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Abstract: Thermal energy storage (TES) plays an important role in industrial applications with
intermittent generation of thermal energy. In particular, the implementation of latent heat thermal
energy storage (LHTES) technology in industrial thermal processes has shown promising results,
significantly reducing sensible heat losses. However, in order to implement this technology, a
proper selection of materials is important. In this study, a new multi-criteria phase change material
(PCM) selection methodology is presented, which considers relevant factors from an application
and material handling point of view, such as hygroscopicity, metal compatibility (corrosion), level
hazard, cost, and thermal and atmospheric stability. The methodology starts after setting up the
system requirements where the PCM will be used, then a material screening is able to find all possible
candidates that are listed with all available properties as listed before. Then, a color map is produced,
with a qualitative assessment of material properties drawbacks, hazard level, melting enthalpy, and
price. The experimentation starts with a preliminary set of tests on hygroscopicity and one-week
corrosion test, which allows disregarding PCMs and selecting a short list of potential PCMs that
would need further characterization before the final selection.

Keywords: thermal energy storage; phase change materials; multi-criteria selection of materials

1. Introduction

Thermal energy storage (TES) is a key component in the optimization of industrial pro-
cesses, in applications with intermittent thermal energy generation, such as solar thermal
systems or waste heat recovery, for which a suitable thermal storage system is essen-
tial [1]. TES systems have been developed as useful engineering solutions to reduce the
gap between energy supply and demand in cooling or heating applications by storing
extra energy generated during peak collection hours and dispatching it during off-peak
hours [2,3]. Large-scale applications such as power plants, geothermal power units, nu-
clear power plants, smart textiles, buildings, the food industry and solar energy capture
and storage are ideal candidates for TES systems [4]. Latent thermal energy storage is
an attractive technology for industry when integrated into thermal processes, reducing
potentially sensible heat losses in the heating and cooling processes needed to reach optimal
temperatures, and allowing heat to be stored between cycles. However, to implement this
technology it is necessary to select the appropriate materials within the required working
temperature ranges for each application [5].

The literature shows that there are many materials that can be used as phase change
materials (PCMs) [6,7], but researchers and practitioners still struggle to choose the right
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PCM for each application. The literature shows that a large number of the selection
methodologies of suitable PCMs adopted by many authors [8–12] in different studies
consider a limited number of factors as relevant for the selection. Traditionally these factors
are melting enthalpy, melting temperature, and the amount of energy that can be stored
and released. However, from an application and material handling point of view, other
factors are also crucial and important to be considered in the PCM selection methodology,
such as hygroscopicity, metal compatibility (corrosion), level hazard, cost, and thermal and
atmospheric stability. In addition, during the process of identifying potential PCMs, it is
common to obtain a large number of potential materials with properties and characteristics
compatible with the final application. Nevertheless, carrying out the full characterization
for all these potential candidates involves significant economic investment, time, effort,
and dedication. In this context, the need for a methodology that allows, during the initial
stages, for the reduction in the number of potential materials to a smaller group of real
candidates for which it is worthy to perform full characterization and exhaustive analyses
for the final selection arises.

Selection of PCM candidates does not depend only on the melting temperature, the
temperature at which the energy will be released, which depends on the application require-
ments, but also on many other properties and parameters. Palomba and Frazzica [13] di-
vided the key performance indicators (KPIs) identified for TES in three groups, technical,
socio-economic, and environmental (Figure 1). In fact, already in 2016, Miró et al. [14] in-
cluded health hazard and cycling and thermal stability as key parameters when selecting a
suitable PCM. Cycling and thermal stability are usually included in PCM selection, while
health hazard is still not included in the scientific literature as a KPI. The form, condition,
and inherent properties of a material determines its health hazard, which is usually found
in the manufacturer information, such as material safety data sheets. This parameter is es-
pecially important in high temperature applications, since the degree of personal protective
equipment required to work safely with the material usually increases with temperature.
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Moreover, the selection methodology should be adapted to each case by selecting
the right KPIs and more importantly, the range selected for each KPI. For example,
Gasia et al. [15] adapted the previous methodology developed by Miró et al. to a partial
load evaluation of PCM tanks working at a 120–200 ◦C temperature range, and this was
achieved by extending the cycling stability evaluation of the PCM to one hundred cycles
and cycling them under an atmosphere which simulates the boundary conditions of the
further pilot plant experimental setup testing and using a higher sample mass.

Maldonado et al. [16] used the same methodology to select a PCM to be used for
TES storage in a solar system using Fresnel collectors, with a required melting temper-
ature between 210 ◦C and 270 ◦C. An important outcome of this paper is that it states
that the results found experimentally do not always agree with those found in the liter-
ature, especially data on melting temperatures and melting enthalpies. Therefore, other
authors continue working on benchmarking PCMs for different applications. For example,
Navarro et al. [17] experimentally characterized different PCMs to be used in building
applications, where the main change was the extension of the thermal stability analysis
to 10,000 cycles, equivalent to 30 years of buildings use, and analyzing also the thermal
conductivity of the PCMs.

In 2020, Zsembinszki et al. [18] went a step further in the application of the selection
methodology including a step-based method. This change was due to the high amount
of potential PCMs found in the given application, a climatization system for residential
buildings which includes an active PCM tank. The methodology was based on three
steps. The first step was a thorough review of potential PCM candidates available in the
scientific literature and available commercially. The second step excluded PCMs that were
not suitable either because of health hazard issues, compatibility with the storage tank
container (corrosion), or thermophysical properties below the required targets. Finally,
the third step consisted of the development of a decision matrix as a tool to make a final
selection based on objective criteria. This decision matrix was built following parameters
that were considered as key for the given application (Table 1). Moreover, the authors
considered different scenarios for the weighing of each criterion. It should be highlighted
that this paper includes criteria such as availability and price to select the right PCM.

Table 1. Scoring criteria applied by Zsembinszki et al. [18].

Temperature Range [◦C] Enthalpy [kJ/kg] Availability Price [EUR /kg] Maximum Working
Temperature [◦C]

Criteria Value for
Decision Criteria Value for

Decision Criteria Value for
Decision Criteria Value for

Decision Criteria Value for
Decision

T < 2 3 h > 250 3 Yes 3 P < 2.5 3 Tmax > 120 3

2 < T < 3 2 200 < h < 250 2 No 0 2.5 < P < 5 2 Tmax < 120
or n.a. 0

3 < T < 4 1 150 < h < 200 1 --- --- 5 < P < 10 1 --- ---

T > 4 or n.a. 0 h < 150 or n.a. 0 --- --- P > 10 or n.a. 0 --- ---

n.a.—not available.

This last methodology can be considered a multi-criteria decision-making analysis
(MCDA), which was recently also applied by Awan et al. [19] (Figure 2). The effectiveness of
this strategy was tested in two case studies. In the first case study, a sample dataset of PCMs
was used to rank PCMs for building applications based on the four major thermodynamic
properties of the PCMs; in the second case study, several qualitative and quantitative
characteristics of PCMs including cost were used to select a near-optimal PCM from a list
of eight PCMs for a thermal energy storage system integrated with a ground source heat
pump system. Although the method proved to be effective, the authors stated that its main
drawback is its subjectivity.
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Figure 2. Outline of the selection strategy used by Awan et al. [19].

Similarly, Akgün et al. [20] used a MCDA to select carbon-based nanomaterials as PCM
additive. Seven evaluation criteria were determined (melting point temperature change,
latent heat change, thermal conductivity enhancement, leakage, greenhouse gas, cost, and
agglomeration) based on the literature information and the best additive was selected.

Based on Refs. [8–12], given the need for better methods of selecting suitable PCMs, this
paper presents a novel multi-criteria PCM selection methodology, aimed primarily at high-
temperature industrial applications. In contrast to traditional PCM selection methodologies,
the methodology presented in this paper considers a more comprehensive point of view,
considering crucial factors related to application and handling such as hygroscopicity,
hazard level, corrosion resistance, cost, and thermal and atmospheric stability and. In
addition, another one of the advantages of this methodology is the identification of, within
the first stage, candidates which are not worthy of full characterization.

In this study, this methodology is applied to high-temperature PCM selection for
industrial applications. In this case, study, the system requirements were as follows:

• Temperature range of operation: 400 ◦C to 600 ◦C.
• High latent heat storage capacity: high phase change enthalpy.
• Easiness in handling and not imposing health hazard.
• Thermal cycling stability: thermal properties need to remain almost constant during a

certain number of thermal cycles.
• Thermal stability: maximum working temperature of at least 50 ◦C over the range

of operation.
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• Compatibility with the metal selected for the metal wool and the storage container
that will contain the PCM.

• Suitable price.
• Atmospheric stability: PCM should be stable in the atmospheric conditions of the

storage container.

2. Methodology
2.1. Selection Methodology

The methodology developed to perform the material selections had the following
steps (Figure 3):
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1. Materials screening The screening was three-fold. First, the scientific literature was
thoughtfully scanned to find identified candidates and their disclosed properties.
Then, commercially available PCMs were listed. The companies considered were
Rubitherm (Germany), PCM Products (United Kingdom), and PLUSS (India). And
third, the software FactSage Education 8.3 was used to find potential new candidates.

2. Listing of materials’ properties When reported, different properties were listed. The
properties were collected from the literature from the materials’ data sheets. The
considered properties were melting temperature, melting enthalpy, specific heat
in solid and liquid state, density in solid and liquid state, thermal conductivity,
degradation temperature, hygroscopicity, corrosion with potential container materials,
and hazardousness of the material (following the standard NFPA 704 [21]).

3. Development of a color map To facilitate the selection, a color map was developed.
For the different key parameters, acceptable and non-acceptable levels were defined,
and a color classification was developed. Some examples of such parameters and
levels are shown in Figure 4.
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4. Preliminary tests for materials characterization To disregard materials that did not
comply with the requirements settled, two tests were carried out. First, a hygroscopic
analysis was applied to potential PCMs, such as inorganic salts, identified as hygro-
scopic or deliquescent in their data sheets. If a salt was pointed out as not adequate,
all PCMs with that salt would be disregarded. Second, a one-week corrosion test was
performed with the identified PCMs with the pre-selected metals to be used in contact
with the PCM.

5. Final selection of adequate PCMs to be used.

2.2. Analytical Methods

The hygroscopic analysis was carried out leaving a known quantity of salt (5 g), not
the PCM itself, but the salts that would be mixed to become the PCM, in a watch glass
during 8 h at atmospheric conditions and weighing the samples every hour. The test was
carried out with the salt as it is and also after drying it in an oven at 200 ◦C for 12 h. The
first test would be similar to the real conditions, and the second would allow to better
measurement of water uptake. Moreover, both samples were dried again after the test to
see if they would look as before the water uptake.

The corrosion test was carried out by immersing the selected metal in the molten PCM
following the tests shown in [22]. The temperature at which the oven was set up depended
on the melting temperature of the PCM. In this selection criterion, the corrosion tests were
performed only for 1 week to use it as a selection tool. The selected PCMs would go to a
3-month test later to have the data to ensure good metal-PCM compatibility. In this study,
the tests were performed with stainless steel (314 and 434) and with Alloy 20 metal wool. At
least 2 samples of each pair were tested to ensure repeatability, following the methodology
shown in Figure 5.
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Figure 5. Corrosion tests methodology.

The thermophysical evaluation was carried out by differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). The phase change temperature, enthalpy, and
thermal behavior analysis of the selected PCMs were determined by DSC using a STARe
SYSTEM DSC 3+ from METTLER TOLEDO. The accuracy of the equipment is ±0.1 ◦C for
temperature results and ±3 J/g for enthalpy results. The decomposition temperature, melt-
ing enthalpy and melting temperature, and thermal behavior were studied by TGA/DSC.
The equipment used to carry out this analysis is the STARe SYSTEM TGA/DSC 3+ from
METTLER TOLEDO (Barcelona, Spain). This equipment has a balance with a precision of
±0.00001 g which allows the loss of mass associated with the decomposition process to be
quantified. The accuracy of the equipment is ±0.1 ◦C for temperature results and ±3 J/g
for enthalpy results. In both techniques, a small amount of sample (around 10 mg) was
placed in sapphire crucibles (70 µL), closed in DSC and open in TGA/DSC, and the tests
were carried out in an inert N2 atmosphere. The samples preparation for both techniques is
shown in Figure 6.
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Figure 6. Sample preparation for DSC and TGA/DSC measurements.

The measurement conditions for DSC were a temperature range between 50 ◦C above
and below the melting point of the PCM, a heating/cooling rate of 1 K/min, and 3 cycles.
On the other hand, the measurement conditions for TGA/DSC were a temperature range
from 25 ◦C to 1000 ◦C and a heating/cooling rate of 1 K/min.
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3. Results

After the first step of the selection methodology, a total of 27 materials were found
with potential to be selected. The materials screening is listed in Table 2.

Table 2. Potential materials to be used as a PCM in the range of 400 ◦C to 600 ◦C.

# Materials Tmelting
(◦C)

∆Hmelting
(J/g)

Cp solid
(J/g·K)

Cp
liquid

(J/g·K)

ρ solid
(kg/m3)

ρ liquid

(kg/m3)
k liquid
(W/m·K)

Corrosion
(mm/Year)

Tdegradation
(◦C) NFPA 704 Ref.

1 H 425 425
[23] 220 [23] 1.54 [23] - 2100 [23] - 0.57 - 1400 [23] N.H. [23]

2 MnCl2-NaCl
(64.33-35.67 wt.%)

426
[24] 230 [24] - - - - - - -
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427 [25] 869 [25] 0.80 [25] 1.00 [25] 1600 [25] - - - - 

 

[25] 

4 
LiF-LiOH  

(21.33-78.67 wt.%) 
431 [24] 889 [24] - - - - - - - 

 

[24] 

5 H 430 430 [23] 125 [23] 1.54 [23] - 2160 [23] - 0.57 [23] - 1400 [23] N.H. [23] 

6 
MgCl2-KCl  

(39-61 wt.%) 
435 [26] 351 [26] 0.80 [26] 0.96 [26] 2110 [26] - 0.81 [26] 1.00 [27] 700 [28] 

 

[26–28] 

7 
MgCl2-RbCl  

(21.65-78.35 wt.%) 
446 [24] 135.7 [24] - - -- - - - - [24] 

8 
LiCl-MgCl2  

(49.65-50.35 wt.%) 
447 [24] 401 [24] - - -- - - - - 

 

[24] 
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[25] 

11 
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(55.06-1.95-9.97-33.02 
wt.%) 

460 [25] 245 [25] - - - - - - -- 
 

[25] 

12 LiOH 462 [29] 873 [29] - - 1460 [29] - - - - 

 

[29] 

13 
CaCl2-KCl-NaCl  

(64.63-6.29-29.08 wt.%) 
465 [25] 245 [25] - - - - - - - 

 
[25] 

14 H 485 483 [23] 200 [23] 1.55 [23] - 2220 [23] - 0.57 [23] - 800 [23] N.H. [23] 

15 
KCl-CaCl2-MgCl2  

(25-27-48 wt.%) 
487 [25] 342 [25] 0.80 [25] - 2530 [25] - 0.88 [29] - - 

 
[25,29] 

16 
Li2CO3-K2CO3  
(47-53 wt.%) 

488 [25] 342 [25] 1.03 [25] 1.34 [25] 2220 [25] - 1.99 [25] - 530 [30] 

 

[25] 

[24]

3 LiF-LiOH
(20-80 mol%)

427
[25] 869 [25] 0.80 [25] 1.00

[25] 1600 [25] - - - -
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[23] 125 [23] 1.54 [23] - 2160 [23] - 0.57
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(39-61 wt.%)

435
[26] 351 [26] 0.80 [26] 0.96

[26] 2110 [26] - 0.81
[26] 1.00 [27] 700 [28]
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[24]
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[24] - - -- - - - -
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[26–28] 

7 
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(48-52 wt.%) 
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[25] 

11 
CaCl2-KCl-MgCl2-NaCl 

(55.06-1.95-9.97-33.02 
wt.%) 

460 [25] 245 [25] - - - - - - -- 
 

[25] 

12 LiOH 462 [29] 873 [29] - - 1460 [29] - - - - 

 

[29] 

13 
CaCl2-KCl-NaCl  

(64.63-6.29-29.08 wt.%) 
465 [25] 245 [25] - - - - - - - 

 
[25] 

14 H 485 483 [23] 200 [23] 1.55 [23] - 2220 [23] - 0.57 [23] - 800 [23] N.H. [23] 

15 
KCl-CaCl2-MgCl2  

(25-27-48 wt.%) 
487 [25] 342 [25] 0.80 [25] - 2530 [25] - 0.88 [29] - - 

 
[25,29] 

16 
Li2CO3-K2CO3  
(47-53 wt.%) 

488 [25] 342 [25] 1.03 [25] 1.34 [25] 2220 [25] - 1.99 [25] - 530 [30] 

 

[25] 

[25]

11

CaCl2-KCl-MgCl2-
NaCl

(55.06-1.95-9.97-33.02
wt.%)

460
[25] 245 [25] - - - - - - --
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Table 2. Cont.

# Materials Tmelting
(◦C)

∆Hmelting
(J/g)

Cp solid
(J/g·K)

Cp
liquid

(J/g·K)

ρ solid
(kg/m3)

ρ liquid

(kg/m3)
k liquid
(W/m·K)

Corrosion
(mm/Year)

Tdegradation
(◦C) NFPA 704 Ref.

15 KCl-CaCl2-MgCl2
(25-27-48 wt.%)

487
[25] 342 [25] 0.80 [25] - 2530 [25] - 0.88

[29] - -
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[25] 342 [25] 1.03 [25] 1.34

[25] 2220 [25] - 1.99
[25] - 530 [30]
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16 
Li2CO3-K2CO3  
(47-53 wt.%) 

488 [25] 342 [25] 1.03 [25] 1.34 [25] 2220 [25] - 1.99 [25] - 530 [30] 

 

[25] 

[25]

17 Li2CO3-Na2CO3
(44-56 wt.%)

496
[25] 370 [25] 1.80 [25] 2.09

[25] 2320 [25] - 2.09
[25] - 530 [30]
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[25] 

[25]

18 H 500 500
[23] 300 [23] 1.55 [23] - 2200 [23] - 0.57

[23] - 800 [23] N.H. [23]

19 NaCl-CaCl2
(33-67 wt.%)

500
[25] 393 [25] 0.84 [25] 1.00

[29] 2160 [25] - 1.20
[25] - -
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6 
MgCl2-KCl  

(39-61 wt.%) 
435 [26] 351 [26] 0.80 [26] 0.96 [26] 2110 [26] - 0.81 [26] 1.00 [27] 700 [28] 

 

[26–28] 

7 
MgCl2-RbCl  

(21.65-78.35 wt.%) 
446 [24] 135.7 [24] - - -- - - - - [24] 

8 
LiCl-MgCl2  

(49.65-50.35 wt.%) 
447 [24] 401 [24] - - -- - - - - 

 

[24] 

9 
LiF-LiBr  

(8.62-91.38 wt.%) 
450 [24] 275 [24] - - - - - - - 

 

[24] 

10 
NaCl-MgCl2  
(48-52 wt.%) 

450 [25] 430 [25] 0.92 [25] 1.00 [25] 2230 [25] - 0.95 [25] -  

 

[25] 

11 
CaCl2-KCl-MgCl2-NaCl 

(55.06-1.95-9.97-33.02 
wt.%) 

460 [25] 245 [25] - - - - - - -- 
 

[25] 

12 LiOH 462 [29] 873 [29] - - 1460 [29] - - - - 

 

[29] 

13 
CaCl2-KCl-NaCl  

(64.63-6.29-29.08 wt.%) 
465 [25] 245 [25] - - - - - - - 

 
[25] 

14 H 485 483 [23] 200 [23] 1.55 [23] - 2220 [23] - 0.57 [23] - 800 [23] N.H. [23] 

15 
KCl-CaCl2-MgCl2  

(25-27-48 wt.%) 
487 [25] 342 [25] 0.80 [25] - 2530 [25] - 0.88 [29] - - 

 
[25,29] 

16 
Li2CO3-K2CO3  
(47-53 wt.%) 

488 [25] 342 [25] 1.03 [25] 1.34 [25] 2220 [25] - 1.99 [25] - 530 [30] 

 

[25] 

[25,29]

20 CaCl2-KCl-NaCl
(66-5-29 wt.%)

504
[29] 279 [29] 1.17 [29] 1.00

[29] 2150 [29] - 1.00
[29] - -
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3. Results 
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# Materials 
Tmelting 

(°C) 
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(J/g) 
Cp solid 
(J/g·K) 

Cp liquid 
(J/g·K) 

ρ solid 
(kg/m3) 

ρ liquid 
(kg/m3) 

k liquid 
(W/m·K) 

Corrosion 
(mm/Year) 

Tdegradation 
(°C) 

NFPA 704 Ref. 

1 H 425 425 [23] 220 [23] 1.54 [23] - 2100 [23] - 0.57 - 1400 [23] N.H. [23] 

2 
MnCl2-NaCl  

(64.33-35.67 wt.%) 
426 [24] 230 [24] - - - - - - - 

 

[24] 

3 
LiF-LiOH  

(20-80 mol%) 
427 [25] 869 [25] 0.80 [25] 1.00 [25] 1600 [25] - - - - 

 

[25] 

4 
LiF-LiOH  

(21.33-78.67 wt.%) 
431 [24] 889 [24] - - - - - - - 

 

[24] 

5 H 430 430 [23] 125 [23] 1.54 [23] - 2160 [23] - 0.57 [23] - 1400 [23] N.H. [23] 

6 
MgCl2-KCl  

(39-61 wt.%) 
435 [26] 351 [26] 0.80 [26] 0.96 [26] 2110 [26] - 0.81 [26] 1.00 [27] 700 [28] 

 

[26–28] 

7 
MgCl2-RbCl  

(21.65-78.35 wt.%) 
446 [24] 135.7 [24] - - -- - - - - [24] 

8 
LiCl-MgCl2  

(49.65-50.35 wt.%) 
447 [24] 401 [24] - - -- - - - - 

 

[24] 

9 
LiF-LiBr  

(8.62-91.38 wt.%) 
450 [24] 275 [24] - - - - - - - 

 

[24] 

10 
NaCl-MgCl2  
(48-52 wt.%) 

450 [25] 430 [25] 0.92 [25] 1.00 [25] 2230 [25] - 0.95 [25] -  

 

[25] 

11 
CaCl2-KCl-MgCl2-NaCl 

(55.06-1.95-9.97-33.02 
wt.%) 

460 [25] 245 [25] - - - - - - -- 
 

[25] 

12 LiOH 462 [29] 873 [29] - - 1460 [29] - - - - 

 

[29] 

13 
CaCl2-KCl-NaCl  

(64.63-6.29-29.08 wt.%) 
465 [25] 245 [25] - - - - - - - 

 
[25] 

14 H 485 483 [23] 200 [23] 1.55 [23] - 2220 [23] - 0.57 [23] - 800 [23] N.H. [23] 

15 
KCl-CaCl2-MgCl2  

(25-27-48 wt.%) 
487 [25] 342 [25] 0.80 [25] - 2530 [25] - 0.88 [29] - - 

 
[25,29] 

16 
Li2CO3-K2CO3  
(47-53 wt.%) 

488 [25] 342 [25] 1.03 [25] 1.34 [25] 2220 [25] - 1.99 [25] - 530 [30] 

 

[25] 

[29]

21 H 525 525
[23] 155 [23] 1.56 [23] - 2350 [23] - 0.57

[23] - 1000 [23] N.H. [23]

22 H 535 535
[23] 130 [23] 1.57 [23] - 2320 [23] - 0.56

[23] - 1000 [23] N.H. [23]

23 Ca(NO3)2
560
[29] 145 [29] - - 2113 [29] - - - 500 [31]
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17 
Li2CO3-Na2CO3  

(44-56 wt.%) 
496 [25] 370 [25] 1.80 [25] 2.09 [25] 2320 [25] - 2.09 [25] - 530 [30] 

 

[25] 

18 H 500 500 [23] 300 [23] 1.55 [23] - 2200 [23] - 0.57 [23] - 800 [23] N.H. [23] 

19 
NaCl-CaCl2  
(33-67 wt.%) 

500 [25] 393 [25] 0.84 [25] 1.00 [29] 2160 [25] - 1.20 [25] - - 
 

[25,29] 

20 
CaCl2-KCl-NaCl  
(66-5-29 wt.%) 

504 [29] 279 [29] 1.17 [29] 1.00 [29] 2150 [29] - 1.00 [29] - - 
 

[29] 

21 H 525 525 [23] 155 [23] 1.56 [23] - 2350 [23] - 0.57 [23] - 1000 [23] N.H. [23] 
22 H 535 535 [23] 130 [23] 1.57 [23] - 2320 [23] - 0.56 [23] - 1000 [23] N.H. [23] 

23 Ca(NO3)2 560 [29] 145 [29] - - 2113 [29] - - - 500 [31] 

 

[29] 

24 
NaCl-KCl-Na2CO3  

(25-33-42 wt.%) 
569 [7] 249 [7] 1.34 [7] 1.41 [7] 1700 [7] 2000 [7] 0.50 [7] -  

 
[7] 

25 
NaCl-Na2CO3  
(48-52 wt.%) 

580 [7] 339 [7] 1.3 [7] - 2000 [7] - 0.60 [7] -  
 

[7] 

26 
Li2CO3-Na2CO3-K2CO3 

(22-16-62 wt.%) 
580 [25] 288 [25] 1.80 [25] 2.90 [25] 2340 [25] - 1.95 [25] - 827 [30] 

 

[25] 

27 
NaCl-Na2SO4-Na2CO3  

(31-30-39 wt.%) 
597 [7] 221 [7] 1.20 [7] 1.30 [7] 2000 [7] - 0.50 [7] -  [7] 

N.H.—non-hazardous. 

After completing Table 2 with the maximum information found in the literature and 
in the materials data sheets, a color map was developed to help disregard non-acceptable 
materials (Table 3). In this step, several decisions have to be made, which are directly re-
lated to the requirements of the application and with educated knowledge from the per-
sonnel carrying out such selection. For example (Figure 1): 
1. Melting enthalpy: This property is the one that is directly related to the final energy 

density of the storage system, therefore the higher the melting enthalpy the better. 
Keeping this in mind, in this case, materials with melting enthalpies between 889 and 
430 J/g were considered very high (dark green), materials with melting enthalpies 
between 430 and 160 J/g were considered high (light green), materials with melting 
enthalpies between 160 and 125 J/g were considered medium (yellow), materials with 
melting enthalpies between 125 and 70 J/g were considered low (orange), and mate-
rials with melting enthalpies lower than 70 J/g were considered very low (red). 

2. Price: Although the price of the storage media is only a part of the total cost of the 
system, it is clear that the lower the price of the PCM the better. It should be high-
lighted that the price considered here was not the cost per kg of material, which is 
the usual purchase cost, but the cost per energy unit, so the comparison between ma-
terials would be fairer. Here also five levels were defined, with PCMs with a price 
higher than 4.07 EUR /kJ were considered very high (red), PCMs with a price between 
4.07 and 2.20 EUR /kJ were considered high (orange), PCMs with a price between 
2.20 and 0.41 EUR /kJ were considered medium (yellow), PCMs with a price between 
0.41 and 0.10 EUR /kJ were considered low (light green), and those with a cost be-
tween 0.10 and 0.02 EUR /kJ were considered very low (dark green) 

[29]

24 NaCl-KCl-Na2CO3
(25-33-42 wt.%) 569 [7] 249 [7] 1.34 [7] 1.41

[7] 1700 [7] 2000
[7]

0.50
[7] -
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# Materials 
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Cp solid 
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ρ solid 
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ρ liquid 
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k liquid 
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Tdegradation 
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NFPA 704 Ref. 

1 H 425 425 [23] 220 [23] 1.54 [23] - 2100 [23] - 0.57 - 1400 [23] N.H. [23] 

2 
MnCl2-NaCl  

(64.33-35.67 wt.%) 
426 [24] 230 [24] - - - - - - - 

 

[24] 

3 
LiF-LiOH  

(20-80 mol%) 
427 [25] 869 [25] 0.80 [25] 1.00 [25] 1600 [25] - - - - 

 

[25] 

4 
LiF-LiOH  

(21.33-78.67 wt.%) 
431 [24] 889 [24] - - - - - - - 

 

[24] 

5 H 430 430 [23] 125 [23] 1.54 [23] - 2160 [23] - 0.57 [23] - 1400 [23] N.H. [23] 

6 
MgCl2-KCl  

(39-61 wt.%) 
435 [26] 351 [26] 0.80 [26] 0.96 [26] 2110 [26] - 0.81 [26] 1.00 [27] 700 [28] 

 

[26–28] 

7 
MgCl2-RbCl  

(21.65-78.35 wt.%) 
446 [24] 135.7 [24] - - -- - - - - [24] 

8 
LiCl-MgCl2  

(49.65-50.35 wt.%) 
447 [24] 401 [24] - - -- - - - - 

 

[24] 

9 
LiF-LiBr  

(8.62-91.38 wt.%) 
450 [24] 275 [24] - - - - - - - 

 

[24] 

10 
NaCl-MgCl2  
(48-52 wt.%) 

450 [25] 430 [25] 0.92 [25] 1.00 [25] 2230 [25] - 0.95 [25] -  

 

[25] 

11 
CaCl2-KCl-MgCl2-NaCl 

(55.06-1.95-9.97-33.02 
wt.%) 

460 [25] 245 [25] - - - - - - -- 
 

[25] 

12 LiOH 462 [29] 873 [29] - - 1460 [29] - - - - 

 

[29] 

13 
CaCl2-KCl-NaCl  

(64.63-6.29-29.08 wt.%) 
465 [25] 245 [25] - - - - - - - 

 
[25] 

14 H 485 483 [23] 200 [23] 1.55 [23] - 2220 [23] - 0.57 [23] - 800 [23] N.H. [23] 

15 
KCl-CaCl2-MgCl2  

(25-27-48 wt.%) 
487 [25] 342 [25] 0.80 [25] - 2530 [25] - 0.88 [29] - - 

 
[25,29] 

16 
Li2CO3-K2CO3  
(47-53 wt.%) 

488 [25] 342 [25] 1.03 [25] 1.34 [25] 2220 [25] - 1.99 [25] - 530 [30] 

 

[25] 

[7]

25 NaCl-Na2CO3
(48-52 wt.%) 580 [7] 339 [7] 1.3 [7] - 2000 [7] - 0.60

[7] -
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(kg/m3) 

ρ liquid 
(kg/m3) 

k liquid 
(W/m·K) 

Corrosion 
(mm/Year) 

Tdegradation 
(°C) 

NFPA 704 Ref. 

1 H 425 425 [23] 220 [23] 1.54 [23] - 2100 [23] - 0.57 - 1400 [23] N.H. [23] 

2 
MnCl2-NaCl  

(64.33-35.67 wt.%) 
426 [24] 230 [24] - - - - - - - 

 

[24] 

3 
LiF-LiOH  

(20-80 mol%) 
427 [25] 869 [25] 0.80 [25] 1.00 [25] 1600 [25] - - - - 

 

[25] 

4 
LiF-LiOH  

(21.33-78.67 wt.%) 
431 [24] 889 [24] - - - - - - - 

 

[24] 

5 H 430 430 [23] 125 [23] 1.54 [23] - 2160 [23] - 0.57 [23] - 1400 [23] N.H. [23] 

6 
MgCl2-KCl  

(39-61 wt.%) 
435 [26] 351 [26] 0.80 [26] 0.96 [26] 2110 [26] - 0.81 [26] 1.00 [27] 700 [28] 

 

[26–28] 

7 
MgCl2-RbCl  

(21.65-78.35 wt.%) 
446 [24] 135.7 [24] - - -- - - - - [24] 

8 
LiCl-MgCl2  

(49.65-50.35 wt.%) 
447 [24] 401 [24] - - -- - - - - 

 

[24] 

9 
LiF-LiBr  

(8.62-91.38 wt.%) 
450 [24] 275 [24] - - - - - - - 

 

[24] 

10 
NaCl-MgCl2  
(48-52 wt.%) 

450 [25] 430 [25] 0.92 [25] 1.00 [25] 2230 [25] - 0.95 [25] -  

 

[25] 

11 
CaCl2-KCl-MgCl2-NaCl 

(55.06-1.95-9.97-33.02 
wt.%) 

460 [25] 245 [25] - - - - - - -- 
 

[25] 

12 LiOH 462 [29] 873 [29] - - 1460 [29] - - - - 

 

[29] 

13 
CaCl2-KCl-NaCl  

(64.63-6.29-29.08 wt.%) 
465 [25] 245 [25] - - - - - - - 

 
[25] 

14 H 485 483 [23] 200 [23] 1.55 [23] - 2220 [23] - 0.57 [23] - 800 [23] N.H. [23] 

15 
KCl-CaCl2-MgCl2  

(25-27-48 wt.%) 
487 [25] 342 [25] 0.80 [25] - 2530 [25] - 0.88 [29] - - 

 
[25,29] 

16 
Li2CO3-K2CO3  
(47-53 wt.%) 

488 [25] 342 [25] 1.03 [25] 1.34 [25] 2220 [25] - 1.99 [25] - 530 [30] 

 

[25] 

[7]

26
Li2CO3-Na2CO3-

K2CO3
(22-16-62 wt.%)

580
[25] 288 [25] 1.80 [25] 2.90

[25] 2340 [25] - 1.95
[25] - 827 [30]
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After the first step of the selection methodology, a total of 27 materials were found 
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Table 2. Potential materials to be used as a PCM in the range of 400 °C to 600 °C. 

# Materials 
Tmelting 

(°C) 
∆Hmelting 

(J/g) 
Cp solid 
(J/g·K) 

Cp liquid 
(J/g·K) 

ρ solid 
(kg/m3) 

ρ liquid 
(kg/m3) 

k liquid 
(W/m·K) 

Corrosion 
(mm/Year) 

Tdegradation 
(°C) 

NFPA 704 Ref. 

1 H 425 425 [23] 220 [23] 1.54 [23] - 2100 [23] - 0.57 - 1400 [23] N.H. [23] 

2 
MnCl2-NaCl  

(64.33-35.67 wt.%) 
426 [24] 230 [24] - - - - - - - 

 

[24] 

3 
LiF-LiOH  

(20-80 mol%) 
427 [25] 869 [25] 0.80 [25] 1.00 [25] 1600 [25] - - - - 

 

[25] 

4 
LiF-LiOH  

(21.33-78.67 wt.%) 
431 [24] 889 [24] - - - - - - - 

 

[24] 

5 H 430 430 [23] 125 [23] 1.54 [23] - 2160 [23] - 0.57 [23] - 1400 [23] N.H. [23] 

6 
MgCl2-KCl  

(39-61 wt.%) 
435 [26] 351 [26] 0.80 [26] 0.96 [26] 2110 [26] - 0.81 [26] 1.00 [27] 700 [28] 

 

[26–28] 

7 
MgCl2-RbCl  

(21.65-78.35 wt.%) 
446 [24] 135.7 [24] - - -- - - - - [24] 

8 
LiCl-MgCl2  

(49.65-50.35 wt.%) 
447 [24] 401 [24] - - -- - - - - 

 

[24] 

9 
LiF-LiBr  

(8.62-91.38 wt.%) 
450 [24] 275 [24] - - - - - - - 

 

[24] 

10 
NaCl-MgCl2  
(48-52 wt.%) 

450 [25] 430 [25] 0.92 [25] 1.00 [25] 2230 [25] - 0.95 [25] -  

 

[25] 

11 
CaCl2-KCl-MgCl2-NaCl 

(55.06-1.95-9.97-33.02 
wt.%) 

460 [25] 245 [25] - - - - - - -- 
 

[25] 

12 LiOH 462 [29] 873 [29] - - 1460 [29] - - - - 

 

[29] 

13 
CaCl2-KCl-NaCl  

(64.63-6.29-29.08 wt.%) 
465 [25] 245 [25] - - - - - - - 

 
[25] 

14 H 485 483 [23] 200 [23] 1.55 [23] - 2220 [23] - 0.57 [23] - 800 [23] N.H. [23] 

15 
KCl-CaCl2-MgCl2  

(25-27-48 wt.%) 
487 [25] 342 [25] 0.80 [25] - 2530 [25] - 0.88 [29] - - 

 
[25,29] 

16 
Li2CO3-K2CO3  
(47-53 wt.%) 

488 [25] 342 [25] 1.03 [25] 1.34 [25] 2220 [25] - 1.99 [25] - 530 [30] 

 

[25] 

[25]

27 NaCl-Na2SO4-Na2CO3
(31-30-39 wt.%) 597 [7] 221 [7] 1.20 [7] 1.30

[7] 2000 [7] - 0.50
[7] -
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# Materials 
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(°C) 
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Cp solid 
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(J/g·K) 
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(kg/m3) 

ρ liquid 
(kg/m3) 

k liquid 
(W/m·K) 

Corrosion 
(mm/Year) 

Tdegradation 
(°C) 

NFPA 704 Ref. 

1 H 425 425 [23] 220 [23] 1.54 [23] - 2100 [23] - 0.57 - 1400 [23] N.H. [23] 

2 
MnCl2-NaCl  

(64.33-35.67 wt.%) 
426 [24] 230 [24] - - - - - - - 

 

[24] 

3 
LiF-LiOH  

(20-80 mol%) 
427 [25] 869 [25] 0.80 [25] 1.00 [25] 1600 [25] - - - - 

 

[25] 

4 
LiF-LiOH  

(21.33-78.67 wt.%) 
431 [24] 889 [24] - - - - - - - 

 

[24] 

5 H 430 430 [23] 125 [23] 1.54 [23] - 2160 [23] - 0.57 [23] - 1400 [23] N.H. [23] 

6 
MgCl2-KCl  

(39-61 wt.%) 
435 [26] 351 [26] 0.80 [26] 0.96 [26] 2110 [26] - 0.81 [26] 1.00 [27] 700 [28] 

 

[26–28] 

7 
MgCl2-RbCl  

(21.65-78.35 wt.%) 
446 [24] 135.7 [24] - - -- - - - - [24] 

8 
LiCl-MgCl2  

(49.65-50.35 wt.%) 
447 [24] 401 [24] - - -- - - - - 

 

[24] 

9 
LiF-LiBr  

(8.62-91.38 wt.%) 
450 [24] 275 [24] - - - - - - - 

 

[24] 

10 
NaCl-MgCl2  
(48-52 wt.%) 

450 [25] 430 [25] 0.92 [25] 1.00 [25] 2230 [25] - 0.95 [25] -  

 

[25] 

11 
CaCl2-KCl-MgCl2-NaCl 

(55.06-1.95-9.97-33.02 
wt.%) 

460 [25] 245 [25] - - - - - - -- 
 

[25] 

12 LiOH 462 [29] 873 [29] - - 1460 [29] - - - - 

 

[29] 

13 
CaCl2-KCl-NaCl  

(64.63-6.29-29.08 wt.%) 
465 [25] 245 [25] - - - - - - - 

 
[25] 

14 H 485 483 [23] 200 [23] 1.55 [23] - 2220 [23] - 0.57 [23] - 800 [23] N.H. [23] 

15 
KCl-CaCl2-MgCl2  

(25-27-48 wt.%) 
487 [25] 342 [25] 0.80 [25] - 2530 [25] - 0.88 [29] - - 

 
[25,29] 

16 
Li2CO3-K2CO3  
(47-53 wt.%) 

488 [25] 342 [25] 1.03 [25] 1.34 [25] 2220 [25] - 1.99 [25] - 530 [30] 

 

[25] 

[7]

N.H.—non-hazardous.

After completing Table 2 with the maximum information found in the literature and
in the materials data sheets, a color map was developed to help disregard non-acceptable
materials (Table 3). In this step, several decisions have to be made, which are directly
related to the requirements of the application and with educated knowledge from the
personnel carrying out such selection. For example (Figure 1):

1. Melting enthalpy: This property is the one that is directly related to the final energy
density of the storage system, therefore the higher the melting enthalpy the better.
Keeping this in mind, in this case, materials with melting enthalpies between 889 and
430 J/g were considered very high (dark green), materials with melting enthalpies



Materials 2024, 17, 1878 10 of 16

between 430 and 160 J/g were considered high (light green), materials with melting
enthalpies between 160 and 125 J/g were considered medium (yellow), materials
with melting enthalpies between 125 and 70 J/g were considered low (orange), and
materials with melting enthalpies lower than 70 J/g were considered very low (red).

2. Price: Although the price of the storage media is only a part of the total cost of
the system, it is clear that the lower the price of the PCM the better. It should be
highlighted that the price considered here was not the cost per kg of material, which
is the usual purchase cost, but the cost per energy unit, so the comparison between
materials would be fairer. Here also five levels were defined, with PCMs with a
price higher than 4.07 EUR /kJ were considered very high (red), PCMs with a price
between 4.07 and 2.20 EUR /kJ were considered high (orange), PCMs with a price
between 2.20 and 0.41 EUR /kJ were considered medium (yellow), PCMs with a price
between 0.41 and 0.10 EUR /kJ were considered low (light green), and those with a
cost between 0.10 and 0.02 EUR /kJ were considered very low (dark green)

3. Hazard level: The standard NFPA 704 was used to label the hazard level of the mate-
rials. Here four levels were identified, from non-hazardous (dark green), hazardous
(light green), extreme danger (red), and hazardous for transport (dark red).

4. Within the material properties, in the first stage the hygroscopicity, deliquescence,
and photosensitivity were identified as properties that would jeopardize the materials
handling, especially during charging of the storage tanks. Therefore, this information
was listed for all materials. Here, five levels were considered, marking photosensitive
materials (red), deliquescence materials (orange), hygroscopic materials (yellow),
materials where none of these properties would appear (green) or were not reported
(grey). This category was not used to discharge materials at this stage, but for further
testing in the next step of the methodology.

Table 3. Classification of the main PCMs properties by levels.

# Materials Tmelting (◦C) ∆Hmelting (J/g) Hazard Level Comments Price (EUR /kJ)

1 H 425 425 220 0 -- 1.30

2 MnCl2-NaCl
(64.33-35.67 wt.%) 426 230 3 photosensitive 0.24

3 LiF-LiOH
(20-80 mol%) 427 869 3 hygroscopic 352.12

4 LiF-LiOH
(21.33-78.67 wt.%) 431 889 3 hygroscopic 0.35

5 H 430 430 125 0 -- 2.28

6 MgCl2-KCl
(39-61 wt.%) 435 351 3 hygroscopic 0.28

7 MgCl2-RbCl
(21.65-78.35 wt.%) 446 136 3 hygroscopic --

8 LiCl-MgCl2
(49.65-50.35 wt.%) 447 401 3 hygroscopic --

9 LiF-LiBr
(8.62-91.38 wt.%) 450 275 3 deliquescent --

10 NaCl-MgCl2
(48-52 wt.%) 450 430 3 hygroscopic 0.25

11 CaCl2-KCl-MgCl2-NaCl
(55.06-1.95-9.97-33.02 wt.%) 460 245 2 hygroscopic 1.00
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Table 3. Cont.

# Materials Tmelting (◦C) ∆Hmelting (J/g) Hazard Level Comments Price (EUR /kJ)

12 LiOH 462 873 3 deliquescent 0.38

13 CaCl2-KCl-NaCl
(64.63-6.29-29.08 wt.%) 465 245 2 hygroscopic 1.00

14 H 485 483 200 0 -- 1.43

15 KCl-CaCl2-MgCl2
(25-27-48 wt.%) 487 342 2 hygroscopic 0.72

16 Li2CO3-K2CO3
(47-53 wt.%) 488 342 3 hygroscopic 0.99

17 Li2CO3-Na2CO3
(44-56 wt.%) 496 370 3 hygroscopic 0.21

18 H 500 500 300 0 -- 0.95

19 NaCl-CaCl2
(33-67 wt.%) 500 393 2 hygroscopic 0.90

20 CaCl2-KCl-NaCl
(66-5-29 wt.%) 504 279 2 hygroscopic 1.26

21 H 525 525 155 0 -- 1.84

22 H 535 535 130 0 -- 2.19

23 Ca(NO3)2 560 145 3 deliquescent 0.12

24 NaCl-KCl-Na2CO3
(25-33-42 wt.%) 569 249 2 hygroscopic 0.16

25 NaCl-Na2CO3
(48-52 wt.%) 580 339 2 hygroscopic 0.11

26 Li2CO3-Na2CO3-K2CO3
(22-16-62 wt.%) 580 288 3 hygroscopic 0.22

27 NaCl-Na2SO4-Na2CO3
(31-30-39 wt.%) 597 221 2 hygroscopic 0.15

The preliminary hygroscopic test was carried out for ten anhydrous inorganic com-
pounds (compounds required for the preparation of the potential PCMs), under standard
environmental conditions (19 ◦C, 70% RH), which were initially reported as deliquescent
in their data sheets. Figure 7 shows an example of a PCM, NaOH in this case, during the
hygroscopic test. At the beginning NaOH has a dry appearance. However, after one hour
of being exposed to the environment, the appearance of humidity can be noticed, and the
first liquid drops appear. After four hours, the appearance of humidity in NaOH is more
evident. Furthermore, after eight hours, it can observe clearly that NaOH looks completely
wet. Finally, after the drying process, NaOH increased its volume, but its appearance was
similar to the initial one.

Results were translated to mass change, as shown in Figure 7b,c. Materials behave
differently with prior drying than without prior drying, absorbing a higher percentage of
water after 8 h of exposure to the environment. NaOH absorbed 25.88% of humidity (with
prior drying) in 8 h (1.26 g H2O), and 20.37% of humidity (without prior drying) in 8 h
(1.05 g H2O).

Once the hygroscopicity tests were concluded, those PCMs containing these inorganic
compounds with deliquescent behavior were no longer considered for the next stage of
preliminary experimental tests. In addition, the materials with hazard level 3 were also no
longer considered for the next stage of preliminary experimental tests. This procedure is
summarized in Figure 8.
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Consequently, fourteen of the initial twenty-seven potential PCMs were considered for
corrosion testing and thermophysical evaluation of their properties (TGA/DSC analysis).
An example of the results of the one-week corrosion test of one of the PCMs are shown in
Table 4. In the case of NaOH, the stainless-steel fibers after one week of being immersed in
this PCM were completely disintegrated, while the Alloy 20 fibers retained their integrity.
Therefore, the three-month test will be carried out with Alloy 20 metal fiber.

With all these tests, the preselected PCMs that comply with the requirements set are
shown in Figure 9. For final use, a complete characterization is needed, but this expensive
characterization would be done only in the PCMs that are real candidates to be used in
the application.
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Table 4. Results of the corrosion tests.

PCM Stainless Steel 314 Stainless Steel 434 Alloy 20

Before tests
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4. Conclusions

Based on the initial screening of the literature, in the temperature range of 400 ◦C to
600 ◦C, we have identified and compiled the characteristics of a total of 27 potential PCM
candidates. However, the application of new criteria added in this work subsequently led to
a final selection of 14 potential materials as viable PCMs for more complete characterization
and analysis. Using a color map (Figure 9), it can be established that the NaCl-Na2CO3
mixture (48–52 wt.%) could have high potential as PCM, but its handling in an atmosphere
with low humidity should be considered.

In conclusion, we present a novel PCM selection methodology based on multiple
criteria specifically designed for high-temperature industrial applications. This method-
ology comprehensively considers crucial factors related to material implementation and
management, including hygroscopicity, hazard level, and corrosion resistance. Through a
rigorous selection process involving literature review, commercial availability assessment,
and thermophysical property analysis, we identified a total of 27 potential PCM candidates.
The new criteria added in this work subsequently led to a final selection of 14 potential
materials as viable PCMs for further comprehensive characterization and analysis.

These findings underscore the critical importance of meticulous material selection in
driving the implementation of latent heat thermal energy storage (LHTES) technology in
industrial thermal processes. By enabling informed decision-making, our methodology
significantly contributes to the advancement of high-temperature thermal energy storage
technology. This progress, in turn, paves the way for the development of more efficient
and sustainable industrial processes, aligning with the growing need for environmentally
friendly energy solutions across various industrial sectors. In the future, further research
and validation efforts will be essential to optimize the performance and applicability of the
PCM candidates identified in real industrial environments.
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1. Ali, H.M.; Rehman, T.; Arıcı, M.; Said, Z.; Duraković, B.; Mohammed, H.I.; Kumar, R.; Rathod, M.K.; Buyukdagli, O.; Teggar, M.

Advances in thermal energy storage: Fundamentals and applications. Prog. Energy Combust. Sci. 2024, 100, 101109. [CrossRef]
2. Kasper, L.; Pernsteiner, D.; Schirrer, A.; Jakubek, S.; Hofmann, R. Experimental characterization, parameter identification

and numerical sensitivity analysis of a novel hybrid sensible/latent thermal energy storage prototype for industrial retrofit
applications. Appl. Energy 2023, 344, 121300. [CrossRef]

3. Arce, P.; Medrano, M.; Gil, A.; Oró, E.; Cabeza, L.F. Overview of thermal energy storage (TES) potential energy savings and
climate change mitigation in Spain and Europe. Appl. Energy 2011, 88, 2764–2774. [CrossRef]

4. Pereira da Cunha, J.; Eames, P. Thermal energy storage for low and medium temperature applications using phase change
materials—A review. Appl. Energy 2016, 177, 227–238. [CrossRef]

5. Yang, S.; Shao, X.-F.; Luo, J.-H.; Baghaei Oskouei, S.; Bayer, Ö.; Fan, L.-W. A novel cascade latent heat thermal energy storage
system consisting of erythritol and paraffin wax for deep recovery of medium-temperature industrial waste heat. Energy
2023, 265, 126359. [CrossRef]

6. Jayathunga, D.S.; Karunathilake, H.P.; Narayana, M.; Witharana, S. Phase change material (PCM) candidates for latent heat thermal
energy storage (LHTES) in concentrated solar power (CSP) based thermal applications—A review. Renew. Sustain. Energy Rev.
2024, 189, 113904. [CrossRef]

7. Riahi, S.; Liu, M.; Jacob, R.; Belusko, M.; Bruno, F. Assessment of exergy delivery of thermal energy storage systems for CSP plants:
Cascade PCMs, graphite-PCMs and two-tank sensible heat storage systems. Sustain. Energy Technol. Assess. 2020, 42, 100823.
[CrossRef]

8. Pradeep, N.; Reddy, K.S. Development of an effective algorithm for selection of PCM based filler material for thermocline thermal
energy storage system. Sol. Energy 2022, 236, 666–686. [CrossRef]

9. Yang, K.; Zhu, N.; Chang, C.; Wang, D.; Yang, S.; Ma, S. A methodological concept for phase change material selection based on
multi-criteria decision making (MCDM): A case study. Energy 2018, 165, 1085–1096. [CrossRef]

10. Xu, H.; Romagnoli, A.; Sze, J.Y.; Py, X. Application of material assessment methodology in latent heat thermal energy storage for
waste heat recovery. Appl. Energy 2017, 187, 281–290. [CrossRef]

11. Nicolalde, J.F.; Cabrera, M.; Martínez-Gómez, J.; Salazar, R.B.; Reyes, E. Selection of a phase change material for energy storage by
multi-criteria decision method regarding the thermal comfort in a vehicle. J. Energy Storage 2022, 51, 104437. [CrossRef]

12. Gadhave, P.; Prabhune, C.; Pathan, F. Selection of Phase Change Material for Domestic Water Heating Using Multi Criteria
Decision Approach. Aust. J. Mech. Eng. 2023, 21, 295–315. [CrossRef]

13. Palomba, V.; Frazzica, A. Comparative analysis of thermal energy storage technologies through the definition of suitable key
performance indicators. Energy Build 2019, 185, 88–102. [CrossRef]

14. Miró, L.; Barreneche, C.; Ferrer, G.; Solé, A.; Martorell, I.; Cabeza, L.F. Health hazard, cycling and thermal stability as key
parameters when selecting a suitable phase change material (PCM). Thermochim. Acta 2016, 627–629, 39–47. [CrossRef]

15. Gasia, J.; Martin, M.; Solé, A.; Barreneche, C.; Cabeza, L.F. Phase Change Material Selection for Thermal Processes Working under
Partial Load Operating Conditions in the Temperature Range between 120 and 200 ◦C. Appl. Sci. 2017, 7, 722. [CrossRef]

16. Maldonado, J.M.; Fullana-Puig, M.; Martín, M.; Solé, A.; Fernández, Á.G.; De Gracia, A.; Cabeza, L.F. Phase change material
selection for thermal energy storage at high temperature range between 210 ◦C and 270 ◦C. Energies 2018, 11, 861. [CrossRef]

17. Navarro, L.; Solé, A.; Martín, M.; Barreneche, C.; Olivieri, L.; Tenorio, J.A.; Cabeza, L.F. Benchmarking of useful phase change
materials for a building application. Energy Build. 2019, 182, 45–50. [CrossRef]

18. Zsembinszki, G.; Fernández, A.G.; Cabeza, L.F. Selection of the Appropriate Phase Change Material for Two Innovative Compact
Energy Storage Systems in Residential Buildings. Appl. Sci. 2020, 10, 2116. [CrossRef]

19. Awan, M.B.; Ma, Z.; Lin, W.; Pandey, A.K.; Tyagi, V.V. A characteristic-oriented strategy for ranking and near-optimal selection of
phase change materials for thermal energy storage in building applications. J. Energy Storage 2023, 57, 106301. [CrossRef]

20. Akgün, H.; Yapıcı, E.; Özkan, A.; Günkaya, Z.; Banar, M. A combined multi-criteria decision-making approach for the selection of
carbon-based nanomaterials in phase change materials. J. Energy Storage 2023, 60, 106619. [CrossRef]

21. NFPA 704; Standard System for the Identification of the Hazards of Materials for Emergency Response. National Fire Protection
Association: Quincy, MA, USA, 2021.

22. Cabeza, L.F.; Roca, J.; Nogueés, M.; Mehling, H.; Hiebler, S. Long term immersion corrosion tests on metal-PCM pairs used for
latent heat storage in the 24 to 29 ◦C temperature range. Mater. Corros. 2005, 56, 33–39. [CrossRef]

23. PlusICE. 2022. Available online: https://www.pcmproducts.net (accessed on 19 December 2022).
24. Prieto, C.; Cabeza, L.F.; Pavón-Moreno, M.C.; Palomo, E. Thermal energy storage for direct steam generation concentrating solar

power plants: Concept and materials selection. J. Energy Storage 2024, 83, 110618. [CrossRef]
25. Kenisarin, M.M. High-temperature phase change materials for thermal energy storage. Renew. Sustain. Energy Rev. 2010, 14, 955–970.

[CrossRef]
26. Liu, M.; Saman, W.; Bruno, F. Review on storage materials and thermal performance enhancement techniques for high temperature

phase change thermal storage systems. Renew. Sustain. Energy Rev. 2012, 16, 2118–2132. [CrossRef]
27. Mohan, G.; Venkataraman, M.B.; Coventry, J. Sensible energy storage options for concentrating solar power plants operating

above 600 ◦C. Renew. Sustain. Energy Rev. 2019, 107, 319–337. [CrossRef]

https://doi.org/10.1016/j.pecs.2023.101109
https://doi.org/10.1016/j.apenergy.2023.121300
https://doi.org/10.1016/j.apenergy.2011.01.067
https://doi.org/10.1016/j.apenergy.2016.05.097
https://doi.org/10.1016/j.energy.2022.126359
https://doi.org/10.1016/j.rser.2023.113904
https://doi.org/10.1016/j.seta.2020.100823
https://doi.org/10.1016/j.solener.2022.02.044
https://doi.org/10.1016/j.energy.2018.10.022
https://doi.org/10.1016/j.apenergy.2016.11.070
https://doi.org/10.1016/j.est.2022.104437
https://doi.org/10.1080/14484846.2020.1842297
https://doi.org/10.1016/j.enbuild.2018.12.019
https://doi.org/10.1016/j.tca.2016.01.014
https://doi.org/10.3390/app7070722
https://doi.org/10.3390/en11040861
https://doi.org/10.1016/j.enbuild.2018.10.005
https://doi.org/10.3390/app10062116
https://doi.org/10.1016/j.est.2022.106301
https://doi.org/10.1016/j.est.2023.106619
https://doi.org/10.1002/maco.200403806
https://www.pcmproducts.net
https://doi.org/10.1016/j.est.2024.110618
https://doi.org/10.1016/j.rser.2009.11.011
https://doi.org/10.1016/j.rser.2012.01.020
https://doi.org/10.1016/j.rser.2019.01.062


Materials 2024, 17, 1878 16 of 16

28. Li, P.; Xu, X.; Dehghani, G.; Ning, J. Basic properties of eutectic chloride salts NaCl-KCl-ZnCl2 and NaCl-KCl-MgCl2 as HTFs and
thermal storage media measured using simultaneous DSC-TGA. Sol. Energy 2018, 162, 431–441.

29. Alva, G.; Liu, L.; Huang, X.; Fang, G. Thermal energy storage materials and systems for solar energy applications.
Renew. Sustain. Energy Rev. 2017, 68, 693–706. [CrossRef]

30. Janz, G.J.; Allen, C.B.; Bansal, N.P.; Murphy, R.M.; Tomkins, R.P.T. Physical Properties Data Compilations Relevant to Energy
Storage. II. Molten Salts: Data on Single and Multi-Component Salt Systems. 1978. Available online: https://ui.adsabs.harvard.
edu/abs/1979STIN...8010643J (accessed on 12 February 2024).

31. Zhao, C.Y.; Ji, Y.; Xu, Z. Investigation of the Ca(NO3)2–NaNO3 mixture for latent heat storage. Sol. Energy Mater. Sol. Cells
2015, 140, 281–288. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.rser.2016.10.021
https://ui.adsabs.harvard.edu/abs/1979STIN...8010643J
https://ui.adsabs.harvard.edu/abs/1979STIN...8010643J
https://doi.org/10.1016/j.solmat.2015.04.005

	Introduction 
	Methodology 
	Selection Methodology 
	Analytical Methods 

	Results 
	Conclusions 
	References

