acetone 

PCM Use acetone to reduce 
the subcooling 

− 153 72.76 0.144–0.114 (l) 1.76–2.11 
(l) 

Realized tighter temperature control of 
sensor components; reduced the size and 
weight of cooling systems; averaged the 
cooling load; minimized the vibration. 

[56] 

Electricity storage 
Liquid air energy 

storage (LAES) 
Packed-bed 
and 
thermocline 

7–9 Quartzite-based 
river shingle 

Sensible High thermal capacity 
to conductivity ratio 
and low cost 

around − 140 
to 0 

– 6.3–9.5 0.52–0.72 Connected to the main heat exchanger; 
increased the round trip efficiency by 
20% and the liquid yield by 30%. 

[196,227] 

Pumped thermal 
energy storage 
(PTES) 

Packed-bed 
and 
thermocline 

3 Pebbles, gravel, 
concrete, uniform 
ceramic matrix 

Sensible Lower losses 
compared to liquid 
thermocline 

around − 150 
to − 170 

– – – Acted as the cold reservoir to store and 
release the cold energy. 

[170] 

Pumped thermal 
energy storage 
(PTES) 

Packed-bed 
and 
thermocline 

3 Isopentane Sensible Covers the desired 
temperature range 

− 153, 27 – 1 × 10–7 m2/s 
(thermal 
diffusivity) 

1.84–1.86 Acted as the cold reservoir; a liquid 
thermocline can be significantly more 
effective than a packed bed thermocline. 

[18] 

Packed-bed 
and 
thermocline 

3 A nitrogen filled 
packed bed of 
concrete spheres 

Low cost – 0.769 

Pumped thermal 
energy storage 
(PTES) 

Packed-bed 
and 
thermocline 

2 n-hexane Sensible Suitable temperature 
range, pervasive, 
biodegradable, and 
cheap 

− 93 – 0.156–0.135 1.88–2.15 Acted as the cold reservoir to store and 
release the cold energy. 

[44] 

Superconducting 
flywheel energy 
storage (SFES) 

Shell-and- 
tube 

4 Nitrogen PCM Compactness of the 
overall system 

− 210 25.8 0.173–0.146 2.02 Located at the condenser or evaporator; 
stores cold and mechanical kinetic 
energy, reduce the energy loss due to 
cryogenic cooling 

[90] 

Waste cold energy recovery 
9 Pentane PCM − 130 116.43 0.173–0.122 1.97–2.20 [59,60] 

(continued on next page) 
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5.1.2. Passive refrigeration 
In a passive refrigeration system, the cold energy is generated be-

forehand, and the system focuses more on preserving the cold and 
control the heat gain, to maintain the cold temperature of the system for 
a longer time. CTES systems of sub-zero temperature ranges can also be 
used to provide passive cooling for various applications, especially 
transportation and warehousing of temperature-sensitive goods, such as 
food and beverages, medical products, floriculture. 

Macroencapsulated CTES is widely used for the transportation of 
temperature-sensitive goods. CTES units can also be installed in refrig-
erated trucks. Tassou et al. [229] analyzed the benefits of using eutectic 
PCMs units for food transportation. The CTES plates or beams can be 
used alone or combined with the vapor compression system in refrig-
erated trucks. The CTES units are charged in advance, for example, 
during the night, and are used to maintain the temperature of the truck 
during daytime operation. As the refrigeration system accounts for up to 
40% of the environmental impacts of a diesel-driven food vehicle, using 
CTES passive cooling technology can significantly reduce these impacts. 
The reduction can be larger if renewable energy sources are used during 
the charging of the CTES units. The authors conclude that this tech-
nology is especially suitable for short journeys. 

Warehousing facilities using CTES systems of sub-zero temperature 
ranges are also commercially available. For example, Viking Cold So-
lutions, Inc. [230] claims that using PCM passive cooling saves over 40% 
of refrigeration costs of a warehouse maintained at − 18 ◦C. 

5.2. Electricity storage 

Increasing the share of renewable energy sources, especially solar 
and wind, in the energy mix is crucial to the future of energy transition 
and climate mitigation. However, these sources are highly intermittent. 
Electricity storage technologies can decouple the energy supply and 
demand and support the grid integration of renewable energy sources; 
these technologies can also help to ensure grid balance and reduce peak- 
load capacity [231,232]. So far, many concepts of electricity storage 
systems have been proposed or constructed, and CTES is a crucial part of 
some promising systems. LAES, PTES, and SFES are the technologies that 
are taking or can take profit from employing CTES. 

5.2.1. Liquid air energy storage (LAES) 
LAES refers to the technology that uses liquefied air as the storage 

medium (− 196 ◦C) to store and release energy in the form of electricity 
[19,196,233]. 

The working principle of a conventional LAES is depicted in Fig. 27. 
A typical LAES system operates in three steps. Step 1 is the charging 
process whereby excess (off-peak and cheap) electrical energy is used to 
clean, compress, and liquefy air. Step 2 is the storing process through 
which the liquefied air in Step 1 is stored in an insulated tank at − 196 ◦C 
and approximately ambient pressure. Step 3 is the discharging process 
that recovers the energy through pumping, reheating, and expanding to 
regenerate electricity during peak hours when electrical energy is in 
high demand and expensive. Step 2 also includes the storage of heat 
from the air compression process in Step 1 and high-grade cold energy 
during the reheating process in Step 3. The stored heat and cold energy 
can be used, respectively, in Step 3 and Step 1 to increase the power 
output and reduce the energy consumption of the liquefaction process. 
In the first pilot plant of a LAES system, a pack-bed type of CTES is used 
to store the cold energy released during the discharging phase of the 
LAES. According to Morgan and Dearman [227], the preferred material 
should have a thermal capacity to conductivity ratio (cp∙ρ)/k > 180 s/ 
mm2, and more preferably (cp∙ρ)/k > 500 s/mm2, where cp [kJ/(kg∙K)] 
is the specific heat, ρ [kg/m3] is the density and k [W/(m∙K)] is the 
thermal conductivity. Rock was selected to be the storage material since 
its (cp∙ρ)/k = 867 s/mm2 and the cost is low. As a result, in the analysis 
conducted by Sciacovelli et al. [19], the amount of cold energy that can Ta
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be stored is crucial to the overall performance of a LAES system. A 16% 
increase in the recycled cold energy increases the round trip efficiency 
by 20% and the liquid yield by 30%. 

5.2.2. Pumped thermal energy storage (PTES) 
Pumped thermal energy storage or pumped thermal electricity 

storage is another type of promising technology for large scale storage of 
electricity [234]. CTES is a crucial part of a PTES system. So far, 

Fig. 25. Scheme of the ammonia-water absorption refrigeration system with CTES integration [78].  

Fig. 26. Application of using CTES for cooling and temperature control of a space telescope assembly [56].  

Fig. 27. Illustration of the process of a LAES system [233].  
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developments of the PTES technology and its CTES system are still in the 
early stage, mainly focusing on system design and pilot plant construc-
tion. A pilot plant has been developed by Isentropic Ltd and Newcastle 
University with a storage capacity of 600 kWh [215,235] (as illustrated 
in Fig. 28), but more research efforts may be expected. 

A PTES system has two thermal energy storage facilities: one hot TES 
and one cold TES, with a heat pump/engine cycle in between them. A 
simple drawing of the working principle of a PTES system [26] is 
illustrated in Fig. 29. During the charging phase, the system operates 
like a heat pump, where excess electricity is used to extract heat from the 
cold storage to the hot storage; during the discharging phase, the system 
operates as a heat engine, where fluid from the hot store produces 
electricity via an expander, cools down, and flows back to the cold 

storage and produces electricity. 
Although latent heat CTES using the salt-water solution is also 

mentioned [234,237], most of the studies propose sensible CTES for the 
cold storage of the PTES. In the system proposed by White et al. [26], the 
CTES facility needs to store cold energy as low as around 100 K. Thus, 
sensible heat CTES materials such as packed-bed of pebbles or gravel, or 
uniform ceramic matrix are used. The energy density of using gravels 
can reach 50 kWh/m3, comparing to 1.4 kWh/m3 of pumped hydro 
energy storage and 10 kWh/m3 of compressed air energy storage. 
However, Davenne et al. [18] suggested that a liquid thermocline can be 
significantly more effective than a solid packed-bed (as depicted in 
Fig. 7) with a much less exergy loss. A sliding divider within the liquid 
thermocline to separate the cold and warm parts was proposed to further 
decrease the exergy loss. Laughlin [44] suggested using n-hexane as the 
liquid sensible cold storage material for PTES. n-hexane is pervasive, 
biodegradable, and cheap, although it is also highly flammable and 
neurotoxic. 

5.2.3. Superconducting flywheel energy storage (SFES) system 
Lee et al. [90] proposed and experimented with a concept of CTES 

integrated superconducting flywheel energy storage system (SFES). 
Comparing to conventional flywheel energy storage systems, the SFES 
has a much smaller kinetic energy loss due to the levitation of super-
conductors. However, superconductors work in cryogenic temperature 
ranges and require a non-negligible amount of electricity consumed by 
the refrigeration system. The authors proposed to introduce solid ni-
trogen CTES into the SFES system. During the charging phase, electricity 
is not only converted to kinetic energy but also the cold energy of the 
CTES. During the discharging phase, the stored cold energy is used as the 
cooling source instead of consuming the kinetic energy to run the cry-
ocooler. Therefore, the energy loss due to cryogenic cooling was greatly 
reduced, and the energy storage capacity of the SFES was significantly 
increased. However, the development of applying CTES in super-
conducting applications is still at an early stage. More superconducting 
systems using other CTES materials with lower temperatures can be 
explored. 

5.3. Waste cold energy recovery 

Some energy processes that work in sub-zero temperature ranges, 

Fig. 28. A PTES system developed by Newcastle University [236].  

Fig. 29. The layout of a PTES system adapted from White et al. [26].  
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such as regasification of liquefied natural gas (LNG) and discharging of 
high-pressure hydrogen storage tanks, produce waste cold energy that 
can be captured by CTES for later use. CTES implemented in combina-
tion with such energy systems can increase the overall efficiency, reduce 

energy consumption, and smooth the fluctuation of the energy supply. 

5.3.1. Boil-off Gas (BOG) re-liquefaction of an LNG terminal 
Liquefied natural gas (LNG) plays an essential role in the energy mix 

Fig. 30. Concepts of CTES for LNG cold energy utilization [5].  

Fig. 31. Configuration of the hydrogen pressure energy recovery system using CTES in fuel cell vehicle [214].  

L. Yang et al.                                                                                                                                                                                                                                    



Applied Energy 288 (2021) 116555

37

of many countries globally, especially in Europe and Asia [238]. Various 
systems have been proposed to recover the fast-growing liquefied nat-
ural gas (LNG) cold energy that is generally wasted during the regasi-
fication process [5,239]. However, the daily and seasonal LNG demand 
of a terminal fluctuates due to the varying electricity and city gas de-
mand, increasing difficulty for utilizing the cold energy directly. CTES 
can be used to smooth the fluctuation of cold energy supply and effec-
tively make use of the LNG cold energy [59]. Despite the vast potential, 
using CTES for LNG cold recovery is nonetheless rarely mentioned. 

Senboku Terminal II of Osaka Gas installed a BOG re-liquefaction 
facility with a cold energy storage system [240-244]. Instead of 
directly compressing the BOG to high pressure, the system pressurizes 
the BOG to 0.8 MPa and mixes it with the LNG flow. During the daytime 
operation, where the flow rate of LNG is high, the cold energy of the LNG 
is enough to re-liquefy the BOG at that pressure. Extra cold energy is 
stored in the CTES system containing a PCM that freezes at − 130 ◦C. 
During the night time operation, where the flow rate of LNG is not 
enough to re-liquefy the BOG in the LNG/BOG two-phase flow, the CTES 
releases the cold energy for the BOG re-liquefaction. In an analysis 
conducted by Ito et al. [242], compared to the conventional method of 
compressing the BOG for re-liquefaction, the use of the CTES system can 
reduce the compression power by 30–60%. 

Besides BOG reliquefication, He et al. [5] described the concept of 
using PCM to store the LNG cold energy and later use it for other pur-
poses. As shown in Fig. 30, PCM can be used for distribution for cooling 
purposes, and air or carbon dioxide is suitable for power generation. 
More CTES systems using CTES to recover LNG’s cold energy are worth 
exploring. 

5.3.2. Hydrogen fueling of fuel cell vehicles 
As a promising zero-carbon alternative to fossil fuels, hydrogen is 

gaining increasing attention these days, especially in the transportation 
sector [245]. Kim et al. [214] proposed a CTES integrated system for 
high-pressure hydrogen fueling of fuel cell vehicles. The pressure of 
hydrogen stored in fuel cell vehicles is around 70 MPa. Fast fueling of 
the high-pressure hydrogen at the fueling stations can significantly in-
crease the temperature inside the hydrogen tanks. Pre-cooling of the 
hydrogen can help keep the temperature below the maximum allowance 
tank temperature and increase the amount of hydrogen that can be 
stored. However, a pre-cooling chiller adds to the investment and 
operation costs of the fueling station. The authors proposed an on-board 
system to recover the pressure energy of the hydrogen and reduce the 
energy consumption of the chiller. During the driving process, high- 
pressure hydrogen is released to the fuel cell, and the pressure is 
reduced from 70 MPa to 1 MPa in an expander. The expander provides 
additional power to the vehicle. Cooled hydrogen is then used to charge 
the PCM-based CTES. The CTES is filled with a PCM that freezes at 
− 26 ◦C. During the fueling process, cold energy is released from the 
CTES to pre-cool the incoming hydrogen. The process of the system is 
illustrated in Fig. 31. The authors found that the fuel consumption of the 
vehicle can be reduced by 3–5% due to the additional expander power, 
and the cooling demand of the fueling station can also be saved. For 
future studies, more applications of using CTES for the hydrogen in-
dustry, not only for pressurized tanks but also other means of storage 
technologies, especially liquid hydrogen storage, can be investigated. 

5.4. Summary and outlook of CTES application explorations 

As summarized in Table 12, some CTES technologies have already 
been commercially deployed for refrigeration, electricity storage, and 
waste cold recovery. However, more applications should be explored 
with the mechanical design of the CTES facility and performance eval-
uation of the whole energy system, especially paying more attention to 
the economic analysis and life cycle assessment (LCA) [25,194]. 

For refrigeration applications, CTES used for household freezers and 
food storage chambers, refrigerated transportation, and warehousing, 

both actively and passively, have been widely studied. Besides, CTES can 
also be applied to the refrigeration systems used in space exploration 
devices. In general, CTES enhances the system’s performance, reduces 
energy consumption, improves temperature control, decreases the 
overall operational cost, and reduces the noise level. However, study 
about using CTES for large scale refrigeration systems, especially for 
fast-growing cooling demand of data centers and district cooling sys-
tems, and the role of using CTES to help in grid integration of renewable 
energies has not been fully studied. The use of PCM for catering and 
medical purposes can also be improved [8]. 

For electricity storage applications, CTES is an essential part of LAES 
and PTES systems and has the potential to improve the performance of 
the SFES significantly. CTES used for LAES has been commercially 
demonstrated using pack-bed of sensible materials, while the studies of 
CTES technologies for PTES and SFES are still in the early stages. More 
CTES units should be designed and tested. Better integration of CTES 
into these novel electricity storage systems, as well as other electricity 
storage technologies, can also be further explored. 

CTES has been used to recover the waste cold energy from LNG 
during the re-gasification process and hydrogen fuel from the dis-
charging process to power fuel-cell vehicles. One project has been 
commercially deployed for using the LNG cold energy for BOG re- 
liquefaction. Future studies can be carried out to improve the design 
of the CTES systems, as well as recover the waste cold energy from more 
cryogenic systems, including liquefied natural gas, liquid hydrogen, 
liquid ammonia, and air separation. 

Table 12 also summarized the materials used for each application, 
reasons for the selection, and their thermal properties. In general, a 
suitable temperature range is the foremost criteria for material selection. 
Other widely considered factors, such as energy density, density, heat 
capacity, heat conductivity, and corrosion, will be taken into consider-
ation only if the operation temperature is suitable. For commercial ap-
plications, cost, environmental influence, and accessibility of the 
material are also key factors. Regarding different application types, 
refrigeration, waste cold recovery, and small-scale electricity storage 
systems prefer PCMs with the desired PCT. In various applications, ad-
ditives to PCMs are used to enhance the properties. Commercial PCM 
products are widely used, while some studies used in-house developed 
formulas with lower cost. If the PCM slurry is used, the viscosity should 
also be considered. On the other hand, large-scale electricity storage 
systems still rely on sensible materials due to the cost and temperature 
range concerns since the cold storage of electricity storage usually 
operates in cryogenic temperatures, and limited PCMs are available for 
that temperature range. Table 1, Table 2, and Table 4 show that 
although numerous materials have been developed or have the potential 
to be used for CTES systems, only a few have been tested in real appli-
cations. Therefore, future studies should be carried out to explore more 
materials for all of the existing and future applications. 

To provide a clear and fast overview of the research stages and po-
tential research directions, Fig. 32 summarizes the key conclusions, 
including temperature ranges, TRLs, research stages, and potential 
research opportunities of cold thermal energy storage studies discussed 
in each section. 

6. Conclusion 

Overall, the current review paper summarizes the up-to-date 
research and industrial efforts in the development of cold thermal en-
ergy storage technology and compiles in a single document various 
available materials, numerical and experimental works, and existing 
applications of cold thermal energy storage systems designed for sub- 
zero temperatures. As the main conclusion, it may be remarked the 
vast potential of cold thermal energy storage is far from being fully 
deployed, and more research efforts should be invested to develop cold 
thermal energy storage technology for sub-zero temperature 
applications. 
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For cold thermal energy storage technology materials, suitable 
thermal energy storage materials that can be used for cold thermal en-
ergy storage, as well as their thermal properties and enhancement 
methods, are listed and discussed. The amount of available and under- 
development phase change materials is significantly larger than sensi-
ble (both solid and liquid) materials. Fewer phase change materials have 
been developed for applications below − 50 ◦C, and the energy density 
reduces remarkably as the melting temperature decreases. Some of the 
materials present corrosion, safety, and phase separation issues (in the 
case of phase change materials) to be overcome before being considered 
as suitable candidates for cold thermal energy storage applications. The 
future research direction for cold thermal energy storage material 
development should move towards cryogenic temperature ranges with 
more favorable thermal properties. 

The number of research publications about numerical simulations 
and experimental studies of cold thermal energy storage at sub-zero 
temperature ranges is limited but growing fast. The most numerical 
and experimental analysis focuses on packed-bed and thermocline, 
shell-and-tube, plate-shaped, and slurry-based cold thermal energy 
storage systems for different applications. The former two are the most 
widely studied. Although some cold thermal energy storage systems are 
commercially available, more numerical and experimental studies 
should be conducted to develop advanced numerical methods, enhance 
the heat transfer, improve thermo-mechanical properties, enhance sys-
tem modularity, and explore more cold thermal energy storage materials 
for all of the cold thermal energy storage types. Particular attention 
should be paid to promising slurry-based systems. 

Some cold thermal energy storage technologies have already been 
commercially deployed for sub-zero temperature applications, but the 
potential of utilizing cold thermal energy storage has not been fully 
unveiled. Cold thermal energy storage used for refrigeration systems has 

been widely studied to reduce energy consumption, improve tempera-
ture control, and decrease the overall operational cost. For electricity 
storage systems, cold thermal energy storage is the essential part of the 
promising liquid air energy storage and pumped thermal energy storage 
systems and has the potential to significantly improve the performance 
of the superconducting flywheel energy storage systems. Cold thermal 
energy storage has been used to recover the waste cold energy from 
Liquified natural gas during the re-gasification process and hydrogen 
fuel from the discharging process to power fuel-cell vehicles. Future 
studies can be carried out to improve the design of the cold thermal 
energy storage systems for all the applications, as well as explore the 
usage of cold thermal energy storage in more energy systems and 
recover the waste cold energy from more sources. 
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